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Executive Summary

The performances of the old and new versions of the Object-Oriented (OO)
conceptual life cycle Model (OOM) in GANDOLF have been compared with
those of a 2 km resolution Nimrod advection scheme and a Eulerian
persistence forecast. Twelve precipitation events were used in the evaluation.
These included examples of widespread rain associated with frontogenesis
(two cases), and non-frontal showers associated with airmass convection in
weak and strong synoptically forced settings (ten cases). A range of
categorical and continuous quantitative statistics were computed for each
model and event. These were presented as a function of forecast lead time
and size of validation area.

In agreement with studies in the literature (Wilson et al., 1998), the results
show that linear extrapolation (the Nimrod advection scheme) is generally
better than more sophisticated non-linear techniques (e.g. the old and new
versions of the OOM), not only in cases of frontal precipitation where the
superior performance of linear extrapolation is to be expected, but also in
cases of non-frontal convection associated with strong synoptic scale forcing
(e.g. showers developing around Atlantic depressions in polar maritime or
polar maritime returning flows). In the latter scenario, showers tend to be
relatively long lived and well organised when compared to those evolving in
a weaker synoptic setting; thus, the Lagrangian persistence assumption is a
good one, at least in the short range.

In the two cases where convective precipitation developed in conditions
characterised by weak synoptic scale forcing in the boundary layer, the
performance of the OOM (old and new versions) exceeded that of the
Nimrod advection scheme only in the early stages of shower development.
However, in neither of these cases, was the convection accompanied by
significant vertical wind shear. Consequently, one of the principle advantages
of the OOM — namely, its ability to model daughter cell initiation and growth
— was not adequately tested. In earlier studies by Hand (1996), this aspect of
the OO scheme has been shown to account for its improvement on the
performance of FRONTIERS (the predecessor to Nimrod).

Evidence regarding the relative performance of the old and new versions of
the OOM during the convective case studies examined in this report is
ambiguous. Quantitative statistics averaged over the twelve case study events
show the performance of the new OO scheme to have been superior to that
of the old for lead times in the range T+5 to T+60 minutes. Conversely,
evidence from two, key convective case studies suggests that the old version
of the OOM is somewhat better than the new, although on the occasions in
question it was noted that the new OO scheme had problems distinguishing
precipitation from anaprop and residual clutter in the radar data. If these
problems had been corrected for (as they should have been), it is likely that
the difference between the models would have been less.



On the basis of the evidence presented here, and in other papers (Pierce &
Hardaker, 1997), it is proposed that the new OOM replace the old OOM in
the operational GANDOLF system. However, the implementation of the new
model should only be undertaken when the clutter and anaprop removal
schemes in the new OO analysis have been examined and improved. The
most likely reason for the scheme's failure to removal spurious radar echoes is
an error in the model code. Following successful, operational
implementation of the new OOM, it is recommended that the first version of
the integrated Nimrod-GANDOLF system combine the 2 km resolution
Nimrod advection scheme with the new version of the OOM. The integration
should be achieved in such a way that the OOM is only run when severe
convection develops in the presence of strong vertical wind shear.

It is clear that further work is needed to improve existing algorithms for the
deterministic nowcasting of precipitation. It is recommended that a more
sophisticated conceptual model of shower evolution be developed that can
be applied in both weak and strong synoptically forced environments. This
scheme must consider the combined effects of cumulus scale, mesoscale and
synoptic scale forcings on the initiation, life cycles and movement of
convective cells. The need to improve the treatment of embedded mesoscale
features within frontal precipitation bands has also been highlighted in this
report. The development of a Rain Object Classifier capable of distinguishing
rain "objects" on the basis of their synoptic context and predominant forcing
is likely to provide a way forward.

Additionally, given the obvious complexities entailed in the prediction of
precipitation at high spatial (2 km) and temporal (5 minutes) resolutions, and
the limitations of deterministic approaches to precipitation nowcasting, it is
also recommended that parallel R&D work on probabilistic rainfall
forecasting be combined with the Nimrod—GANDOLF integration programme
in the near future.



1. Introduction

As part of Stage 3 of the Nimrod-GANDOLF integration project, the
performances of rainfall nowcasts produced by the old and new Obiject
Oriented Models (OOMs) and a 2 km resolution Nimrod advection scheme
have been assessed using case study material and a range of categorical and
continuous, quantitative statistics. A variety of rainfall events have been
included in the evaluation, encompassing cases of widespread frontal rain,
and convective rain associated with both weak and strong synoptic scale
forcing. The results will facilitate the design of an integrated nowcasting
scheme combining the predictive capabilities of Nimrod and GANDOLF.

Although the OOM in GANDOLF was originally designed to improve the
treatment of convective precipitation, and in cases studies investigated for
the Environment Agency generally performed well when compared to
Nimrod (5 km resolution) and the Local Forecast Model (LFM: 2 km
resolution) of the Centre for Ecology and Hydrology (Pierce & Hardaker,
1997), a statistical comparison between the OOM and a 2 km resolution
version of the Nimrod advection scheme has not been undertaken until now.
This comparison is particularly pertinent, because it is widely accepted in the
field of Quantitative Precipitation Forecasting (QPF) that few, if any rainfall
nowcasting algorithms, have demonstrated unambiguously a predictive
capability over and above that afforded by linear extrapolation schemes (see
for example Wilson et al., 1998).

This report serves several purposes. Firstly, it details the changes made in the
new version of the OOM and, in so doing, addresses some of the points
raised by the Environment Agency regarding deficiencies in the behaviour of
the current operational version of the OOM (Pickles, 2000). Secondly, the
report reviews the performance of the old and new versions of the OOM,
relative to the 2 km resolution Nimrod advection scheme, and an Eulerian
persistence nowcast. A number of case studies are presented to aid in the
interpretation of the quantitative statistics summarised in Appendix A.

2. Overview of the old and new object-oriented models
2.1 The old OOM

The OOM, originally developed by Hand and Conway (1995), was based
upon a conceptual model of a mid-latitude convective cell. This conceptual
model was empirical in nature, it having been formulated from many
thousands of rainfall radar observations of precipitating convective clouds in
the UK. The forecast scheme was object-oriented in design. This allowed it to
model individual convective cells independently of one another. Single site
multiple beam radar data, Meteosat infra-red derived Cloud Top
Temperatures (CTTs) and Mesoscale Model (MM) forecast wind fields were
used to detect, classify and forecast precipitating convective cells on a ten



minute cycle, at 2 km and 10 minute spatial and temporal resolutions
respectively.

The aim of the scheme was to provide more reliable very-short range
forecasts (T+0 to T+180 minutes) of heavy convective precipitation for the
Environment Agency. These were to be used to make short-range predictions
of river and stream flows in various flood-prone river catchments in the
vicinity of London. The quantitative predictive skill demonstrated by the first
version of the model was partly attributed to its ability to distinguish between
cells in developing and dissipating phases of their life cycles. Given this
capability it was then possible to predict, albeit crudely, the subsequent
evolution of each cell and its associated rainfall.

Another key feature of the scheme shown to afford additional skill over and
above that demonstrated by Lagrangrian persistence algorithms, was the
capability to model daughter cell evolution — the process whereby existing
mature convective cells with strong downdraughts can trigger the
development of new cumulus clouds through the collision of near-surface
gust fronts. On several occasions when severe convection was observed to
develop in conditions characterised by large static instability and strong wind
shear, Hand (1996) was able to demonstrate that this feature of the object-
oriented scheme provided enhanced performance when compared with
nowcast algorithms relying solely on advection of the observed precipitation
field.

Despite these demonstrable advantages over Lagrangian persistence, the
original version of the OOM had several fundamental weaknesses. These
were the result of an over-simplified cell life cycle model whose
characteristics were pre-determined by a combination of climatological
observation and the recently observed life cycle history of existing convective
cells. As a consequence, the object-oriented forecast scheme made
predictions of convective cell evolution without any direct knowledge of the
thermodynamic or dynamic properties of the troposphere, or of how these
properties might vary in time and space over the duration of a forecast
(3 hours). In addition, the scheme largely ignored the interactions between
cells, and this led to situations in which more than one cell could occupy the
same physical space in the model domain.

Recently, a formal validation of the performance of this original version of the
OOM, conducted by the Environment Agency (Pickles, 2000), identified the
following deficiencies in the scheme:

e a tendency for the model to over-predict rainfall area and intensity in the
first hour of a forecast, and to under-predict them beyond one hour;

e atendency for precipitation rates over large areas to pulse on a 30 minute
cycle;

e afailure to decay severe storms;



e no demonstrable ability to predict the development of new convection in
regions of clear air.

The first two of these deficiencies arose from a combination of two model
features: a failure of the forecast scheme to predict the evolution of cells in
their earliest developmental stages; and the synchronous evolution of cells of
the same stage as a result of a fixed duration life cycle.

The tendency for the OOM to maintain the intensity of severe storms for the
full duration of a forecast arose because the scheme had no knowledge of the
tropospheric environment in which radar-observed convective cells were
allowed to evolve. Cell life cycles were solely determined by the cell analysis
scheme and could not be modified to account for changes in the state of the
troposphere in space and time.

The OOM was primarily designed to predict the evolution of existing areas of
convective precipitation. However, it was given a limited capability to
develop new convection in areas where Mesoscale Model (MM) resolved
wind field convergence was deemed to be sufficient to release static
instability through forced ascent from the boundary layer. However, the
reliance of this component of the forecast scheme on a single convergence
threshold, and the absence of information on the stability of the lower
atmosphere meant that this aspect of the scheme was unreliable.

2.2 The new OOM

The new version of the OOM has been designed to address the key
deficiencies outlined above in Section 2.1. This has primarily involved the
introduction of a more realistic cell life cycle model that can modify cell
behaviour in space and time in accordance with predicted changes in the
state of the troposphere, as forecast by the MM. In addition, a new version of
the object-oriented analysis scheme has been developed to reduce the
dependence of the cell classification on empirical relationships between cell
surface rain rate and cell stage. A full but succinct description of the new
model is provided in the sub-sections below.

Section 2.2.1 The new OOM analysis scheme

The starting point for a cell analysis is the generation of a 3-D rain analysis
from all available multi-beam radar data in England and Wales. This rain
analysis has a 2 km horizontal resolution. In the vertical it distinguishes four
meteorologically significant tropospheric layers that together characterise the
vertical distribution of rain rates between the ground and convective cloud
tops. A 3-D version of Nimrod's 2-D rain object clustering algorithm is used
to identify 3-D rain objects. The 2-D footprint of these objects is mapped
onto outputs from the Neural Network Cloud Classifier (Pankiewicz, 1995;
1997). Those rain objects that are predominantly convective (> 50%



convective cloud pixels and associated with MM Convectively Available
Potential Energy > 10 ] Kg™) are used in the cell classification algorithms.

The new cell classification algorithms have been adapted from those used in
the original version of the OOM. The latter relied heavily upon single rain rate
thresholds at given heights within a convective cloud to distinguish cells by
developmental stage. However, in Hand's original paper on the OOM (Hand,
1996) the author suggests that the overall vertical distribution of rates should
be the primary basis for this cell stage classification. Consequently, the new
version of the analysis scheme relies as much as possible on the relative
magnitudes of the rain rates in the four point vertical profiles generated by
the 3-D rain analysis.

A comparison of the outputs from the original and new cell analysis schemes
has shown that the new scheme produces a similar distribution of cell stages
to that found with the old scheme. However, overall the new scheme tends
to identify more cells and these are evenly spread between the five stages. In
common with the original version of the OOM, the new analysis also makes
use of Cloud Top Temperatures (CTTs) to quality control the cell stages
assigned using the 3-D rain analysis.

A range of new cell attributes are calculated in the new scheme and stored in
a more comprehensive version of the cell object template devised by Hand
(1996). These include:

e the age of a cell derived from its Cloud Top Temperature (CTT) and an
estimate of the time taken for a dilute parcel to rise through the MM
atmosphere to a height corresponding to this CTT;

o cell stage transition times — estimates of the times when a cell will reach
specific evolutionary stages. For cells in the developing phase of their life
cycle (stages 'd', 'm' or 'M'), transition times are derived from the
estimated times for a dilute parcel to reach suitable CTTs corresponding
to each stage. For dissipating cells (stages 'E' or 'D") transition times are
computed from a combination of dilute parcel ascent times and the
Lagrangian Decorrelation Time (Ly) estimated from Storm Relative
Environmental Helicity (Pierce and Hardaker, 1997). In this way, cell life
cycles are allowed to vary in form and duration, and have a more physical
than climatological basis;

o cell peak convective gust. This is computed from MM 3-D fields using the
energy conservation formulation proposed by Nakamura et al. (1996);

e hail size. This is an empirically based algorithm that was implemented for
use in the Sydney version of GANDOLF. It uses a series of observed linear
relationships between height of the freezing level and the maximum
height of the 50 dBZ radar reflectivity above the freezing level to estimate
hail size in centimetres.



Section 2.2.2 The new OOM forecast scheme

The new forecast scheme has been modified comprehensively, primarily in an
effort to improve the physicality of the life cycle model. In the original version
of the OOM, the life cycle characteristics of cells were determined during the
object-oriented analysis. Cells were assigned a development potential —
effectively a semi-quantitative, numeric representation of the vigour of
convection associated with each cell. This development potential was based
upon a 10 minute resolution time series of cell stage analyses for the period
T-20 to T+0 minutes. Cells that were observed to be developing rapidly or
maintaining a mature steady state during this interval were assigned a strong
development potential, whereas those that were shown to be decaying were
assigned weaker development potentials.

In the original version of the forecast scheme, these development potentials
were used to determine which cells would initiate new convection through
the process of daughter cell generation. Since these daughters inherited the
attributes of their parent cells, the development potential assigned to a cell in
the analysis scheme determined whether it's associated precipitation would
dissipate in one life cycle (~60 minutes) or persist indefinitely through cycles
of growth and decay, maintained by the daughter cell generation
mechanism.

Case study evidence presented by Hand (1996) showed that, in those
relatively rare cases of severe airmass convection where the daughter cell
mechanism was known to be important, the OOM forecast scheme could
perform better than a Lagrangian persistence forecast. However, the model's
performance in the majority of non-severe cases of airmass convection was
far less encouraging owing to inappropriate application of this same
daughter cell initiation algorithm, and the model's failure to consider stability
changes in the atmospheric environment, and the interactions between cells.

The new object-oriented scheme attempts to address these deficiencies. The
concept of cell potential has been abandoned. The new analysis scheme
classifies cells according to the size and composition of the 3-D rain objects
they belong to, and the thermodynamic and dynamic states of the
troposphere is which they reside. Three distinct cell types are recognised:
single cell, multi-cell and supercell. A life cycle model is associated with each of
these categories.

Cells classified as single cell will grow and decay in one life cycle. By contrast,
multi-cells can generate daughters by the daughter cell initiation mechanism
implemented by Hand (1996) in the original version of the OOM. Whether
individual cells of type multi-cell initiate a daughter or not depends upon their
position within the multi-cell storm envelope, and also on the strength of the
downdraught they can produce (formulation after Nakamura et al., 1996). In
the new scheme, cells on the edge of a storm envelope are more likely to
generate daughters than those embedded in the middle of the storm cluster.



Supercells, an extremely rare occurrence in the UK, are allowed to reach
maturity and then persist in a steady state until the atmospheric conditions
favour their dissipation, or transition from supercell to multi-cell or single cell
types. Thus, one key feature of the new forecast scheme is its ability to modify
cell type and therefore cell behaviour during the course of a forecast cycle.
These cell type changes are allowed to occur in response to changes in the
stability of the atmospheric environment as represented by the MM.

The basis for the three way cell type classification outlined above varies
between the object-oriented analysis and forecast schemes. In the analysis,
the classification is dependent solely upon attributes of the convective rain
objects identified in the T+0, 3-D rain rate analysis. By contrast, in the forecast
scheme (beyond T+30 minutes), the classification relies upon static and wind
shear instability measures derived from MM outputs. This dichotomy of
classification method is designed to preserve large or high intensity rain
objects in the first hour of an object-oriented forecast. Thereafter, the OOM
will tend only to preserve rain objects that occur in MM environments
capable of supporting convection as a result of significant static instability
and marked wind shear.

In the analysis scheme, convective rain objects larger than the size of a single
dissipating cell (100 km?) and / or with rain rates in excess of 10 mm hr" are
deemed to contain multi-cells with the capability of generating daughters.
Other rain objects are assumed to comprise of single cells only. At T+30
minutes and beyond, cell type and thus behaviour are considered to be a
function of MM dilute parcel CAPE, and the vertical shear in the horizontal
wind speed and direction. Three idealised wind shear and instability profiles
are used to distinguish between MM environments that will support single,
multi-cell or supercell storms (after Browning, 1984; Ludlam, 1980; Weisman
& Klemp,1982).

The single cell environment is characterised by weak static instability (< 100 J
kg") and weak vertical shear in the horizontal wind speed and direction
between the ground and the convective cloud top (< 15 m s’ and
< 45 degrees). Conversely, the multi-cell is characterised by moderate to large
static instability (> 100 | kg™') and moderate or strong vertical shear in the
horizontal wind (= 15 m s” and > 45 degrees). Conditions that support the
generation and maintenance of supercell convection are highly unlikely to be
experienced in the UK (small modified Richardson number, very large static
instability and strong wind shear, especially below 2 km), but have been
catered for to allow for the running of the model in Sydney, Australia.

Other significant changes made to the OOM concern the assignment of
surface rain rates to cells. In the original version of the object-oriented
analysis, minimum, mean and maximum instantaneous rain rates were
computed for each cell using a surface rain rate composite generated from
the surface beam reflectivities of all available single site radars. In the forecast



scheme, cells were ascribed the mean rain rates for their particular stage, and
these changed over time in accordance with regular life cycle cell stage
changes. As a consequence, the resultant forecast precipitation fields tended
to be rather uniform in appearance and to lack detail.

In the new OOM, analysed cells preserve their individual rain rates. The mean
rates for each stage are used to compute the average changes in rain rate
between cell stages. In combination, these attributes are employed to
estimate the cycle of precipitation growth and decay applied to each cell over
the duration of a forecast. The resultant precipitation fields tend to preserve
the spatial variations in intensity present in the object-oriented rain analysis.
Furthermore, problems with unrealistic, synchronous changes in cell stage
are less evident because each cell follows its own life cycle dictated by the cell
stage transition times computed in the analysis scheme.

The new OOM forecast scheme has an improved algorithm for predicting
initiation of cells in clear air. The old model had a very limited capability to
trigger such new development. This was based upon a single, boundary layer
convergence threshold, above which the resultant uplift was deemed
sufficient to trigger new cumulus formation. However, since the algorithm
did not consider the static stability of the lower atmosphere it was of limited
value, and tended not to produce new areas of precipitation, except in cases
of frontal or trough convergence when application of the OOM was
questionable.

In the new OOM, the convergence and resultant uplift in the boundary layer
is compared to the Convective INhibition (CIN) energy beneath the Level of
Free Convection. In those MM grid boxes where the upward vertical velocity
is sufficient to overcome the negative buoyancy force represented as a
downward velocity with magnitude (2*CAPE)*~, a new cell is initiated. These
new cells inherit the mean precipitation attributes for each cell stage, but cell
transition times and a cell type computed from MM models fields in the
relevant location.

3. Overview of the 2 km resolution Nimrod advection scheme

The 2 km resolution Nimrod advection scheme was designed to be as similar
as possible to that implemented in the existing, operational 5 km forecast
scheme (Golding, 1998). The nowcasting approach adopted in Nimrod
involves the disaggregation of the radar observed precipitation field into
distinct precipitation "objects". This is achieved by applying certain rules
regarding the expected size of objects and the minimum separation distance
between them. An optimal motion vector is determined for each identified
object based upon its recently observed motion. Object position, size and
assigned motion vector are stored in an "object details" file.

10



The 2 km resolution Nimrod advection scheme requires three initial inputs:

e the object details file from the previous hour's run (T-60 minutes);
e the precipitation analysis from the previous hour's run;
e the current precipitation analysis.

The Nimrod analysis identifies precipitation in the current rainfall radar
composite and divides this into objects according to the predefined limits on
object separation distance and the total number of objects allowed. The latter
is limited to ensure efficient and timely running of the analysis and forecast
schemes. If the number of objects exceeds the specified limit, the objects
closest to each other are combined until the total number is equal to, or
lower than the limit.

Precipitation analyses valid at T-1 hour and T+0 are compared. This allows
objects in analyses valid at T-1 hour and T+0 to be matched, and associated u
and v velocity vectors to be estimated. These vectors are used to determine
whether a cross correlation vector or a MM wind vector will best predict
object motion in the recent past. An object details file valid at the current
time is created. This contains skill scores comparing the performance of
forecasts produced using these two advection techniques. The most skilful
method is used to forecast object motion. This may vary from object to
object.

In the Nimrod advection forecast, each precipitation object is advected using
its assigned, optimum motion vector. Forecasts of low and high intensity
rainfall may be produced separately, and then merged. The distinction
between high intensity and low intensity rain is designed to allow for the
differential treatment of convective and stratiform rainfall. In the former case,
Nimrod attempts to simulate the differential motion of individual cells and
their associated storm envelope. In cases of stratiform rain, differential motion
within in a precipitation object is generally assumed not to occur.

Outputs from the 2 km resolution Nimrod advection scheme include
instantaneous rain rate and rainfall accumulation. These have a five minute
temporal resolution and a range of three hours. The integration period for
accumulation products is15 minutes.

4. Verification procedure
4.1 Overview

The verification of rainfall nowcasts produced by the old and new versions of
the OOM and the 2 km Nimrod advection scheme has been conducted using
a slightly modified version of the standard Nimrod verification software.
Performance was assessed over square validation areas of varying
dimensions: 360 km by 360 km, 180 km by 180 km, and so on, down to
10 km by 10 km. For all but the largest validation area, statistics were
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computed for each grid box and then averaged. In so doing, the aim was to
demonstrate how performance varied with catchment size.

The old and new versions of the OOM and the Nimrod advection scheme
were run over domains of varying size: the old OOM used single site radar
data from the Chenies radar only; the new OOM received single site radar
data from Chenies, Clee Hill and Cobbacombe; and the 2 km Nimrod
advection scheme ran on a composite rain rate field generated from the
surface beam data of all single site radars in England and Wales. Each model
was validated against its own analyses.

The case studies chosen for the verification included cases of widespread rain
accompanying frontogenesis, and non-frontal convection associated with
both weak synoptic forcing (local, surfaced forced, "airmass" convection) and
strong synoptic forcing (synoptically organised bands or clusters of showers).
In all, twelve rainfall events were examined and a range of categorical and
continuous performance statistics were generated for each model. Eulerian
persistence statistics were computed to provide a bench mark against which
the performance of Nimrod and the OOM could be assessed.

Tables A.1 to A.3 in Appendix A provide summary statistics for the three case
study events described in Section 5. Similar statistics, averaged over the
twelve precipitation events studied for this report, are presented at the end of
Appendix A in the table set A.4.

4.2 Categorical statistics

The following categorical statistics were used to evaluate the spatial
performance of the systems: Critical Success Index (CSI), Hit Rate (HR), and
False Alarm Rate (FAR). They take no account of discrepancies between
collocated forecast and observed rainfall rate. Analyses and forecasts are
binarised (1 for rain and O for no rain) using a rain/no rain threshold of 0.125
mm h™'. The formulae employed are given in Table 1.

Table 1. Formulae for the spatial performance statistics CSI, HR and FAR.

csr=— 4 FaR=_C HR=_A
A+B+C A+C A+ B
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Table 2. Contingency table expressing the meaning of the scenarios A, B, C &
D.

Forecast
Rain No rain
Rain A B
Re)
()
2
()
38 No rain C D
(@)

The quantities A, B, C and D were derived according to Table 2. Since both
the Nimrod and OOM forecast schemes are mainly concerned with
predicting the motion and/or evolution of radar observed precipitation, the
ability to forecast the non-occurrence of rain is not assessed in any of the
categorical statistics presented in Appendix A.

4.3 Continuous statistics

In addition to the spatial measures of performance described above, the
accuracy of forecast rain rates was also assessed. The Root Mean Squared
Factor (RMSF) and Root Mean Squared (RMS) error were computed for this
purpose:

. 0%
RMSF = exp{%zm[ij } (M,
i=1 0;

1 N %
RMs={ﬁz<f,. >} Q).

Here, f and o are rain intensities measured in mm h™.

If either the forecast or observed rain intensity is zero, the RMSF is not
defined. To account for this, two different RMSF values are calculated. Firstly,
only collocated pixel pairs in which the forecast and observed rain rates are
greater than or equal to a threshold level (0.125 mm h™) are counted, and
the RMSF derived. Secondly, in cases where either the forecast or the actual
rain rate (but not both) is below the threshold, a new threshold value is
calculated equal to half the previous threshold value. The RMSF is then re-
calculated with the new halved threshold. This version of the RMSF
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(RMSF_OR in the tables in Appendix A) will include all data pairs which were
originally counted, and additionally, all the pairs with one data point (but not
both) below the first threshold. Data pairs that are both below the first
threshold are ignored in both cases. An equivalent version of the RMS
referred to as the RMS_OR is computed in a similar way.

Also computed were the mean error or bias (MEAN) and the mean factor
error (MEANF) given by:

MEANzﬁi(fi—oi) (3),

MEANF =exp ™" (4).

5. Case Studies
5.1 Overview

Only three of the twelve case studies for which performance statistics were
produced are examined here. These serve as representative examples of:

e widespread rain associated with frontogenesis (Section 5.2);

e widespread showers evolving in a strong synoptically forced
environment (Section 5.3);

e scattered showers evolving in a weak synoptically forced environment
(Section 5.4).

These cases are chosen to highlight the capabilities and deficiencies of the
2 km resolution Nimrod advection and object-oriented forecast schemes
across a spectrum of precipitation events that encompasses synoptically
forced, widespread rain at one extreme, and locally forced showers at the
other extreme.

5.2 Widespread rain associated with frontogenesis — 3 April 2000

With a deep low pressure system in the Bay of Biscay, and high pressure to
the north-west of Scotland, the UK lay under the influence of a strong surface
pressure gradient oriented north-west to south-east (Figure 1). Aligned
broadly with the surface isobar pattern were a series of quasi-stationary
fronts. These were associated with a broad belt of rain aligned south-west to
north-east across England and Wales. An upper air sounding from
Herstmonceaux at 1200 GMT on 3 April 2000 showed moist air extending
through the full depth of the troposphere, and a cooling rate with ascent
somewhat less than saturated adiabatic.
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A sequence of 2 km resolution Nimrod composite analyses from 3 April 2000
confirm the extent of the precipitation and also reveal some mesoscale
structure to the band. For example, the composite analysis from 1030 GMT
shows some relatively localised areas of heavy rain, some of which may be
associated with embedded convection (see Figure 2). Surface observations
from northern England and the Scottish borders indicate the presence of
much cooler air to the north of the band with reports of sleet and snow on
the northern edge of the precipitation belt. Sleet and snow progressed
southwards during the course of the day as the precipitation belt slid very
slowly south-eastward.

In this type of event the predominant forcing is synoptic scale frontogenesis.
The accompanying precipitation is often extensive and relatively long lived,
and the evolution of the field over time is slow when compared with that
observed during outbreaks of non-frontal, upright convection. In these
circumstances the assumption of pattern continuity in a frame of reference
moving with the rain area is likely to be more accurate than a scheme that
attempts to model both the movement and the complex and often subtle
changes in the evolving field. Consequently, there is an expectation that the
2 km Nimrod advection algorithm will significantly out perform the OOM.

Figure 2 pictorially compares the performance of the old version of the OOM
in GANDOLF with that of the Nimrod 2 km advection scheme. Shown are
time synchronous half hourly rainfall forecasts based upon rain rate analyses
validating at 1000 GMT. Output from the new version of the OOM is not
included. Despite differences in the coverage of the two rain analyses — the
old OOM used Chenies single site data only — it is quite apparent that
inappropriate application of the OOM produces inferior results to that
afforded by the Nimrod scheme.

Closer scrutiny of the Nimrod forecasts shown in Figure 2 indicates that the
advection scheme failed to identify any significant movement in the
precipitation field. As a result, the four half hourly forecasts are almost
identical, since no attempt has been made to model changes in precipitation
intensity. Comparison of this forecast sequence with the relevant rain
analyses shows the Nimrod advection scheme to have been successful at
capturing the lack of movement in the broad swathe of precipitation.
However, its inability to model the subtle changes in the structure of the
band probably limits the useful range of the forecasts to less than 90 minutes,
at least for quantitative flood forecasting on the scale of small river
catchments.

The quantitative performance statistics for 3 April 2000 can be found in
Tables A.1 (pages 34-39) of Appendix A. These largely confirm the inferences
drawn from Figure 2 regardless of the size of validation area used. It is no
surprise that the categorical statistics (CSI, HR, FAR) show the 2 km Nimrod
advection scheme to have significantly improved upon the OOM. This
finding is confirmed by the continuous statistics. The values of the RMSF,
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RMSF_OR and RMS_OR for the OOM are significantly larger than those of
Nimrod.

5.3 Showers associated with a low pressure system — 17 April 2000

Several "wrap-around" occlusions, one of which lay over parts of southern
and central England, accompanied a complex low with centres south-west of
Eire and over north Wales (Figure 3). Associated with these features were
several bands of showers over England and Wales. These moved in a cyclonic
fashion, north-eastwards to the south of the depression centre and south-
westwards to the north. An upper air sounding from Herstmonceaux at
1200 GMT on 17 April 2000 showed the troposphere to be moist through its
entire depth with significant potential instability if lifted from the boundary
layer. Little directional wind shear was apparent with height — a south-
westerly direction was maintained between the surface and the tropopause
indicating an absence of thermal advection at all levels. However, 20 knots of
speed shear were apparent between the surface and 500 hPa.

Surface synoptic weather reports for 17 April 2000 indicate that the showers
moving across southern England were accompanied by hail, thunder and
gusty winds. The sequence of 2 km Nimrod composite rain analyses from the
morning of 17 April showed the showers to be heavy, but quite widely
separated by cloud free regions, as is often observed in "open-cell"
convection at sea. Towards evening the convection weakened and most
inland areas became dry after sunset.

In this type of precipitation event, none of the nowcast schemes on trial can
be expected to perform especially well. Although showers evolving in strong
synoptically forced settings such as this (e.g. in cold air around a depression)
will undergo cycles of growth and decay, the characteristics of these life
cycles are unlikely to be determined simply by local static instability and wind
shear considerations, or by interactions with the environmental wind field
such as those embodied by the daughter cell initiation mechanism in the
OOM. The presence of large scale, dynamically driven upward motion may
mean that individual convective cells are longer lived than those forming in a
weak synoptic setting. In addition, showers are more likely to be organised in
accordance with synoptic scale or mesoscale disturbances (e.g. troughs),
than in response to cumulus scale wind field interactions.

The limitations of the life cycle conceptual model in GANDOLF imply that it
may give misleading guidance during events such as occurred on 17 April
2000. The Lagrangian persistence assumption employed in the Nimrod
advection scheme might be expected to perform rather better, since the
showers on this occasion are associated with weak surface troughs. However,
neither algorithm is likely to provide satisfactory guidance in the three hour
time frame.
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Figure 4 compares model runs from the old and new versions of the OOM
with a 2 km resolution Nimrod advection forecast for the Data Time
0830 GMT. Four half hourly instantaneous forecasts are shown. Outputs
from both the old and new versions of the OOM are noticeably different to
each other and to those of the Nimrod scheme. Again, ignoring the
differences imposed by the differing radar inputs to the models (the old OOM
has been run on Chenies data alone; the new OOM on radar data from three
radars: Chenies, Cobbacombe and Clee Hill), the Nimrod scheme generates
rainfall fields that, in terms of their shape and structure, more closely match
those observed by the radars. It also captures the cyclonic motion of the
showers around the low centre reasonably well.

Although the motion of the showers over southern England is represented
adequately by both old and new versions of the OOM, the evolution of their
respective rainfall fields is quite different. The forecast sequence generated by
the old version of the model highlights a key feature of the conceptual model
as implemented by Hand (1996). Over time, this version of the scheme will
maintain only those showers that have exhibited a steady mature state or
growth in the twenty minutes prior to the model run. On this occasion, such
an approach correctly maintains the bands of showery precipitation over
south-east England and the Midlands. However, the structural detail in the
fields is poor on two counts. The distribution of rain rates is different to that
observed by the radar, and these rates are generally too high, leading to a
significant positive bias in the forecast. The reasons for this behaviour have
been previously documented in Pierce and Hardaker (1997), and the new
version of the OOM has been modified explicitly to address these and other
weaknesses in the original version of the conceptual model.

The new version of the OOM produces a better representation of the rain rate
distribution than the old version. However, unlike Hand's original scheme, it
is unable to maintain the showers for more than an hour. This is because it
does not consider the impact of mesoscale and synoptic scale atmospheric
dynamics on the initiation or maintenance of convection. The new
formulation of the conceptual model can only preserve showers when the
daughter cell generation mechanism is allowed to operate. This mechanism
requires sufficient static instability and vertical wind shear to maintain
separate, convective updraughts and downdraughts. On 17 April 2000, the
lack of directional wind shear with height largely inhibited daughter cell
initiation in the new OO forecast scheme. In the old scheme this was not the
case. Given the synoptic setting, and the fact that showers appeared to move
with the wind at around 700 hPa (they did not right or left move), the
mechanism by which the old model maintained precipitation in the forecast
sequence seems not to have been applicable.

In summary, the 2 km Nimrod advection scheme provided better guidance
than either version of the OOM. In terms of predicting shower longevity, the
performance of the old version of the OOM was superior to that of the new
scheme. However, this was the result of inappropriate application of the
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daughter cell generation mechanism, and is therefore not indicative of any
genuine improvement over the new scheme. In terms of the rain rate
distribution, the new object-oriented scheme clearly improved upon the old.
However, overall it is evident that linear extrapolation, for all is simplicity, was
generally superior to the object oriented approach.

The quantitative performance statistics for 17 April 2000 can be found in
Tables A.2 of Appendix A. Again, these largely confirm the inferences drawn
from Figure 4 regardless of the size of validation area chosen. Notably, the
2 km Nimrod advection scheme out performed both versions of the OOM
and Eulerian persistence. This finding is supported by the categorical and
continuous statistics. Tables A.2 also show the performance of the new
version of the OOM to have been an improvement on that of the old, at least
in the first hour. Thereafter, the situation is reversed because the new scheme
dissipated all observed showers.

5.4 Scattered intense showers and thunderstorms — 8" May 2000

The UK and much of mainland Europe lay under the influence of a slack
surface pressure field with high pressure to the north and east of the UK and
a thermal low and several troughs to the south-east, over southern England,
the low countries, northern France and Germany (Figure 5). The surface flow
over the UK was light and predominantly from the south-east. An upper air
sounding from Herstmonceaux at 1200 GMT on 8 May 2000 showed the
troposphere to be moist through its full depth and to have a temperature
profile close to that of a saturated adiabat. The vertical gradient of wet-bulb
potential temperature was markedly negative in the lowest 300 hPa implying
that significant quantities of Convectively Available Potential Energy (CAPE)
would be released with minimal lifting of air in the boundary layer. Winds
were light, from the south-east between the surface and the tropopause
suggesting that any showers or thunderstorms would be slow moving.

During the morning of 8 May 2000, heavy, thundery showers were reported
around Bristol. Later in the day these became more widespread around the
coasts of England and Wales. With little or no synoptic scale surface pressure
gradient, sea breezes developed readily around the coasts, and these, in
combination with preferential heating on some south facing slopes, were the
triggers for the storms. Once initiated these storms tended to move very
slowly inland with the sea breeze fronts. It is not clear precisely how
important the daughter cell generation mechanism would have been, but it
is apparent that there was minimal vertical wind shear. Scrutiny of a
sequence of 2 km Nimrod composite radar analyses revealed that strong
echoes were maintained along the leading edge of the sea breeze fronts,
whilst those to the rear of the fronts decayed. Showers persisted until early
evening when they weakened and dissipated.

A superficial appraisal of this event might lead one to assume that the object-
oriented approach should be more applicable than linear advection for the
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purposes of short range forecasting. However, the lack of shear in the
Herstmonceaux sounding suggests that the daughter cell generation
mechanism may not have been effective as a trigger for new cell
development, although outflows ahead of cells anchored to the sea breeze
fronts may have interacted with local topography to generate sufficient lift.
The fact that showers were relatively long lived might work in favour of the
Nimrod advection scheme. Nonetheless, the OOM is likely to have had an
advantage in the early stages of the event when growth processes
predominated.

Comparison of the forecast sequences in Figure 6 with time synchronous,
2 km Nimrod rain rate analyses shows the Nimrod advection scheme to have
performed well up to 30 minutes ahead. Thereafter it is evident that linear
extrapolation fails to capture the motion of one of the precipitation areas over
south-east England. This is because the apparent motion of the object is a
product of both genuine movement and differential growth and decay.
Despite this deficiency, the assumption of Lagrangian persistence seems to
improve upon the life cycle modelling approaches (see Tables A.3).

The two versions of the OOM differ quite markedly in several respects, with
the old version of the model producing forecasts that more closer resemble
actuality in the south-east of England. In the new version both the spatial
distribution and intensity of the storms are relatively poorly forecast.
Furthermore, there are tendencies in the early and later stages of the
sequence for the new model to develop spurious areas of convection. Closer
scrutiny of the radar analyses and new OOM forecasts revealed that the new
OO analysis scheme failed to remove residual clutter and anaprop echoes
from the single site radar data. Had these been removed, forecasts from the
new OOM would not have predicted the new shower development that was
observed in the early stages of the forecast. In terms of shower longevity,
both OOMs failed to predict the decay of the storms towards the end of the
forecast period.

Other runs of the OOMs examined on this occasion (not shown) indicated
that the object-oriented schemes improved upon the performance of the
Nimrod advection scheme during the early stages of the event (the first
10 minutes). This improvement is attributable to the life cycle model which is
capable of identifying shower clouds before they produce surface
precipitation, and of estimating their subsequent growth.

Tables A.3 in Appendix A summarise the quantitative performance statistics
for the Nimrod and OOM schemes on 8 May 2000. These confirm the
conclusions drawn from Figure 6. Notably, the 2 km Nimrod advection
scheme performs better than the new and old versions of the OOM and also
Eulerian persistence. However, none of the models do particularly well. This
is partly because the rain was of limited spatial extent, but also because they
failed to capture the observed pattern of growth and decay. Tables A.3 also
show the performance of the new version of the OOM to have been inferior
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to that of the old version. This is apparent in Figure 6 and was largely due to
the presence of spurious echoes in the new OO rain analysis.

6. Review of the quantitative performance statistics

Tables A.1 to A.3 in Appendix A summarise the performance of the 2 km
Nimrod advection scheme, and the old and new versions of the OOM as a
function of event (3/4/2000, 17/4/2000, 8/5/2000), catchment size and
forecast lead time. Tables A.4 summarise the performance of the models over
all twelve events examined for this report (additionally 23/3/2000,
24/3/2000, 27/3/2000, 18/4/2000, 10/5/2000, 15/5/2000, 16/5/2000,
18/5/2000, 9/6/2000). In each table are presented the categorical scores
A,B,C and D as described in Table 2, the Hit Rate (HR), False Alarm Rate (FAR),
Critical Success Index (CSI), Root Mean Squared Factor (RMSF RMSF_OR),
Root Mean Squared error (RMS_OR), the bias (MEAN) and Mean Factor Error
(MEANF).

The trends apparent in tables A.1 to A.4 are summarised below.

e The forecast accuracy of all models, whether measured in spatial terms
only (as given by the categorical statistics, HR, FAR and CSI), or,
additionally, in terms of rain intensity (as given by the continuous
statistics, RMSF, RMSF_OR, RMS_OR, MEAN and MEANF), tends to
decrease with increasing lead time and decreasing catchment size.

e For a given catchment size and given lead time, the forecast accuracy of
all models varies as a function of the total precipitation area and its
distribution. Accuracy is highest in widespread rain events, when there are
few, large precipitation objects, and decreases as total precipitation area
and object size decrease. Thus, the performance of the models varies with
the type of precipitation event. Forecasts tend to be relatively skilful in
widespread frontal rain events and less skilful in cases of scattered
convection. Essentially, this is because advection errors have greater
impact on forecast accuracy when the size of the precipitation object is
small relative to the size of the validation area.

e During events characterised by frontal rain bands or widespread showers,
the performance of the 2 km resolution Nimrod advection scheme is
generally superior to that of the new and old versions of the OOM at all
lead times. The Nimrod advection scheme is also generally superior to
Eulerian persistence, except on occasions when the precipitation is
extensive and/ or slow moving.

e In cases of scattered, intense convection with little or no significant
vertical wind shear, the performance of the 2 km Nimrod advection
scheme may be superior to that of the OOMs, if showers are long lived.
However, the performance of both new and old OOMs is generally
superior to that of Nimrod in the early stages of such events when growth
processes predominate. (This is not apparent from the tabulated statistics
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since these represent an average performance over all model runs during
a precipitation event.)

e In cases of scattered, intense convection with little or no significant
vertical wind shear, the performance of the new OOM has been shown to
be inferior to that of the old model. The relatively poor performance of the
new model on these occasions appears to have been due mainly to an
error in the new OO analysis scheme. This resulted in a failure to remove
residual clutter and anaprop echoes from single site radar data.

e When the relative performance of the new and old OOMs is considered
over all twelve precipitation events, the new model is shown to be
superior to the old model. However, none of the twelve cases examined
for this report were believed to be ideal candidates for application of the
conceptual life cycle model since significant vertical wind shear was not
present in representative upper air soundings.

7. Summary

As detailed in the relevant Stage Plan, the aims of Stage 3 of the Nimrod-
GANDOLF integration project were three fold:

e to develop a 2 km resolution Nimrod advection forecast (no NWP
merging) with temporal resolution and domain equivalent to those of the
improved Object-Oriented (OO) life cycle model;

e to develop an improved version of the Object-Oriented life cycle Model
(OOM) run by GANDOLF;

e to compare 2 km resolution precipitation forecasts produced by the
Nimrod advection scheme with those generated by the OOM (both
operational and new versions).

Cooper (2000) describes the R&D work undertaken in fulfilling the first of
these aims. Work undertaken to achieve the remaining two objectives has
been summarised in this report.

Sections 2 and 3 briefly described the 2 km Nimrod advection scheme
(described in detail in Cooper, 2000), the current, operational Object-
Oriented Model (also referred to as the old OOM or old OO scheme) and its
intended replacement (also referred to as the new OOM or new OO scheme).
The new OOM has been designed to address well documented deficiencies in
the old scheme (see Pierce and Hardaker, 1997; Pickles, 2000). These
deficiencies are primarily attributable to limitations in the formulation of the
conceptual life cycle model.

For example, the current, operational OO forecast scheme employs a life

cycle model of fixed duration. As a result, forecasts may exhibit synchronised
life cycle changes that are accompanied by an unrealistic, cyclical pulsing of
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rain intensity. Furthermore, it has been noted that the old OOM employs the
recent life cycle history of a convective cell to determine whether or not it can
initiate a daughter cell. This representation fails to recognise the importance
of instability and vertical wind shear in daughter cell initiation. Recent
verification studies suggest that the old OOM often applies this generative
mechanism incorrectly (Pierce and Hardaker, 1997).

In the new OO forecast scheme, comprehensive modifications have been
made to the life cycle model to allow for a more explicit and physically-based
representation of the processes which control convective cell behaviour.
Thus, rather than employing a single life cycle model of fixed duration, the
new scheme incorporates three such models that reflect the evolutionary
characteristics of single cell, multi-cell and super cell convection. In addition,
life cycle duration is allowed to vary with Storm Relative Environment Helicity
(SREH) in a way that is consistent with the findings of a recent report on the
relationship between wind shear and cell longevity in the UK (Rippon, 1995).

Section 4 reviewed the statistical techniques employed to assess the relative
performance of the 2 km resolution Nimrod advection scheme and the old
and new versions of the OOM. The importance of distinguishing between a
model's ability to forecast rainfall extent, and its ability to predict the
quantitative distribution of rain was recognised in the computation of both
categorical and continuous statistics. These included the Critical Success
Index (CSI), Hit Rate (HR), False Alarm Rate (FAR), Root Mean Squared error
(RMS_OR), Root Mean Squared Factor (RMSF, RMSF_OR), the bias (MEAN)
and Mean Factor Error (MEANF). The verification software was adapted from
code used to verify the operational Nimrod system. This allowed model
performance to be expressed as a function of rainfall event, catchment size
(the size of validation area), and forecast lead time.

Tables A.1 to A.4 in Appendix A present performance statistics for Nimrod,
and the old and new versions of the OOM for each of three case studies, and
as an average performance over a total of twelve precipitation events.
Statistics are categorised by lead time and catchment size. They give a
number of important insights in to the benefits and failings of the models.
First and foremost, the results demonstrate the performance of the 2 km
resolution Nimrod advection scheme to be superior to that of the OOMs
during cases of frontal precipitation and widespread showers. Quantitative
Precipitation Forecasting (QPF) studies described in the literature (Wilson et
al.,, 1998) support this finding since they generally agree that linear
extrapolation techniques are superior, or at least as good as, more
sophisticated, non-linear  modelling techniques in very short range
precipitation forecasting (up to one hour ahead).

When showers are scattered and weakly forced at the synoptic scale, both
versions of the OOM exhibit some additional skill over linear advection.
However, this is not apparent in the tabulated performance statistics in Tables
A.1 to A.4 because the OOM's superiority is generally limited to the early
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stages of a convective event when the precipitation field is growing rapidly.
Here it must be noted that none of the twelve case studies examined for this
report involved the evolution of showers in the presence of strong vertical
wind shear. It is this sort of event for which the OOM was designed. In such
cases, Hand (1996) has clearly shown that modelling daughter cell initiation
effectively, gives the OOM an advantage over forecast schemes that rely
upon linear extrapolation.

Both old and new versions of the OOM incorporate the same daughter cell
initiation algorithm, although in the new model this is applied only when
vigorous convection is accompanied by strong vertical wind shear (as
predicted by the Mesoscale Model). In the old model, the daughter cell
algorithm is applied to all young mature and mature convective cells
(cumulonimbi) that have exhibited a steady mature state or growth during
the past 20 minutes. In earlier studies (Pierce and Hardaker, 1997) it has been
shown that this method of applying the daughter cell initiation algorithm can
produce spurious, persistent areas of heavy rain. Another point in favour of
the new OOM concerns the representation of precipitation rate. In the old
scheme there is often a large positive bias in forecast rain rate. In the new
scheme this has been much reduced.

8. Conclusions
The conclusions reached in this study are summarised below.

e Both old and new versions of the OOM will tend to perform better than
the 2 km resolution Nimrod advection scheme during:

e the early stages (first 10 minutes or so) of shower evolution when the
precipitation field is growing rapidly;

e episodes of severe multi-cell convection in which the multi-cell storm
envelope propagates to the right or left of cell steering level flow, in
response to marked vertical wind shear (Hand, 1996).

e The performance of the 2 km resolution Nimrod advection scheme will
generally be superior to old and new versions of the OOM in the zero to
three hour time frame during:

e widespread frontal precipitation when the evolution of the
precipitation field is relatively gradual;

e episodes of showers that are well organised at the synoptic scale or
mesoscale.

e Due to a dearth of appropriate case studies, the evidence presented in this
report concerning the relative performance of the old and new versions of
the OOM is of limited value. Despite some failings in the new OO analysis
scheme with respect to the removal of spurious echoes, it has several
advantages over the old version:
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e the new model applies the daughter cell initiation algorithm in a more
sparing and physically realistic manner;

e the new model produces better estimates of surface precipitation rate.

9. Recommendations for further work under the Nimrod—GANDOLF
integration project.

The following recommendations are made on the basis of the findings
presented in this report and in earlier reports and papers on QPF (e.g. Pierce
and Hardaker, 1997; Hand, 1996; Wilson et al., 1998).

e There appears to be a problem with the removal of spurious radar echoes
in the new OO analysis scheme. This needs to be examined and corrected
for.

e Further quantitative assessment of the performance of the new OOM is
required, with an emphasis on cases of severe airmass convection in
which the daughter cell generation mechanism is known to be important.

e The first version of the integrated Nimrod-GANDOLF system should
combine outputs from the 2 km resolution Nimrod advection scheme and
the new version of the OOM. Problems with the new OO analysis scheme
should be resolved before this integration is undertaken.

e In the integrated Nimrod-GANDOLF system, the Nimrod 2 km advection
scheme should be run in preference to the new OOM, except in cases of
severe convection accompanied by marked vertical wind shear.

e Further R&D work is needed to improve the prediction of showers, their
organisation and longevity, particularly in strong synoptically forced
environments. The development of a new conceptual life cycle model of a
shower that takes account of synoptic scale and mesoscale forcings may
provide a way forward. This should make use of NWP-based diagnostics
recently developed in NMC by Tim Hewson.

e Further R&D work is required to improve the prediction of mesoscale
precipitation features embedded within frontal rain bands. This should
draw upon the experience gained by the Bureau of Meteorology (BoM) in
the development of the Spectral Prognosis (S-PROG) rainfall nowcasting
system.

e A parallel R&D programme should explore ways of representing
uncertainty in precipitation nowcasts with a view to the generation of
stochastic short-range precipitation forecasts in a later version of the
integrated Nimrod-GANDOLF system. This work should exploit the
techniques developed at JCHMR to improve very short range precipitation
probability forecasts (CIF project 38 in FY 00/01 entitled "Improved very
short range precipitation probability"), and those proposed by Dr. Dan
Cornford in the Mathematics and Computing department at the
University of Aston.
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e The development of an enhanced version of the Neural Network Cloud
Classifier (Pankiewicz, 1995; 1997) capable of distinguishing rain objects
(a Rain Object Classifier) on the basis of their synoptic setting and
predominant forcing is likely to be beneficial to the R&D work in the
above mentioned areas.
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Figure 1 Surface synoptic analysis valid at 1200 GMT on 3™ April 2000
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Figure 2 Widespread frontal rain - 3™ April 2000
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Figure 3 Surface synoptic analysis valid at 1200 GMT on 17" April 2000
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Figure 4 Bands of showers around a low pressure system — 17" April 2000
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Figure 5 Surface synoptic analysis valid at 1200 GMT on 8™ May 2000
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Figure 6 Scattered outbreaks of showers and thunderstorms — 8 May 2000
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Appendix A Tabulated quantitative verification statistics

Table sets A.1 to A.4 compare the performance of the 2 km resolution
Nimrod advection scheme (ADV) and the OOM (the old version only in one
case; both old and new versions in the other cases) in GANDOLF (GAN) with
an Eulerian persistence forecast (PER). Table sets A.1 to A.3 summarise the
performance of the models during three specific precipitation events
(3/4/2000, 17/4/2000, 8/5/2000). Table set A.4 presents similar quantitative
performance statistics averaged over twelve precipitation events (additionally
23/3/2000, 24/3/2000, 27/3/2000, 18/4/2000, 10/5/2000, 15/5/2000,
16/5/2000, 18/5/2000, 9/6/2000).

In each set of tables (A.1 to A.4) performance statistics are presented as a
function of catchment area (320 km by 320 km, 160 km by 160 km, .., 10 km
by 10 km) and forecast lead time (LT: T+30, T+60,..,T+180 minutes). The
following categorical and continuous statistics are included in each table: the
categorical scores A,B,C and D as described in Table 2, the Hit Rate (HR), False
Alarm Rate (FAR), Critical Success Index (CSI), the Root Mean Squared Factor
(RMSF, RMSF_OR), the Root Mean Squared error (RMS_OR), the mean error
or bias (MEAN: in units of 32" mm h™") and the mean factor error (MEANF).
The columns headed NVS and NVS_OR refer to the Number of Valid Samples
upon which computations of the RMSF (NVS), RMSF_OR and RMS_OR
(NVS_OR) are based.
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