2.4 The MM 5 modelli ng system

Investigations have been caried out to determine whether a meteorologicd model
could redigticdly predict rainfall patterns over the Mawddacd cacchment for the
example storm events described in sedion 2.1. The system chosen isthe MM 5
Mesoscde Model, developed over a number of yeas by Richard Anthes at
Pennsylvania State University (Anthes and Warner, 1978 and subsequently by the
National Center for Atmospheric Research in Boulder, Colorado (Grell, Dudhia and
Stauffer, 1999. The system is now arobust and reliable ade for solving awide

range of meteorologica problems.

Wedaher smulations require initial and boundary conditions to be suppied, in the
form of land and seasurface taraderistics for the study region, and gridded
meteorologicd data & the start and subsequent time intervals during the run. Suitable
global meteorologicd data sets are provided by the US National Center for
Environmental Protedion (NCEP). Thisgridded data spedfies salevel presaure &
surfacegrid points, and

wind speed and dredion

temperature

relative humidity

geopotential height (approximately the dtitude)
at the surface ad at atmospheric levels where the presaureis 1 00Q 850, 700, 500,
400, 300, 250, 200, 150and 10dmb.
This datais generated from observations by land stations, ships, aircraft and balloon
ascents worldwide. Data sets are issued in eledronic format at 6-hourly intervals,
both as recrds of adual realings, and as advance forecasts of probable amospheric

conditions.

The task of MM 5 isto take the gridded sets of land surface a&d air parameters, and
smulate alikely sequence of weaher phenomena occurring in the study region over
the next time period of 6 or 12 hours. Modeélling will i nclude the patterns of winds,
and verticd air movements leading to condensation. Distribution and intensity of
rainfall and snowfall can be mapped. Spedalist applicaions of MM5 are to predict
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the likely occurrence and tradks of eledrica storms and tornados, or to predict the
dispersal patterns of airborne pollutants from events such as forest fires.

MM5 isamodular system, made up from a series of software padkages written mainly
in the language FORTRAN 90 (fig.2.71). The programs can be run under a Unix
operating system on a mainframe computer, or under Linux on a microcomputer.
Modern high speed microcomputers are cgable of carying out al day weaher
simulation on a 1km resolution grid within 3 hours of processng time. A
12-processor minicomputer using paralel processng is able to achieve al day
simulation in lessthan 1 hour.

TERRAIN
REGRID

|

LITTLE_R

'

INTERPB INTERPF

)

MM5 | | GRAPH/RIP

Figure2.71: The principal modules of the MM 5 modelling system

TERRAIN module

The setting upof a meteorologicd model begins with the TERRAIN module. It is
usual to establish a series of nested domains, which will capture large synoptic
wedher patterns and apply these & locd boundary conditions for a mesoscde aeaof
interest. The MM 5 model for the Mawddad cachment uses five domains, ill ustrated
infig.2.72:
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Domain Region Grid Grid Grid rows
resolution columns
(km)
1 British Idles 27 52 49
2 Irish Sea 9 58 61
3 Wales 3 61 61
4 Gwynedd 1 70 70
5 Mawddadh 0.33 91 91

Figure2.72 Nested domainsfor the M awddach meteorological model

The TERRAIN module aeaes land surfaceboundary condition files for ead of the

domains, to allow the modelling of processes within the planetary boundary layer
(PBL). The PBL makes up approximately the lowest 1 000m of the troposphere, and
isthe zone in which large scde weaher patterns may be modified by properties of the

land or seasurfaces over which the arflows move.

A series of data sets with global coverage have been provided by the National Center

for Atmospheric Research in conjunction with the US Geologicd Survey, for usein
initidising MM 5 domains. These aelisted in Table 2.1, and are ill ustrated for the

Mawddad cachment in figures 2.73-2.77.
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Data set Provided by Resolution [llustrated by:
Terrain height USGS 30sec (~1km) fig.2.69
Land use and USGS Smple 30sec (~1km) fig.2.70
vegetation Biosphere model
Monthly vegetation | NOAA Advanced Very | 10min (~20km) fig.2.71
fradion High Resolution

Radiometer
Soil data U N Food and 30sec(~1km) fig.2.72

Agriculture

Organisation
Deep soll European Center for 10min (~20km) fig.2.73
temperature Medium range Wedher

Forecasting

Table2.1: Data setsused toinitialise the M awddach PBL mode€

Figure2.73. Terrain height data for the M awddach model




I Conifers
Broadled
Grasdand
Moorland
Bog

L || I
O 10 20 30 40 50 60 70 80 90 100

Figure2.75. Monthly vegetation fraction for the Mawddach model — October,
representing an estimate of the percentage of ground covered by vegetation.
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Key

Sandy clay loam

Organic soils
Sandy clay

- Silty clay loam

Figure2.76: Dominant soil type for the Mawddach model

Figure2.77: Mean annual deep soil temperature for the Mawddach model
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REGRID module

The second module of the MM 5 system is REGRID. Meteorologicd models usually
involve significant sedions of the globe for the outer model domains. Land surface

and meteorologicd data ae provided for latitude and longitude points, and this data
has to be projeded onto a horizontal grid for use in the model.

The length of east-west arc representing 1 cegreeof longitude will vary acarding to
distance from the equator. This variation must be taken into consideration so that the

massof air moving through the model is conserved.

For modelling middle latitudes, the gridded latitude-longitude datais first plotted in
Lambert Projedion. The advantage of this projedion is in preserving the shapes of
small areas exadly. The map scde may, however, vary slightly from point to point
and it is necessary to apply a wrredion fador m in the model to alow for this
(Calvert, 2005.

Geometricdly, the Lambert Projedion represents the transfer of the eath's surface
onto a ane which just touches the globe & some latitude M(fig.2.78). When the @wne

is unwrapped, it forms a sedor of a drcle which does not quite med at the edges
(fig.2.79).

\ Figure 2.78:
Method of
generating the
Lambert Projedion
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Figure2.79:
Lambert Projedion
onto aplane surface

In aLambert map, the parallels of latitude ae represented by concentric drcles. The
map has two standard perallels where the scde is unity. The Lambert conformal grid
istrue & latitudes 30° and 60 N, so the map scde fador is given by m =1 at these

latitudes.
distanceon grid
adual disanceon eath

For any other latitude | , the map scde fador can be cdculated from:

. . .0.716
_siny, étanf /2 U

sinf &tany /2

where: \ ;=30
Latitude-longitude data can then be transferred to corresponding positions on a
redangular grid for use in the MM 5 model (fig.2.80):

Figure 2.80:

Mapping of data from
aLambert Projedion
to aredangular grid
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LITTLE _R module

The LITTLE_R module dlows the incorporation of additional meteorologicd data to
improve the acaracy or resolution of the original gridded input set. This new data
may have mme from surfaceobservations or radiosonde balloon ascents caried out in
areseach area or the interpretation of remote sensing data from satellites or radar.
LITTLE_R adjusts surrounding realings acording to the mnfidence level which the

user wishes to placeon the new data

INTERPF module

The purpose of INTERPF isto convert the gridded data from presaure levelsinto a
formwhich is smpler for the model to process Sigma levds are defined to represent
intervals between the ground surface ad the horizontal top surfaceof the model

(fig.2.81). Sigma presaure levels are defined acarding to the equation:

. p-n)
(bs - )

where p isthe presaure & level V, psisthe surfacepresaure and p isthe presaure &
the top of the model at the same horizontal grid location. The sigma levels have
values range from O at the model top to 1 at the eath's surface Appropriate verticd
intervals are dhosen, with closer spadang nea the ground where acarrate cdculation
of meteorologicd variables will be most criticd for the model. The Mawddach model
uses 23 levels.

Sigma levels are numbered downwards, starting with K=1 at the model top surface
During runs of the MM 5 model, some variables are cdculated for the sigma surfaces,
whilst others are cdculated at the half-level positions between sigma levels (fig.2.77):
Sigma surfaces
Verticd air velocity, Presaure gradient
Half-levels
Horizontal air velocity, Temperature, Presaure, Relative humidity
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1 00
1Y%

2 01
2%

3 02
3%

4 03
4

5 04
6 05
7 Q6
8 Q7
9 Q78
10 084
11 089
12 093
13 096
16 100

Figure2.81: An example of sigma levelsdefined in a meteorological model
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The meteorologicd model is run by the MM 5 module, using the data set for initial
and boundary conditions prepared by the previous modules.

Much of the mathematicd formulation of meteorologicd models is based on the
advedion equation. Thisisdemonstrated in fig.2.82 for the cae of a smoke plume,
but the principle is applicable to the transport of other physicd properties sich as
temperature and presaure. The eguation:

e SO
or itsthreedimensional expanded form:

dN_ﬂN_I_um_l_vm_l_WﬂN

dt qit X Ty W
states that the rate of change of a property N depends on two fadors:

the rate & which the property is varying in the source region, which provides a

base value
the rate & which the base value varies as the point of measurement moves
away from the source

Thereis an assumption that the rates of change remain steady whilst the cdculation is
being made. In pradice this means that variations to the state of the system occur on
arelatively long time scde cmpared to the time steps of the model. Typicdly an
MM 5 model recdculates for eadr 60sec time step during the simulation.

The continuity equation for air, the thermodynamic energy equation, the
equation of state, and the momentum equations make up the set of equations of
atmospheric dynamics which form the cre of the MM 5 model. The significance of
these functions is outlined on the following peges.
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t=2

or for three @ordinates:

dN _IN

dt 9t

O

an _ N

dt X

O
dN _IN N
dt qt ¢
d_N:M+(V>N)N
dt qt

Concentration is constant with
distance from the source d any
time instant, but gradually changes
with time.

The oncentrations recorded at the
moving sample point depend only
on changes with time.

Concentration varies with distance
from the source 4 any time
instant, but the distribution
remains constant with time.

The @oncentrations recrded at the
moving sample point depend only
on therate & which the
concentration varies with position,
and the velocity of the moving
point.

Concentration varies with distance
from the source 4 any time
instant, but the distribution also
varies with time.

The @oncentrations recorded at the
moving sample point depend on
both the dhanges with time & a
fixed point, and the rate & which
the concentration varies with
position at afixed time.
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Figure2.82 The advedion equation.




Equation of state

It isimportant to predict changes in temperature which acaompany changesin
presaure and volume, for example when an air massexpands as it rises to an altitude
where @mospheric presaureis lower. The relationship between amount of gas, its
presaure, volume and temperature is given by the Ided gas law:
_ RT
\
where p is presaure, nisthe massof gas, T istemperature, V isvolume, and R isthe

Universal gas constant.
Thermodynamic energy equation

The First law of thermodynamics relates change in temperature of a gas to the energy
transfer between the gas and its environment and the work done on or by the gas:

dQ = dU + dwW

where dQ is the energy transferred, dU isthe dhange in internal energy of the gas, and
dW iswork done. When the gas expands, work is done by the gas:

p dV
dWw = —— = p da
M

where M isthe mass V the volume and p the presaire.

- v._1

M r
where D is the volume of a unit massof air, known as the spedfic volume, which is
the redprocd of the density.
The dhange in internal energy of an air body is the diange in temperature multiplied
by the energy required to change its temperature by one degree

du = ER0 47 = ¢ a7
el g

where g, isthe spedfic hea of moist air at constant volume. This varies with the

amount of water vapour in the ar.
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These results can be combined to give the First law of thermodynamics for the
atmosphere:
dQ = ¢, dT + p da

In an adiabatic process no energy istransferred between the ar parcd and its
surroundings, so dQ = 0. The temperature of the parcd changes becaise of presaure
variation as it ascends or descends. A rising parcd of air expands and cools, or a

descending parcd of air compresses and warms acording to the relation:

¢, dT = - pda

Continuity equation

An esentia property of a meteorologicd model is that massis conserved as air
parcds move through the modelled region; massis neither creaed nor destroyed.
Continuity equations are aformulation of the requirements for conservation of mass

Uil — 1 ” T ] > UzN2

¢ —r
"X
Fig 283. Gasflow through a cdl

Fig.2.83illustrates a cdl through which agasis passng in the x-diredion. N
represents gas concentration and u represents velocity. The rate of change of
concentration of the gas within the cdl must equal the difference between the inflow
and outflow quantities of gas, as measured by the product of concentration N and flow
rate u at the cdl boundaries. It can be shown that:

N _ T(uN)
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Expanding to threedimensions:

It X Ty Tz

IN_AN) alun) ) )

Momentum equations

In addition to mass a model must ensure that momentum is conserved during air
motions. The Momentum equation is used to predict wind velocity, and must balance
the various forces which might ad on an air body to affed its movement. These
forcesinclude: the local accderation, the eath's centrifugd force, the goparent
Coriolisforce, gravitationd force presaure-gradient force, viscous force and

turbulent-flux divergence

When considering forces related to the motion of the eath, it is convenient to use
sphericd polar coordinates in preferenceto the normal cartesian coordinate system.
The nomenclature for spherica polar coordinatesis given in fig.2.84.

Re cosM

Figure 2.84:
Spherical polar
coordinates

K2 snM Figure 2.85:
Components of the

earth'sangular velocity
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The angular velocity : of the eath is 7.292x 10°radians s'. The mmponents of the
eath's angular velocity parellel and perpendicular to the surface ae shownin fig.2.85,

where Mis the latitude.

The Coriolis force defleds moving bodies towards the right in the northern
hemisphere. It can be shown that the Coriolis accéeration is given by

ac =2 v

astwicethe vedor crossproduct of the eath's angular velocity with the locd velocity
of thebody. Thereisno Coriolisforceon abody whichis gationary with resped to
the eath's surface

The centrifugal forceis given by

ar:’(’Re)

where R is the radius vedor of the eath. The dfed of the double vedor cross
product isto determine the force diredion as outwards from the eath's surfacein a

diredion perpendicular to the ais of rotation.

From areference frame fixed on the eath's surface a momentum equation can be
derived which relates locd accéeration a to ather acceerations and forces ading on

an air mass
a +a. t+a -L(F + F +F)
I c r M, g p %
where acis the Coriolis accéeration & isthe centrifugal accéeration, Fyisthe

gravitational force, Fy isthe presaure force, and F, is the viscous force.
Thelocal accderation is given by the alvedion equation (fig.2.82) as:
The locd accéeration of an air parcd equals the accéeration at afixed source point

plus avariation in locd accéeration due to a velocity flux gradient along the line of

motion.



The Gravitational forceis given hy:

where M and M, are the masses of the eath and the ar massrespedively, Reisthe

radius of the eath, and G isthe gravitational constant.

The Presaure-gradient forceis:

_p Iﬂpa+1ﬂpa+kﬂpb
Mg a rg 1z 5

where U, is air dengity. This expresgon spedfies the rate of change of presaurein

terms of components along the three catesian axes.

The Viscous forceis a measure of the resistance to motion of an air massover the
ground surface The dchange of wind velocity with height (< u/< z) isknown as the
wind shear. This can produce ashea stress\Wgiven by:

‘H_u
9z

t =h

where Kis the dynamic viscosity of air.

Turbulent flux divergenceoccursin first 300m above the ground where wind speeds
may increase logarithmicdly with height and wind shea is grongly developed.
Turbulence ®@nsists of many eddies of different sizes operating together. Eddies are
creded downwind of obstades as turbulent wakes. Surfaceheding can adso crede
thermal turbulence. Flux turbulence can be formulated as:

LIS N T Y

Mg I'a

where K isthe addy diffusion coefficient tensor. The turbulence force opposing air

motion is thus a function of the ar flow velocity.
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Combining the expressons for acceerations and forces gives the threeM omentum
eguationsin the catesian diredions. Ignoring the viscous forcewhichis small in

comparison to ather terms:

du_fu,  fu,  fu,  fu_ 1Py, 1

=—+UuU—+v—+w— = fv-
de ix Ty 1z ra ix ra
. €1 & Tug, T e fug, Te Tu el
6 ClaK — r =+ K
S'n—xg arimxx ge ‘Hyg akm,yx W ﬂzg alm,zx ‘Hz%
%:ﬂ+uﬂ +Vﬂ+wﬂ:_f lﬂp_a+i
d 1t X Ty 1z ra fy I'a
AE: o T e wo, Tea Tv el
&6— Gl gK —++ —ErgK —xz+ —¢rgK —
XE D ™Y g yE ™Y g 1z& ™Y Nz
dw _fw e w w1, 1
d 1t ix Ty 1z ra 1z ra
AE: Two, e wo, Tee Tw o
& raK —+ r z+ K .
gﬂ_xg aftmxz oo~ ‘Hyg aKm,yz W 5 ﬂzg alm,zz ‘Hz%

This completes the description of the continuity equation for air, the
thermodynamic energy equation, the equation of state, and the momentum
eguations, which form the basis for the MM 5 model core.

A central function of the MM 5 modeél in its hydrologicd application isthe
determination of rainfall rates on a high resolution grid scde. Moisture and
predpitation are handled by the determination of threemixing ratios:

Water vapour mixing ratio

fp* av :_ng‘ﬂp ug, /m_ Tp uqvlmg_ T %S 4 4 q.DIV
it g Ix fy o s
+ p*(— Pre - Pcon - Pir - PID)+qu

201



Cloud water mixing ratio

Tp*aec _  _2€Tp*ug./m fp*ug./mu fp*qcs
—=-mMm ) + u_
it g x Ty a {is
+p*(Pp +Py - Pre- PRA+PCON)+ch

+dhq.DIV

Rain water mixing ratio

Tp*ar __2€MP*uq /m fip*ug /mu_ fp*qs
Tt & X v a s

) Vi raq
Is

+dnhQr DIV

+ p* (Pre + Prc + Pra) + Dy

These gquationsinclude arange of physicd processes involving water phase
conversion:

Pre is evaporation of rain drops,

Pcon IS condensation of water vapour,

Py isinitiation of ice aystals,

Pip is deposition of vapour onto ice aystals,

Prc is conversion of cloud drops to rain drops,

Pra isacaetion of cloud dops by rain drops.

The basic model provides for condensation whenever relative humidity reades 100%,
with subsequent production of raindrops and fallout under gravity. The model
succesdully handles saler-feeder medhanisms, where raindrops produced in high
cloud layers fall through lower saturated air and increase their volume. Advedion of
raindrops during descent to the ground surfaceis aso handled corredly.

Rain acaetion rate is cdculated from

G(3 b)

Pra = —Pf aqENy — 51—
where parameter a has a value of 84299 for rain or 11.72 for snow, parameter b hasa

value of 0.8 for rain or 0.41 for snow, and * isthe gammea- function. The parameter

No = 8 x 10Pforrain, 2 x 10’ for snow. q. isthe doud water mixing ratio.
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The fall spead of rainis cdculated from

Vf :aG(4+b)l_b
6

where

NOrWQ%‘

ro g

Modelling of thunderstorm events where verticd motions are dominant presents a
greaer modelling challenge. MM 5 offers a series of cumulus parameterisation
schemes to model rainfall generation. The principle of cumulus parameterisation is
that convedive motion can take placeon a scade smaller than amode grid cdl.

Whilst the mean relative humidity within a cél may not read 100%, there may be
zones within the cdl where water vapour is concentrated and condensation may occur
(figure 2.86). Condensation will producerainfall, but also releases latent hea which

convective
ﬁ uplift

i

can drive upward convedion.

N
condensation and 100%
90% release of latent C
mean relative heat .y
humidity ov
convergence of
moisture

Figure 2.86: Principles of the Anthes-Kuo cumulus parameterisation scheme

The simplest cumulus parameterisation is the Anthes-Kuo scheme (Anthes, 1976 Kuo
and Raymond 1980. The is based on an analysis of water vapour flux in the zone of
convedion (fig.2.87). An algorithm estimates the rate of convergence of moisture M
at the boundaries of a grid cdl using:

Ps

/.

M = - é x\/qdp
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where ps is surfacepresaire, V ismean horizontal air velocity, qis mean spedfic
humidity and g is gravity force If moisture anvergenceis above athreshold value of
3x 10° kg m? s* then the temperatures for grid cdlsin the overlying verticd air

column are chedked to determine if convedion is possble.

Figure2.87: Schematic
diagram showing moisture
cyclein a column which
contains convedion.
Figure and cagption from:
Anthes, 1977

EVAPORATION AROUND
CLOUD SIDES

HORZONTAL
CONVERGEMCE
OF WATER VAPOR = M,

PRECIPITATION
(I-b) M,

The base and top level of cloud isthen determined. Convedion is assumed if the
cloud depth is greaer than a aiticd value' V™~ 0.3.

Verticd air motion is computed from:

dW2/2 _ gB

dz (1+a

)' gQW' nw2

where: wis verticd air velocity, B is buoyancy, D = 0.5 is a cmmpensating fador to
alow for non-hydrostatic presaure perturbations, Q. istotal liquid water as the ratio
of massof water to massof air, and P isthe rate of entrainment of air from the

environment around the convedion cdl. This equation shows that verticd ascent
velocity in a oonveding cloud is related to buoyancy of the ar parcd, but
counteraded by the weight of liquid water being carried upwvards and by the anount
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of entrained air which reduces the mntrast in physicd properties between the doud
and its urrounding air mass The buoyancy term is given by:
— Tv - Tve

Tve

B

where T, is the virtual temperature of the mnvedive updaft at a particular pressure
level within the doud, and T is the virtual temperature of the surrounding airmassat

the same presaure level.

A theoreticd temperature function within the conveding column is used to cdculate
condensation and rainfall production. It isfound from atmospheric soundings that
convedive heding often has a parabolic shape with a maximum in the upper half of
the doud (fig.2.88).

I T Figure 2.88. Vertical profile
of (TT) in three ¢ouds of
400+ \\] ra;ldii 500, 1000 and zog(m.
_ | The environment sounding
Re1000~>3 _ was that for Pittsburgh, Pa.,
' 1200GMT 25May 1976
Figure and cagption from:
Anthes, 1977

800 ) Tc: cloud virtual temperature
L T: environment virtuad
temperature

1 i 1 1 i
003~ o T 2z 3 4

Te-T °C

The water vapour mixing ratio within cdlsis reduced to compensate for rainfall
production, and the temperature isincreased to alow for latent hea released during
condensation.

An dternative onvedive scheme within the MM 5 system is Grell cumulus
parameterisation. Thisis a more sophisticated scheme in which individual clouds are

modelled, along with the medhanisms of rainfall generation within them (figure 2.89).
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downdraft
originating level

updraft
originating level

/% géjfpdraft

down:d:r;éfé 1:

Figure2.89: Air movementswithin a cloud, modelled by the
Greél cumulus s£heme. After: Grell, Dudhia and Stauffer (1995

In the Grell scheme, clouds are modelled as two steady-state drculations, caused by
an updraft and adowndraft. Thereis no entrainment of environmental air into the

cloud except at the top and bottom of the arculations.

Warming occurs through condensation from ascending saturated air as it cools, but
evaporation and re-absorption of water vapour can take placein descending air asit
warms adiabaticdly. An energy budget balances these dfeds, with rainfal being

generated from cloud water which escagpes reabsorption.
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Configuring and running the MM 5 model

Running the MM 5 module involves sveral stages:
The input files from the TERRAIN and INTERPF modules are placel ina
direaory where they can be accesed by the MM 5 program.
An MM5 program is built speaally for the aurrent run. When creding this
program, it is necessary to spedfy the number of nested domains which will
be modelled, and the type of computer system in use.
A file of optionsis creaed, which will be accesed by the programwhileit is
running. Thisfile spedfies arange of parametersincluding: details of the
domain grid sizes, choices of cumulus shemes and planetary boundary layer
schemes, and options for the cmplexity with which phase danges between
water vapour, liquid water and ice aystals will be handled when modelling
cloud microphysics.
The MM 5 program isrun. This generates a series of output files for chosen
time intervals, representing conditions within ead of the nested domains. A
finite difference scheme is used within MM 5 to model the progresson of
presaure, momentum and temperature acossthe modelling domain. At
intervals, new observational values for these parameters will be suppied to the
outer boundary. Cellswithin the outer rows of the model will then be
progressvely nudged towards the boundary values, to avoid the model
diverging from observations over an extended simulation period.



GRAPH, RIP and VIS5D modules

Once arun is completed, severa modules are avail able for producing graphica output

from the domain datafiles:

GRAPH isasmple plotting program for line drawings, which generates maps,
cross gdions and skew-T plots.

RIP is amore flexible padage which produces colour shaded images
(Stoelinga, 2003. This has been used for most MM 5 example data displayed
in this chapter.

VI1S5D produces three-dimensional solid images, and may be used to display
patterns of cloud and rainfall using isosurfaces.

Methods for creaing graphicd output with these padkages are outlined in Appendix 4.

INTERPB module

The INTERPB module can convert MM 5 output files from sigma aordinates bad to

presaure level (mb) data. This provides afadlity for repeaing the modelling cycle
after addition of further meteorologicd observations through the LITTLE_R module.
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Frontal rainfall events

Testing of the MM 5 system has been carried out using a simulation of 6 hour
forecating mode. Global gridded datais updeted at 6 hour intervals by US National
Centre for Environmental Protedion (NCEP) and dstributed to forecasters viathe

Internet FTP service

The MM 5 model was run for the example storms presented in Chapter 2.2:
8 November 2002
29 Decamber 2002
22 May 2003
2-4 February 2004
using deta files which would have been available 6 hoursin advance Results from
the model could then be evaluated against the raingauge data recorded in the
cachment during the adual storm event. The objedives of the test were:
to determine whether the high resolution 1km grid MM 5 model was able to
distinguish the Types A and B rainfall patterns observed over the Mawddad
cachment,
to determine whether the rainfall i ntensities predicted were consistent with

gauge realings.

In examining the rainfall distribution maps which follow, it should be gpredated that
the raingauge distribution acossthe Mawddacdh cachment is gill relatively sparse for
amountain arealiable to microclimate dfeds. The field maps were prepared from
raingauge data before modelling was carried out. They represent only one
interpretation of the rainfall distribution, and in some caes substantial changes to the
positions of isohyets could be made to improve crrespondence with the MM 5 results
whilst still remaining consistent with observations. Absolutely acairate field data on
a lkm grid scdeis not currently available for full evaluation of the rainfall forecast
model.

In the following sedions, predicted rainfall totals for 3-hour periods are cmpared
with rain gauge data @lleded for the same periods during the storm events:
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8 November 2002

A sequence of MM 5 3-hour rainfall simulations for 8 November 2002are shown in

fig.2.90, with raingauge data avering the same periods for comparison.

The 03h — 06h simulation corredly identifies atype B rainfall pattern along the acis
of the Rhinog mountain range, but also predicts high rainfall (9.69mm) over the
Arennig mountains. Thereis osme uncertainty about the adual rainfall pattern in the
Arennig area & no gauges were present on the upper mountain slopes.

The 06h — 0%h smulation shows rainfall beaoming widespread acossthe Mawddacd
cachment, with maximums of approximately 10mm along the Rhinog range. A
rainfall high of 11.5mmrecorded for Cader Idrisis beyond the geographicd limit of
the raingauge aray, so thereisuncertainty about true rainfall totalsin thisarea

The 0% — 12h simulation shows the rainfall axis moving eastwards to Coed y Brenin,
although maximums of around 14mmare lower than the gauge readings of 21-23mm
inthisarea A maximum is again predicted over the ungauged summit of Cader Idris
where verificdion is not available.

The 12h — 15h simulation corredly demonstrates a shift to atype A rainfall
distribution extending inland aaossthe cachment. Insufficient gauge datais
avail able to verify the maximum of 17.92mm nea the southern end of the Rhinog
range. A predicted maximum of around 12mm in the vicinity of Rhobell Fawr and
Pared yr Y chain is, however, considerably lower than the observed totals of 20-
28mm.

The MM 5 rainfall smulation for the 8 November 2002storm event has reproduced
approximately corred patterns of predpitation over the Mawddacd cachment,
athough rainfall predictions are significantly lower than observed rainfall totals for
some time periods at inland locaions.
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29 Decanber 2002

MM5 3-hour rainfall smulations and 3-hour raingauge totals for 29 December 2002
areshowninfig.2.91

The 06h — 0%h smulation corredly identifies a broad band of rainfall acossthe
cachment. A maximum of 11.56mmat the southern end of the Rhinog range is
consistent with the limited raingauge data available. A zone of high rainfall is
predicted for the Aran ridge dong the southern margins of the Mawddad cachment,
which agrees with the 11mm gauge reading at Pared yr Y chain. Insufficient datais

avail able to verify the south western continuation of this high rainfall zone.

The 0% — 12h simulation predicts an intensificaion of rainfall acossthe whole
cachment, with a maximum on the inland slopes of the Rhinog mountains. Thisis
broadly in agreement with the rain gauge data. The exad rainfall total at the southern
end of the Rhinog range is uncertain due to lad of reardings.

The 15h — 18h simulation shows an inland rainfall maximum of 18.14mm at Pared yr
Y chain which is close to the observed total of 20mm. A rainfall maximum is aligned
north-south along the Rhinog range, but alad of raingauge data prevents verification
of the prediction. The observed total of 18mmat Trawsfynydd is roughly consistent
with the smulated value of 15mmat this point.

The 18h — 21h simulation is roughly in agreement with the observed data. A type A
pattern is generated, with maxima in the aeas of Trawsfynydd and Pared yr Y chain.
A low rainfal zone between these maxima gpeas in the smulation, but was not
observed in the field data where amore ansistent band of high rainfall crossesthe
cachment.

Asin the previous case of 8 November 2002 the 29 Decamber 2002simulation
produces rainfall patterns which are largely consistent with field observations. Some
locd variance occurs, particularly in the central areaof the cachment for some time
intervals. Predicted rainfall totals are, however, closer to observed values than in the
November case and no significant underestimation of inland rainfall occurs.
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22 May 2003

MM5 3-hour rainfall smulations and 3-hour raingauge totals for 22 May 2003are shown in
fig.2.92

The 03h-06h smulation identifies the commencement of widespread rainfall. Values of
approximately 5mm aaossmuch of the Mawddad cachment are alittle higher than
rearded values of 2-4mm. A zone of higher rainfall intensity over the southern Rhinog
mountains is consistent with gauge readings, though a second rainfall high of 7.94mm in
the Pared yr Y chain areawas not recorded in thefield. A rainfall total of 8mm is,
however, recorded for Pared yr Y chain during the following 3-hour period which is not
refleded in the smulated rainfall pattern. This ansto be an instance of the model
rainfall timing being alittle ealier than adually occurred.

The 06h-09h simulation corredly positions atype B pattern of high rainfall over the
Rhinog mountain range, with a 3-hour maximum of 23.37mm close to the highest gauge
reading of 26mm. A southwards extension of the high rainfall zone over Cader Idris cannot
be verified due to ladk of gauge data.

The 12h-15h smulation shows trangition to atype A rainfall pattern, with the zone of high
rainfall i ntensity extending inland aaossthe cachment to the Pared yr Ychain area 3-hour
rainfall values are gproximately in agreament with gauge realings. a modelled maximum
of 26.38mm in the southern Rhinog range is close to the observed maximum of 30mm, and
both the model and field data give maximums around 17mmat Pared yr Y chain. Some
minor differences in detall occur around Coed y Brenin in the central areaof the cachment.

The 15h-18h simulation indicates a dedine in rainfall towards the end of the storm event,
though not as rapid areduction as observed from gauge readings. There again appeasto
be some discrepancy in timing, in the order of one hour, between the model and adual
rainfall.

The MM 5 simulation for the 22 May 2003 storm event has been quite succesdul in
identifying the main patterns and intensities of rainfall acossthe Mawddacdh ca.chment.
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2-4 February 2004

The Mawddadh caichment was subjeded to major flooding duing the period 2-4
February 2004 An MM5 rainfall simulation of this event will be used as input for
evaluation of the integrated hydrologicd model in Chapter 4.

The February 2-4 rainfall smulation is illustrated in fig.2.94. For much of the period,
conveyors of ascending warm noist air were generating rainfall over the Mawddacdh
cachment. Output from the MM 5 model has been examined by plotting three
dimensional images with the post-processor program VisbD (Hibbard and Kellum,
2005. Anexampleis gown in fig.2.93 which ill ustrates zones of high cloud mixing
ratio (yellow) and high rainfall mixing ratio (blue). This $rows well the development
of stratiform cloud inland from Cardigan Bay, with downwards enhancement of
rainfall over the Mawddach cachment through the seeler-feeder medhanism.

Figure2.93. Zones of mixing ratios >0.4 for cloud (yellow) and rainfall (blue),
06:00h, 3 February 2004



The MM 5 simulation period 03h-06h on 2 February shows corredly atype A rainfall
pattern extending acossthe cachment. A maximum 3-hour rainfall prediction of
16.81mm is close to the 18mm gauge reading in the southern Rhinog mountains.

Continuation of rainfall in the period 0th-03h on 3 February shows a smulated total
of 20.65mm in the Arennig mountains and 1951mmat Pared yr Y chain. These totals
are higher than observations, athough the distribution of rainfall acossthe cachment

is smilar to the adual rainfall pattern.

Rainfall smulations for the threeperiods covering 03 to 12h on 3 February arein
reasonable agreement with raingauge recrds. A zone of low rainfall i s predicted
along the Wnion valley, and can be seen as athinning of the stratiform cloud in the
VisbD plot of fig.2.93. Thislow rainfall zone is consistent with the limited raingauge
data available for the Wnion valley.

Rainfall continued on 4 February, to reat a maximum intensity during the period
12h-15h which was concentrated inland of the Rhinog mountains as atype A
distribution aadossthe Mawddad cachment. This distribution is reasonably
represented by the simulation. An axis of low rainfall aong the Mawddad estuary
and Wnion valley is again predicted, and would be consistent with the limited

raingauge realings avail able.

For the 2-4 February 2006storm period, the MM 5 simulation is in reasonable
agreament with raingauge data. The patterns of rainfall acossthe Mawddad
cachment have been plausibly predicted, although some smulated rainfall totals are

greder than adual recordings from raingauges.
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Statistical analysis

To abtain a quantitative comparison of smulation results for different storm events, a
Spreadshed analysis has been caried out (fig.2.95). For ead raingauge site and time
period, the a¢ua rainfall total is $own in the left column and the MM 5 prediction to
the right. Where the raingauge site lies on the boundary of two or more 1km MM5
grid squares, the MM 5 value dosest to the gauge realing is taken.

A mean absolute diff erence between raingauge readings and MM 5
predictions averaged over al sitesis cdculated. Thisis an error value
determined as a smple unsigned dfference between pairs of values with no
consderation asto which is larger.

A mean signed dfferenceis aso cdculated as an average for all sites. This
records differences between individual pairs of values as either positive or
negative, allowing an overestimate & one site to off set an underestimate &

another site.

These two measures allow a % absolute deviation and a % signed deviation to be
cdculated:

For a highly heterogeneous cachment where the pattern of rainfall is criticd
to hydrologicd response, the prediction error in stormwater flow may be dose
to the % absolute deviation.

For a homogeneous cachment where only total rainfall and not distribution
pattern is criticd, the prediction error in stormwater flow may be dose to the
% signed deviation.

In pradice the eror in predicting stormwater volume is likely to lie between the %
absolute deviation and the % signed deviation. The predicted storm volumes using
the MM 5 system are likely to be within 15% of adual flows for the storm events of
29 Deceamber 2002and 2-4 February 2004 and within 25% for the event of 22 May
2003 Lower acarragy of 35% cdculated for the event of 8 November 2002may be
due to amore restricted raingauge aray operating at that time, which failed to record
key aspeds of the rainfall pattern for comparison with the simulation results.

22¢



22¢€



Comparison of MM 5 model predictions with observed storm rainfall was carried out
by the Speaman rank test using the method of Chalmers and Parker (1986. Thistest
compares the distributions of readings in the two data sets when sorted into order of
size A high correlation coefficient value doseto 1 would indicae that MM 5 had
very closely predicted the spatia pattern of the rainfall distribution, athough the test
does not indicate whether the a¢ual rainfall intensity was corredly predicted. A
coefficient value of O would indicate that MM 5 had predicted a distribution pattern
with no apparent similarity to the true distribution. A negative rrelation coefficient
would suggest that MM 5 had predicted high rainfall in areas where the rainfall was

adually low, and vice-versa.

Scater graphs and Speaman correlation coefficient values for the four example

storms are given in figs 2.96-2.100.

Spearman rank coefficient 0.837
n =48

Figure 2.96: Storm event of 8 November 2002 Determination of Spearman
rank corr elation coefficient for MM 5 rainfall forecast and observed rainfall



The highest correlation of 0.99is obtained for the Type B storm event of 22 May
2003 High correlations above 0.8 are obtained for the Type A storms of 8 November
and 29Decenber 2002

The storm sequence of 3-4 February 2004 has been analysed as two rainfall events. A
low correlation of 0.65 was obtained for rainfall on 3 February, with a higher
correlation of 0.87 for 4 February. During the storm sequencethe rainfall aaossthe
cachment changed from an initial Type A pattern, towards a more dominantly Type
B pattern.

The results of the Speaman rank test neal to be considered alongside the analysis of
percentage deviation of rainfall totals (fig.2.95). Some tentative aonclusions can be

drawn.

The different degreeof correlation for Type A and Type B rainfall eventsis a further
indicaor that these patterns are produced by physicdly different medanisms of
rainfall generation, modelled with different degrees of successby MM 5.

MM5 is best able to predict Type B rainfall patterns, generated by a simple orographic
medhanism. Type A patterns involve amore complex interadion between rising
valley air flows and midde level saturated air.

Despite the very acarate prediction of spatial pattern for the 22 May Type B rainfall
event, referenceto fig.2.95 indicates that the total rainfall was underestimated by
some 25%. Pattern correlation was poorer for the Type A rainfall events of

29 Deceamber 2002and 3-4 February 2004 but total rainfall was estimated more
acarately to around 13% in these cases.

The overal conclusions from analysis of the example storm eventsisthat MM 5 can
adequately predict rainfall for frontal storm events over the Mawddad catchment.
Where inacairaaes exist, they may be in spatial pattern or in total rainfall. The
inacairades an to be linked to limitations in the modelli ng of rainfall processes,
particularly the production of orographic rainfall and rainfall enhancement by the
sedaler-feader medanism above deeo valleys. These would be useful topics for
further reseach and improvement of the MM 5 program code.
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Spearman rank coefficient 0.874
n=52

Figure 2.97: Storm event of 29 Decanber 2002 Determination of Spearman
rank corr elation coefficient for MM 5 rainfall forecast and observed rainfall

Spearman rank coefficient 0.991
n =48

Figure 2.98. Storm event of 22 May 2003 Determination of Spearman rank
corr elation coefficient for MM 5 rainfall forecast and observed rainfall



Spearman rank coefficient 0.651
n =48

Figure 2.99: Storm event of 3 February 2004 Determination of Spearman
rank corr elation coefficient for MM 5 rainfall forecast and observed rainfall

Spearman rank coefficient 0.871
n=36

Figure 2.100: Storm event of 4 February 2004 Determination of Spearman
rank corr elation coefficient for MM 5 rainfall forecast and observed rainfall
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Rainfall radar

This chapter has examined the feasibility of computer modelli ng to provide rainfall
input to a hydrologicd model. An aternative gproad uses radar for rainfall
estimation. The relative merits of the two methods $ould now be considered.

The tradking of storms by rainfall radar for iswell developed in the USA, particularly
in the mid-west and south-west where tornadoes and supercdl thunderstorms are
common (National Weaher Service 2005, and offshore in the Gulf of Mexico when
hurricanes approad the mast. Cranston (2003 has examined the use of weaher
radar for flood forecasting in Scotland. Threeweaher radar installations cover the
land areaof Scotland and are producing promising results, but data suitable for use in
operational flood warning systems is not yet being generated.

An esentia difference eists between numericad weaher modelling and rainfall radar
observations. Modélling can provide aprediction of rainfall at a future point in time
whilst radar patterns provide an estimate of rainfall rates at the present time. It is
possble to make aforward extrapolation of rainfall radar patterns to predict rainfall at
afuture time, but thisis dependant on knowledge of the manner in which weaher
systems move spatially and evolve dronologicdly within the forecasting region. As
an example for discusson, a sequence of radar images at six-hourly intervals for

3 February 2004 are shown in fig.2.101, along with 3-hour MM5 rainfall predictions
for corresponding times.

It isdifficult to exadly compare the MM 5 and rainfall radar images. MM 5 integrates
rainfall over aset timeinterval, in this case 3 hours, whilst the radar gives an estimate
of rainfall rate & a particular instant. Some general observations can, however, be
made.

Rainfall radar has a marser resolution than the MM 5 model. Radar uses an output

grid of 5km or 10km squares, within which an average rainfall value is given. MM5

modelling may have an operational forecasting resolution down to 1km grid squares.
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Rainfall radar images must be cdibrated for rainfall rate using raingauge data from
rainfall events of known intensity. If cdibration isbased on lowland sites,
inacarades may occur for mountain regions where rainfall generation medcanisms
are more wmplex. Sibley (2005 discussesthe acaracy of rainfall radar data for
North Wales and comments that underestimation is common. He mnsidersthisto be
due to the radar bean being angled upwvards to clea the mountains, thereby missng
lower layers of feeder cloud where much of the rainfall generation occurs.
Underestimation may commonly exceal 50% for North Wales.

Flood forecasting based on current rainfall rates is limited to providing warnings of
flood events a couple of hours in advance. For longer warning periods, advance
predictions of storm rainfal will be needed. It is apparent that there would be
difficulty in predicting the rainfall pattern of 6:00h on 3 February 2004(fig.2.101),
given only the information in the rainfall radar image of 0:00h on that day. Simple
gpatial trandation of the rainfall pattern along a movement vedor is insufficient.

Rainfall radar can play a valuable role in determining rainfall patterns as an
dternative to telemetered rain gauge arays, and will become more acairate with the
development of the tedhnology and improvement in coverage. Thereisa dea
problem, however, in advanceforecasting by means of rainfal radar images. Thisis
particularly significant for mountain areas where weaher systems can evolve rapidly
and rainfall generation processes are mmplex.

Numericd wedaher forecasting is invaluable where advance warning of flooding is
required on atimescde which exceals the fast flow routing time of rain which hes
arealy fallen within the cachment . Inthe airrent state of the at, numericd weaher
forecasting is considered the most acarate method of generating rainfall input for the
Mawddad hydrologicd model.
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Optimisation of MM 5 models using aNeural Network

It was $hown that inacarades may exist in rainfal predictions by the MM 5 model,

both in terms of the location and intensity of rainfall :
ij = Rj + 8

wherer istruerainfall, R is rainfal predicted by the model, and eisthe eror in
prediction, for locaioni, j within the cachment. It is possble that g;is not randomly
distributed, but is sme systematic function of position and/or rainfall intensity

resulting from imperfed modelling of meteorologicd processs:
g = f(i,i,R
If an error function f could be determined by comparison of predicted and actual

rainfall, it would then be possble to apply this function to subsequent predictionsin
order to improve their acaracy.

Experiments have been carried out to determine whether MM 5 rainfall predictions can
be improved by application of an error function during post-processng with a neural
network. For thiswork, the Neural Network Toolbox within the MATLAB
mathematicd software padage has been used (Demuth and Bede, 2000).

The principle of a neura network is to apply mathematicd transformations to input
datain order to produce output which is, by some measure, amore acarate result. A
variety of mathematicd transformations are possble. After experimentation, it was
found that best results for the MM 5 problem are adieved by a cmbination of a pure
linea function and a log-sigmoidal function:
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The Pure Linea transfer function simply takes an input value and multipliesit by a
weighting factor W:

purelin(n) =W * n

A Log-Sigmoidal transfer function takes any value in the range from
negative infinity to positive infinity and maps it to a value in the
range 0-1. This is done by applying the formula:

logsig(n) =1/ (1 + exp(-n))

The neural network set up for processng MM5 datais fowninfig.2.102 This
consists of twelve processng channels termed neurones which are interconneded at
severa stages. The network accepts 12 input values, and eat neuron will produce a
revised output value which should be doser to the true solution for the problem:



I nput Layer 1 Layer 2

4 N\ 'd N\ r I
P1 ‘ Wit g | 3| a=logsig(n) W1 6 |—»| a=purelin(n) 4&1,
Wa 1 | |2W2,22
p—— 6 || a=logsgn) 6 | a=pueiny |5
‘.
° °
° °
i12W1214:: |12W122:4f
P2 @ 16 » a=logsg(n) | ¢ 46 » a=pueinin [,
D121 12>

Figure 2.102: Diagrammatic representation of the neural network selected for post-
processing of MM5 rainfall simulation d ata

Inputs to the system are MM 5 rainfall forecasts for 12 raingauge sites, and it is hoped
the neural network will generate aset of revised forecasts which will be doser to the
adual rainfall totalsrecorded at the 12 Sites.

The input values are subjed to a sequence of mathematicd operations:
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Eadh of the rainfall forecast values p; to pi12 is multiplied by a weighting value
w1 t0 Wiz 1 to provide an input to the first layer of the neural network. A
multiple of every input value is sipdied to ead of the 12 neurones.

Before the first transformation function is applied, a wnstant by ; to by, is
added to the inputs of the 12 neurones.

The log-sigmoidal transformation is applied to ead input n to provide an

output a:
1

" Ivexptn)
Ead output is again multiplied by aweighting fador, and multiples of this
value ae transferred to ead of the 12 neurones. A further constant by, to bs,>
is added to the inputs.
The pure linea transformation is finally applied using weights wi » to wi,, as
multipliers:

a=w.n

This algorithm provides opportunity to adjust alarge number of parameters —
multipliers and additive variables — in order to generate outputs which exadly
match the true rainfall recordings. We then make an assumption that applying
the same parameters to transform subsequent MM 5 output values will generate
improved predictions.

The purpose of the neura network software padkage is to provide aitomated
leaning for parameter optimisation. Sets of MM 5 predictions and the
subsequently recorded raingauge totals are supgied to the program in training
mode. Progressve aljustment of parametersis caried out until an acceptable fit
isadhieved. Future MM5 output can then be processed by the neural network to
hopefully enhanceits acairacy.
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Using the Neural Network software package

The first stage in running a neural network isto set up the configuration of neurones
and transfer functions required (fig.2.103). The number of neurones is determined by
the number of input data values to be processed. The number of layers within a
neuron is determined by the complexity of the mathematica relationship which exists
between the input estimates and the true values. A two layer neuron structure
incorporating alinea and sinusoidal transfer function can exadly represent any non-
linea continuous mapping between the predictions and true values.

The neural network structure is displayed dagrammeticdly by the software, using

symbols to represent the dhosen transfer functions at ead neuron level.

Figure 2.103: Configuration of the neural
network. (Left) Specification of the numbers
of neurones, number of layers for each
neuron, and the transfer functions to be used.
(Below) Diagrammatic representation of the
neural network.
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The next step is to train the neural network to corredly transform sets of MM 5

forecast datato give outputs exadly matching the known field data from raingauges.

Data sets for a number of time intervals may be input together to form a sequence a

ead gauge site (fig.2.104). The parameter optimisation procedure is run iteratively

until afit isadieved to the required degreeof acaracy (fig.2.105).
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Figure 2.104: Entry of MM5
predicted rainfall values (‘'Inputs')
and actual raingauge readings
(‘Targets'). This screen shows the
input of predicted values for 12
raingauge sites at two time intervals.

Figure2.105

Neural Network
softwarerunningin
training modeto
determinethe
optimum parameters
for thetransform
functions. Inthis
case, and exact fit has
been found (to a
toleranceof lessthan
10-24)



When training is complete, the neural network is run in smulation mode. New MM5
forecast data can be input, and output data generated which will hopefully give amore
acarate rainfall forecast than the original estimate (fig.2.106).

Figure2.106. After training, setsof input data can be processd by the
neural network to possbly provide output data of enhanced accuracy.

Evaluation of resultsfrom the Neural Network

Results of succesdul training and simulation cycles are shown in fig.2.107. Prior to
adhieving these results, various runs had been recrded where output data sets did not
produce an improvement on the original MM 5 rainfall predictions:
A single layer pure linea neuron, and a two layer neuron using a wmbination
of atan-sinusoidal and pue linea transform gave unsatisfadory results.
Training with one storm event did not produce improved forecasts when the
neural network was applied dredly to another storm event. Eadch storm
appeasto be mathematicaly unique, and training neads to take place
progressvely as an individual storm event develops.
Training with an inadequate number of time interval data sets may lead to
unsatisfadory results. An example is $rown in the first block of fig.212where

only two time intervals were used in training with the 8 November 2002storm
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event. Neura network transformation for the third time interval lead to a

signed deviation of 36%, which was a sightly poorer forecast than the 34%

signed deviation of the original MM 5 deta

Given adequate training, small but significant improvements to the forecast data can

be consistently adchieved. A comparison of acairacy with the original forecastsis

givenintable 2.2. It is perhaps worth observing that the greaest improvements are

adhieved in the cae where the original MM 5 forecast was least acarrate. Use of

neural network processng may therefore be ameans of identifying and improving the

least reliable forecasts.

Stormdate Traning Simulation MM5 MM5 Neural Net  Neural Net
interval interval absolute  signed absolute signed
deviation deviation deviation deviation
8Nov02 0312h 12-15h 35.7 34.0 318 18.0
8Nov02 0612h 12-15h 35.7 34.0 309 21.2
2-4Feb04 03h2Feb- 09-12h 25.7 6.8 25.4 6.4
0% 3 Feb
2-4Feb04 03h2Feb- 09-12h 25.7 6.8 25.1 6.2

06h 4 Feb

Table 2.2 Comparison of the accuracy of MM5 initial rainfall forecasts with forecasts

after processing by neural network
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Structure of frontal rainfall events

An important asped of evaluating the MM 5 model isto assesswhether the smulation
reasonably represents atmospheric patterns and processes predicted by meteorologicd
theory. Asatest of the system, an analysis has been caried out for the sample storm
event of 29 Decamber 2002 Output from MM5 is siown as figures 2.108-2.112

Figure2.108 MM 5 simulation of mid-tropospheretemperaturesat 18:00h,
29 Decanber 2002 Low level wind vedors are shown asred arr ows.

Fig.2.108 shows temperature distribution at mid-troposphere levels. A warm sedor

extends from Ireland into southern Britain. Low level air flow is towards the north-
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east aqossthe warm sedor, turning north westwards parallel to the warm front in the

diredion of the gyclonic low to the south of Greenland.

Fig.2.109 shows verticd air velocities at mid-troposphere levels. Uplift isfirstly
towards the north-east ahead of the old front, then north westwards along the line of

the warm front. These movements represent an ascending warm sedor conveyor.

Figure2.109 MM 5 simulation of mid-troposphere vertical component of air
flow at 18:00h, 29 Decanber 2002 Low level wind vedorsare shown asred
arr ows.
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Fig.2.111showstotal rainfall for the six hour period to 18:00n. Rainfall is
concentrated along the warm front conveyor, with subsidiary rain bands oriented
north-south aadossthe warm sedor. This pattern is consistent with the instabili ty
model of Browning et al. (1973, with rainfall enhanced by gravity wave development

over the Welsh mountains.

Figure2.110 MM 5 simulation of rainfall for the 6 hour period 12:00h to 1800h,
29 Decamber 2002 Low level wind vedorsare shown asred arr ows. A and B
arethelocations of the tephigramsdisplayed in fig. 2.112



Fig.2.111showsair flow at high troposphere level, with high velocity zones
representing a jet stream pattern over eastern Britain and the North Sea We should
note that the upper air flow to the north-east over Wales is approximately
perpendicular to the mid-troposphere warm air conveyor ascending to the north-west.
Thisis smilar to the situation recorded by Browning and Hill (1985 and represented
here asfig.2.21.

Figure2.111: MM 5 simulation of upper troposphere wind diredion at
18:00h, 29 December 2002
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Example tephigrams generated by MM 5 are givenin fig.2.112 Dry bulb temperature
curveslieto the left of the lapse rate aurve in the lower troposphere, indicating

instabili ty which can produce uplift within the warm sedor conveyor. Maximum
instability occurs at 900mb height at location A to the south-east, ascending to 850mb
at locaion A towards the north-west. Temperatures fall rapidly above the wnveyor at
heights over 700mb.

Horizontal wind vedors are seen to change from a north-west direaed airflow within

the conveyor, towardsthe eaterly airflow of the upper troposphere jet stream.
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Squall line mnvedion

Storms aaossWales on 3 July 2001 were the result of intense nvedive thunder-
storm adivity along a squall line. The mnvedive nature of the July 2001 event has
provided an opportunity to compare the mnvedive parameterisation schemes
provided within the MM 5 modelling system. The results for two schemes, Anthes-
Kuo and Grell are discussed below.

Anthes-Kuo cumulus parameterisation

A ranfall distribution map using Anthes-Kuo parameterisationis givenin Fig 2113
This dows a dose @rrespondenceto observed rainfall patterns. The north-south
orientation of the squall li ne is clealy defined, with several thunderstorm cdlsin
observed locaions over the mountain region. The only deficiency of the model is that
the z0ne of intense rainfall (>25mm/hour) should extend some 5-10km further
northwards along the squall li ne to acount for extensive flood damage in the Arennig
area

Figure2.113 One hour rainfall total. 18001900 3 July 2001 Anthes-Kuo
model. A marksthe location of the tephigram shown in fig. 2.116
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Examination of the MM 5 model results $ows the intense onvedive adivity
asociated with the squall line (Figures 2.114-2.115).

cellC

cell A
cellB

Figure2.114 Vertical sedion from Cardigan Bay to the Arenig mountains.
Shading indicates vertical air velocity. Contoursindicate horizontal
velocities. 18:00h, 3 July 2001 Anthes-Kuo model.

Figure2.115 Isosurfacesfor cloud mixing ratio>0.4 (yellow) and
predpitation mixing ratio>0.4(blue). 180Q 3 July 2001 Anthes-Kuo model.
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It is ®en that the Anthes-Kuo physics £heme produces resultsin close agreament
with the theoreticd model of squall li ne propagation proposed by Fovell and Tan
(1998 2000. The aoss ®dion fig.2.114 shows a sequence of convedion cdl
initiation at an advancing cold tongue (cdl A), the verticd growth of asecond cdl
(cdl B), and evidence of the bre&-up of an ealier cdl during advedion towardsthe
rea of the cold poal (cdl C). Clea similarities exist with the smulations carried out
by Fovell and Tan (cf. fig.2.32).

Figure2.116 Tephigram generated by the MM 5 simulation for location A —
Dolgellau, shown on fig. 2.113 18:00h, 3 July 2001
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A tephigram is displayed in fig.2.116for alocation towards the rea of the squall li ne.
This dwows afal in virtual temperature towards the ground, confirming the modelli ng
of apoal of coadl air below 950mb height. The dry bulb temperature curve liesto the
left of the lapse rate aurve for altitudes between 800mb and 500mb, indicaing a wide
verticd band of instability driving convedion. Horizontal air flow vedors are
towards the north, following the ais of the squall li ne.

Grell cumulus parameterisation

Results from the MM 5 run using Grell cumulus parameterisation (cf. fig.2.89) are
very different from those of the Anthes-Kuo model, and bea little resemblanceto
observed rainfall patterns during the storm event. Rainfall is modelled as occurring
mainly over the seg and is about half of the true intensity (fig.2.117).

Figure2.117: One hour rainfall total. 18001900 3 July 2001 Grell model.

Patterns of verticd air motion produced by the Grell model (fig.2.118) indicate a
number of small convedive cdls distributed over a broad belt, in contrast to the few
very large cdls of the Anthes-Kuo model. Littlerainfall is giown as being generated
by the mnvedive system.
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Figure2.118 Vertical sedion from Cardigan Bay to the Arenig mountains.
Shading indicates vertical air velocity. Contoursindicate horizontal velocities.
18:00h, 3 July 2001 Grell moddl.

Figure2.119 Isosurfacesfor cloud mixing ratio>0.4 (yellow) and preapitation
mixing ratio>0.4(blue). 18:00h, 3 July 2001 Grell model.
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Summary

Analysis of frontal rainfall events smulated in the MM 5 mesoscae model indicaes:
The general patterns of rainfall are reproduced well, both temporally and
gpatially. Rainfall distributions obtained from MM5 are in better agreement
with field raingauge readings than rainfall radar over the North Wales area

Rainfall predictions usng MM5 in a6 hour forecasting mode ae likely to be
inthe order of *+ 30% acaracy for individual point values, or +15%
acaragy if rainfall averaging aaossthe cachment is allowed.

Some limited but useful improvement to forecast values can be atieved by
neural network processng of initial MM 5 output data. Retraining of the
neural network needsto be caried out for ead individual storm event.

The MM 5 model produces rainfall predictions from redistic simulations of
atmospheric conditions within frontal systems, combined with appropriate
rainfall enhancement by topographic forcing.

The July 2001 flood event was different in nature, resulting from intense wnvedive
thunderstorm adivity along a squall line. Simulation of this event with MM 5 has
produced varied results with different cumulus parameterisations.
The Anthes-Kuo scheme arresponds well to the sparse rain gauge data
available, and gves arainfall distribution which islargely consistent with
field observations of flood damage and maximum river levels. Furthermore, it
simulates atmospheric processes consistent with squall li ne theory.
The Grell scheme considerably underestimated rainfall volumes. 1t may be
the cae that the Grell scheme is more suited to modelli ng isolated convedive

storms rather than structured pre-frontal squall li ne adivity.

It may be necessary to carry out multiple runs of the MM 5 model with different
cumulus parameterisations if thunderstorm adivity is expeded, then make use of a
weighted average of results in the integrated hydrology modelling system. Greder
weight should be given to extreme @nditions predicted by any of the aumulus
schemes, sinceit seans likely that a severe onvedive event will be underestimated
rather than overestimated by MM 5.
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