DISSERTATION

IMPROVING NUMERICAL WEATHER PREDICTION: ERROR GROWTH AT

THE CONVECTIVE SCALE AND SPEED

Submitted by
Giovanni Leoncini

Department of Atmospheric Science

In partial fulfillment of the requirements
For the Degree of Doctor of Philosophy
Colorado State University
Fort Collins, Colorado

Spring 2009



COLORADO STATE UNIVERSITY
December 11, 2008
WE HEREBY RECOMMEND THAT THE DISSERTATION PREPAREDNDER
OUR SUPERVISION BY GIOVANNI LEONCINI ENTITLED IMPROVING
NUMERICAL WEATHER PREDICTION: ERROR GROWTH AT THE
CONVECTIVE SCALE AND SPEED BE ACCEPTED AS FULFILLING IN PART

REQUIREMENTS FOR THE DEGREE OF DOCTOR OF PHILOSOPRPHY

Committee on Graduate Work

Dr. William R. Cotton

Dr. Wayne H. Schubert

Dr. Richard E. Eykholt

Dr. Roger A. Pielke,&xdvisor

Dr. Richard H. Johnsbepartment Head



ABSTRACT OF DISSERTATION

IMPROVING NUMERICAL WEATHER PREDICTION: ERROR GROWTH AT

THE CONVECTIVE SCALE AND SPEED

Despite the continuous growth of the available comprtati power, it is
undoubtedly beneficial, for both the research and op@&aticommunities, to increase
the efficiency of Numerical Weather Prediction. Bese parameterizations often occupy
a significant portion of the total execution time thstffocus of this work is to provide a
methodology to transform parameterizations into algors that provide the same output
at a fraction of the computational cost (i.e., transthemes).

Several transfer schemes are developed for the Igtonn radiation
parameterization, in the clear sky case and implezdeimt the Regional Atmospheric
Modeling System. The best one requires roughly 5% ofdhgatational expense of the
parent scheme. Accuracy is generally preserved and alysisnaf the main
meteorological fields after two days of simulationgsloaot show significant differences.
The differences for the 2 m temperature are larger tbarthe other fields, but still
smaller than the differences introduced by a second conpaui@meterization.

A second area where NWP is in need of improvementsois/ective-scale
forecasting. The advantages of more accurate foragadérive from the high societal

impact of convective events, which can be severeeadltb loss of life and property.



Ensemble forecasting is an ideal tool to handle uateig¢s in forecasts and the second
aim of this study is to identify the processes thad l@aerror growth at the convective
scale, for a case study over the United Kingdom using tee ®ifice Unified Model.
The perturbation was applied to the potential temperatwaespecific model level within
the boundary layer, either sequentially (every 30 minubesat specific times. It was
determined that acoustic waves are generated and canm #feedackground state.
Vertical stability is also altered and occasionaltislcan be set or removed. The unique
boundary-layer scheme also contributes to error growsth, triggering different
parameterizations as a response to the perturbatiorallyFithere are qualitative
differences between high amplitude perturbations (1r¢) the smaller ones (0.01 and

0.1 K), but the root mean square error reaches similaesalt saturation.

Giovanni Leoncini
Department of Atmospheric Science
Colorado State University
Fort Collins, Colorado 80523
Spring 2009
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CHAPTER 1

INTRODUCTION

The forecast skills of Numerical Weather Predictimodels used by several
weather services have been improving steadily. Part oinitrisase in verification scores
is certainly due to the increased resolution allowed bygtkater computational power
now available. However, additional computational castsmodel simulations are
carefully weighted against the improvements they brinthé overall verification scores.
Thus, the ability of running the same model at a lesseputational expense, without a
decrease in accuracy, can greatly benefit NWP by freesmurces which can be devoted
to improve weak features of the model itself. Parangdtions use a significant part of
the overall computational cost of a model run. Majewsk al. (2002) reports that
parameterizations can make use of 48% of the overalpetational cost of a high
resolution global model run, and the radiation paranzetgon alone takes up 57% of the
total parameterization costs. Furthermore such values@reinusual for limited area
models; tests carried out with the Regional Atmosphdadeling System (RAMS) for
this study show that the Harrington radiation schemeumies 13% of the total
computational time. Therefore in order to increasectiaputational efficiency of NWP

is reasonable to turn the attention to parameterizatasmsmore specifically to radiation



parameterizations. The first aim of this work is depelh general methodology to
transform parameterizations into transfer schemés. dore concept is to exploit their
limited accuracy to build a fast algorithm that provides shme output at a fraction of
the computational cost. Such an idea is described in Gh&ptealong with its
implementation into RAMS for the Harrington radiatecheme.

It was mentioned previously that the resolution ofdperational NWP model has
been increasing and currently several weather centersrusam@ng their models
operationally with grid spacings @(1km). For example NCEP has been running ETA
with 4 km grid spacing for 3 years (Wesimann et al. 2006) antdasly the Met Office
with the Unified Model. Whilst the increased resolutiesuited in a general increase in
performance of the models, verification studies showatirate forecast of timing and
location of severe convective events as well as pitatibn amounts still remains a
daunting challenge. Unfortunately this happens also becaasesmall errors (i.e., of the
order of a few grid spacings) can significantly affectithpact of a storm, for example
by flooding a different river catchment with adversensrjuences on the efficacy of
warnings and rescue efforts.

The high societal impact of severe convective eventders ensemble
forecasting particularly attractive for the convectsaale, since it provides a measure of
the forecast uncertainty. At the same time, theilawéity of large computational
resources has made multiple high resolution simulgi@ssible at the regional scale. A
recent study by Hohenegger and Schar (2007) underlines thstt ehothe many
perturbation methods, efficiently employed at the gloédnd synoptic scale to build
ensemble forecasting systems, are unlikely to beuesessful at the convective scale.

This is due to the strong nonlinearities which resultiaredoubling times of a few hours



instead of days. As a first step towards the design ehaemble system the second aim
of this work is to identify the physical processes tlefd to error growth at the
convective scale and to test a novel method to peth#bmodel state. This study is
described in Chapter 3 and is carried out using the Unifledel of the British Met
Office for a specific convective event over southenglgnd. The case study consists of
strongly upper-level forced event characterized by mekos$opographic and surface
features which resulted in widespread scattered convectiba aguall line that travelled

eastward during the morning hours.



CHAPTER 2

FROM MODEL-BASED PARAMETERIZATIONSTO LOOKUP TABLES:

AN EOF APPROACH

2.1 Introduction

The goal of this study is to transform the HarringtotiaBon parameterization
into a transfer scheme or lookup table, which providesndalig the same output
(heating rate profile and short and longwave fluxes atstirface) at a fraction of the
computational cost. The methodology put forth here doas introduce a new
parameterization simply derived from the Harrington schelm¢ shows that given a
generic parameterization it is possible to build an #@lyor largely not based on the
physics, that mimics the outcome of the parent paramatiem. The core concept is to
compute the Empirical Orthogonal Functions of all thput variables of the parent
scheme, run the scheme on the EOFs, and express the a@iudpggneric input sounding
exploiting the input-output pairs associated to the EOHse weights are based on the
difference between the input and EOFs water vapor miximgstaA detailed overview of
the algorithm and the development of a few transfeeses are also presented. Results
show very good agreement (r > 0.91) between the diffdransfer schemes and the
Harrington radiation parameterization with a very digant reduction in computational

cost (at least 95%).



This study aims to provide an algorithm, or transfer seh€mS) which can
accurately reproduce the output of a generic parametenzat this specific case the
Harrington radiation scheme (Harrington 1997; Harringtbal.e1999), using a fraction
of the computational power required by the parent pararpatem. The background of
this work has been laid out in Pielke et al. (2006) andielyp summarized here.

Most Numerical Weather Prediction (NWP) models solwemerically the
equations of motion, but also use parameterizations touatcfor subgrid-scale
processes (e.g., turbulence), short- and longwave radifiix divergence and other
processes which cannot be explicitly simulated withindyramical core which accounts
for pressure gradient, Coriolis Effect, advection, anassncontinuity. Land-surface
interactions are also among the parameterized processes

Because of computational constraints and limited physicabwledge,
parameterizations always involve tunable coefficientsKernhe dynamical core) and are
based on approximations. Furthermore most times tlegtactly 1D, in the sense that
they use values only from one grid column at a time.

Regardless of accuracy, parameterizations represemisaderable share of the
total computational burden. Majewski et al. (2002) showed tbr high resolution
global NWP models, parameterizations account for 46.Bfteototal computational cost
while radiation parameterizations occupy 57.5% of thatbarm Similarly Chevallier et
al. (1998) reports that the longwave radiation schemeuats for 10 and 18% of the
total computing time required, respectively, by the generaulation model at the
European Center for Medium Range Weather Forecast andlithate model of the

Laboratoire de Météorologie Dynamic. Tests conducted glahis study show that the



Regional Atmospheric Modeling System (RAMS) has simparformances and the
Harrington radiation parameterization occupies 13%etotal CPU time.

Therefore there would be great gain if a lookup tablgT(L or a Transfer
Scheme (TS), could accurately reproduce the outputs ofaanpterization at a fraction
of the computational cost.

The main problem in developing a TS is that a simple borte approach would
require running the parent parameterization for all theilplessput cases it can possibly
be given during a simulation. The number of combinationallothe possible values,
aside from being impractically large would grossly misregmeseality since not every
combination is physically possible. For example, we ktimat superadiabatic profiles of
temperature generally can only occur immediately abouaface such as the ground or
a cloud top. There are also larger-scale constraiats as the gradient wind balance at
the synoptic scale in the mid- and high-latitudes. Mege@arameterizations are very
often a limited representation of reality due to the cketsimplifying assumptions.
Therefore a two-stream radiation parameterizatiaich sas the Harrington scheme,
cannot be expected to reproduce the variability of tharteedtes as a line-by-line code
would do, let alone as nature does. On the contrary, pdea@ations or “physics
packages” must be thought of as the best possible comprbetaeen the available
computational resources and the accuracy desired. Bechtlse limited representation
of reality that parameterizations offer, their outplues., physical variables) are likely to
depend on and/or to be sensitive to a more limited nuwbphysical parameters and
guantities as compared to the behavior that the samecphyariables have in nature.
This study aims to show that it is possible to reproduedémavior of parameterizations,

not reality, at a fraction of the computational casting techniques and/or algorithms



that are not strictly related to the physics which p&tarizations attempt to represent.
The choice of the Harrington scheme is due mainlywo factors: its relatively high
computational cost, and the limited number of input \demwhich render it more easily
tractable.

Pielke et al. (2006) suggested ways to reduce the input spaca of
parameterization which is usually much larger than tiipud space, and in this study the
Empirical Orthogonal Functions (EOFs) have been enggloyl he two main reasons for
this choice are first of all its ability to identify k&'patterns” among all the realistic
inputs to the parent scheme, and second, the fact that iapat can be expressed as a
linear combination of such patterns, thereby greatly reduttie dimensionality of the
problem. This is possible because the key patternstfiee EOFs) are obtained through
the eigenvalues and eigenvectors of the correlation xr@itthe data. This property of
the EOF analysis (or Principal Component Analysis) basn exploited widely for
decreasing the number of estimators in statistical asom (e.g., Davis 1976; Lorentz
1956, 1977). A second benefit of the EOF analysis is egbhysical significance of the
patterns themselves is ranked by the percentage of tlee@rof the data they explain,
in a linear sense. This feature has also been explaviddly for several other
applications: for example to study several aspects ofatige-scale circulation such as
the North American Monsoon (e.g., Castro et al. 200€) Nbrthern Hemisphere mean
flow (Kravtsov et al. 2006), the Arctic Oscillation (@impson and Wallace 2000), the
predictability of seasonal means (Schubert et al. 2062)alation between surface-level
humidity and column-integrated water vapor (Liu et al. 1981 impact of microphysics

parameterization on a cloud property retrieval algoritBmgderstaff et al. 2006), and to



approximate the difference in the reflectance of the AOband obtained from a
multiscattering line-by-line code and a two stream reptasen (Natraj et al. 2005).

Furthermore, the EOF analysis has been used widelgniptecently, but since
Lorenz (1956) first brought it to the attention of the @épheric science community, and
its sampling errors are well known especially after shudies of North et al. (1982),
Storch and Hannoschock (1985,) and more recently Quadrelli @085). A detailed
description of EOFs and their utility in the atmosphedi@nces can be found in Wilks
(20086).

The patterns identified by the EOF analysis are esddatithis study since the
core concept of the TS is to compute the EOFs ohaliriputs to the Harrington scheme
(HS), obtain the heating rates, and the other ouggmgsciated with the EOFs, and then
use those input-output pairs to approximate the HS outpues/éry input.

While the words transfer scheme” better characterize the algorithm development
herein, traditionally similar algorithms, or parts oj@lithms have been callediobkup
tables’, and both nomenclatures are used interchangeably here.

The details of the algorithm are explained in Section ®l2)e Section 2.3
describes the results of the accuracy and speed testdjnally the description and
discussion of the results obtained by embedding the TSAMSRare given in Section

2.4.

2.2 M ethodology
2.2.aOverview
The EOFs of the HS input variables (surface albedo, upgelongwave

radiative flux at the surface and the vertical prgfitd pressure, temperature, and water



vapor mixing ratio) are computed for a particular locaaod a specific time of the day
under clear sky conditions. Then, the EOFs (or atarely the regression of the data
onto the principal components) are fed to the offlinesie@ of the HS, which, for each
individual EOF, provides downwelling surface radiative flugesl a vertical profile of
radiative heating rates. Each EOF is associatedthélday exactly at the center of the
period over which they have been calculated. When inppibyairs are established,
they are used to obtain a synthetic HS output forremge input at that specific location
and time of the day. This process is carried out at eamdtel grid column, and no
assumption is made concerning horizontal spatial vanati The same calculation is
performed at eight different times of the day evergéhnours, starting at 0 UTC, and the
LUT output at intermediate times is obtained by line&erpolation. Because the EOFs
are calculated offline prior to the simulation, the opdyt of this process which must be
carried out within a NWP model is the generation ofsyr@hetic output. The TS output
will be a weighted average of the output of each dd&l EOF. The weights are, in
turn, determined by an arbitrarily defined “distance” betwden EOFs and the input
itself, at each grid point. This process is representeensatically in Fig. 2.1. It is also
important to remember that the aim of this study is ipeie achieve a reduction in
speed, and no physical interpretation of the EOFs orheif tsignificance will be
attempted.

Different weighting strategies were tried offline usingiadependent month of
RAMS output (Sept 2005) and the most successful one was itii@emented into
RAMS and compared against the parent scheme for a 2+dalasipbn during Sept 2005.

A few key meteorological fields are then compared feamulations that used the parent
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Figure 2.1 Schematic illustrating the process used to transformaangerization ir
a transfer scheme. The subscripts i and j indicate grid depeguantities.

scheme, the best TS, and the Chen-Cotton radiationamederization (Chen and
Cotton 1987).

The only difference between the version of the Hgton scheme applied on the
EOF’s and the version actually used in RAMS, is in hosvdln density is treated. The
online (or in RAMS) version uses the background state demkigh is constant through
each individual run, while the offline version computas density from the temperature
and pressure profiles which constitute part of the EOFs deroto have the
thermodynamic quantities as balanced as possible. Tfezedces between the two
versions are one order of magnitude smaller than the mtroduced by the LUT and

thus they have been deemed negligible.
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2.2.b The EOFs

Since the EOFs are meant to represent all the possjilés which a clear sky
atmosphere can provide to the HS, they were first comus#iad rawinsonde data for a
particular station. Unfortunately the significancelsd EOFs at each site varies with the
different location histories anadissing data periodsin order to avoid this inconvenience
and to take full advantage of the temporal and spatiaistency that a NWP can offer,
the EOFs were computed using the output of series of adimadations of the RAMS,
which has already proved successful in this type of apjgitas shown by Castro et al.
(20074, b).

The choices of the period of the year over which to coenplue EOFs and how
many years of data to use is a compromise mainly bettveercompeting factors: on
one hand the necessity of a small number of EOFsue &daster algorithm, and on the
other the necessity of having a sufficient number oFE®@ explain the variability of the
input soundings. Considering also the computational constrand the fact that with
each EOF is associated a fixed day which is used to cortipugenith angle, along with
hour and location, it was chosen to split the yeto its 12 months. However, results
from one month only are presented here, since the presety aims to show the
feasibility of the LUT concept and the same implemésnatan be easily carried out for
remaining periods. The effectiveness of the EOFs ildibhg the TS is affected by the
day of year associated to the EOFs, because if thespanding zenith angle is very
different from the zenith angle of the profiles inpathe TS, the shortwave flux yielded
by the TS will be unrealistic. In order to show tHastis not detrimental to the TS, the

month chosen for this study is September which belongsttansition season, during

11



which the daily range of values of zenith angle at d gaint changes the most during
the month.

As it has already been stated, this work does not aiprdeide a physically
meaningful interpretation of the EOFs, but it has bessn@med that a more realistic set of
EOFs would yield a more realistic set of associatedrgpsaates and surfaces fluxes and
therefore lead to a more accurate LUT. Pursuing thisolimeasoning, several EOFs are
retained, explaining up to 97.5% of the variance. Furtbeznthe model climatology
data has not been filtered, nor averaged, and the EQOFes been rotated using the
varimax method (Kaiser 1958) after scaling the eigenvecsorshat the each EOF has
unity variance, but the principal components are mutuallpuelated, and the EOFs are
not orthogonal to each other, thus avoiding unphysicglfes introduced by this last
mathematical constraints (Wilks 2006). This property efrittated EOFs was also used
in Arakawa (1993) which showed that the first few rotated £0fFvertical profiles of
heating rates are representative of typical cloud regime

To compute the EOFs for September, model-generated datal@dSeptembers
(1995 through 2004) were used resulting in 300 temporal realizadibtise sample
because the EOFs are computed at eight hours of thérdayQ0 to 21 UTC every three
hours) using data at the same time of the day (1 sapeplelay, per 30 days, per 10
months), at each grid point of the RAMS domain. Accadm Quadrelli et al. (2005)
this number is not enough to properly resolve all the rmigetors and eigenvalues,
especially for the high order EOFs. This issue, ingpie, is even more important in
this study, since the TS involves EOFs up to 97.5% of the &{plained variance.
Unfortunately the number of temporal realizations nengsso reduce the problem

significantly for so many EOFs (up to 44) is too large doy practical use, and the

12



sample size was arbitrarily chosen. The RAMS sitiarla all share the same
configuration which consists of one grid which covers thetdd States, east of the
Rocky Mountains (Fig. 2.2). The radiation scheme wasiktgon’s (Harrington 1997;

Harrington et al. 1999), a two-stream parameterizatioth veas called every 20 minutes.

Further details can be found in Section 2.3.
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Although the ultimate measures of the TS value are atsuracy and
computational cost, not the significance of the EORay ttonstitute the core of the TS
and to investigate how it is affected by the EOFs six i@& been implemented with
different sets of EOFs (see Table 2.1). The conti®10RFO00", is based on rotated,
unfiltered EOFs which are computed using the whole 10-year natidedtology. The
number of EOFs retained for each grid point, corresporrdttbal explained variance of
97.5%. Because the number of retained EOFs greatly aftdets TS speed
TS10RFO0v75 and TS10RFOOV50 used the same set of EOFs, but onlyfuprtd 50%
of the total explained variance, respectively. Timeriihg the data results in fewer and

more significant EOFs, so TS10RF11, TS10RF21, and TS10RF31 lesre Huilt
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filtering the data with a Hamming low pass filter (Oppenhet al. 1999) with windows
of 11, 21, and 31 days. The same EOFs of TS10RFO0O0, but noedrdtatve been used
for TSIONRFO0O, and TS9RF00 EOFs are rotated and unfiltesefihy & S1IORFOO, but
based on a nine-year model climatology, from 1996 to 2004 n&Elme of each TS is
related to the characteristics of the EOFs: the fiushber (10 or 9) refers to the length of
the climatology, and R (NR) stands for rotated (norateat) EOFs. The letter “F’ and
the following number indicate the filter window in dagsfor unfiltered, 11 for eleven-

day low pass filter, etc.

Table 2.1: Characteristics of the Different Transfer Schemes

Num of Rotatec Filter width Variance retaine

TS Name
years EOFs [day] [%]
TS10RFO! 10 Yes None 97.t
TS10RF1. 10 Yes 11 97.t
TS10RF2. 10 Yes 21 97.t
TS10RF3. 10 Yes 31 97.t
TS10RFOOV7 10 Yes None 75
TS10RFOOV5 10 Yes None 50
TS10NRFO! 10 No None 97.t
TS9RFO( 9 Yes None 97.t

Finally, the EOFs and therefore the TSs are computgdf@ntlear sky to reduce

the number of variables involved in the calculations hade faster turnout times. A
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model output column is defined akear sky if its total cloud water mixing ratio is less
than 1¢° kg kg®. The point is defined asoudy otherwise. This value has been chosen
because reducing it would not decrease the number of &legrid points as depicted in
Fig. 2.3.

RAMS version 4.3 was used for all the numerical sitmuts in this study. Most
of the choices made were driven by the necessity efguai standard NWP type of
configuration, in order to emphasize the usefulness of the for common applications
without great computational costs. The basic configurat@nsists of one grid only of
68 x 67 points, with grid spacings of 40 km. The vertical gasl 33 atmospheric levels,
and its spacing is stretched with a ratio of 1.12tisgarfrom 50 m up to a maximum of
1500 m. The first level is roughly 24 m AGL while the mode) ie at 15800 m.
Timestep is set to one minute. The North Americanded Reanalysis (Mesinger et al.
2006) was used to provide initial and lateral boundary camditiand its total water
mixing ratio, horizontal wind and potential temperaturgemeudged at the top model
level using the Newtonian relaxation method. As mewetibearlier radiative fluxes were
represented by the Harrington scheme and LEAF2 (Wallah 8000) parameterized the
surface fluxes of heat and moisture. Diffusion was patarized according to the
anisotropic scheme of Smagorinsky (1963). The radiatiomanpeterization
(Harrington’s) is called every 20 minutes. Finally tleeneection scheme was modified
version of the Kain-Fritsch convection scheme (Kamul &ritsch 1993; Castro et al.

2002; Castro 2005). The only cloud process allowed was liquid osatien.
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Figure 2.3:

Percentage of Clear Sky Columns vs. Mixing Ratio Threshold
100 T T T T T

95

Q0

75

70 I 1 1 I I 1 I I
le-02 1e-03 le-04 1e-05 1e-06 1e-07 1e-08 1e-09 1e-10 le-11
Threshold Mixing Ratio [kgkg™']

Percentage of clear sky grid points as function oftiheshold mixing ratio.

2.2.c The Weighting Strategy

The

output of the TS is a weighted average of the EQFputs, and the

computation of the weights constitutes the core efTt8.

The

orthogonality property of the unrotated EOFs eaaeiploited to compute the

weights for each EOF, as it guarantees that, if thatisounding belongs to the same

population

that generated the EOFs, there exists one,ryndree, linear combination of

EOFs that is equal to the input sounding. Unfortunately degtst simplicity and

elegance this method cannot effectively be applied, becatsell the EOFs generated

are orthogonal, even using double precision. This happensudegcéor the cases

analyzed, over half of the EOFs (roughly 60) are effettivdentical, resulting in a

16



nonorthogonal EOF matrix consistently with the abowentioned analysis of Quadrelli
et al. (2005).

Further weighting strategies have been tested, but edl ineersely related to the
relative or absolute difference between the input sogndvariables and the
corresponding EOF variables. At first the weightsevdetermined not only for each
EOF, but also at each vertical level, but those giededid not perform as well as the
strategies that produced one weight per EOF. Most i@/ is due to the implicit
assumption that heating rates at different levelsiratependent from each other. The
sum of the difference, as opposed to absolute valtieeddifference, also, has proven to
be a poor measure of the similarity between the inputdogmand the EOFs, because for
a specific input sounding — EOF pair, mixing ratios largettiersounding at a particular
vertical level can be compensated by smaller valud#fatent levels. Thus, two EOFs
can have very similar weights even though one matclmgsa perfectly the vertical
profile of water vapor mixing ratio and the other oat#ds around the input sounding.
The weights for the input soundisgassociated with each E@Fwhich resulted in the

best correlation and root mean square error (RMSE) eetW& and HS outputs were

-

where the subscript indicates the vertical level. The high value of thkpament is

determined by trial and error and are given by

S e

Mo — Ty

X

necessary to cause the weights of the EOFs whiclveme different from the input
sounding to go rapidly to zero. A smaller absolutai@axponent would excessively
weight the EOFs which are more distant from the irgmunding, producing unrealistic

heating rates and surface radiative fluxes. On therdtand, a larger absolute value of

17



the exponent fails to weight properly the EOFs whichdwser to the input sounding,
resulting again, in unrealistic values of heating rates surface fluxes. Because of the
very good code optimization at compilation, changingeikgonent does not change the
overall execution times. Exponentially decaying weidtage also been tested, but the
sensitivity of the weights to the value of the exponenmuch stronger, making the
tuning process more difficult and probably location dependdme weights, which can
be only zero or positive, are then normalized at egah point (i.e., for each input
profile), and are the same for all the HS output vaemldheating rates, surface short- and
longwave downwelling radiation fluxes).

From the tests performed using different weighting strasegifew conclusions
can be drawn:

e a bulk weight per column results in improved correlatwhen compared against
individual weights per grid point, confirming the integral rettaer of radiative
transfer.

e although all the input variables for the HS scheme (peessure, water vapor
mixing ratio, and temperature profiles, upwelling longwaadiation, and albedo)
have been used in the computation of the EOFs, mixing a&ine works better
than any other input variable or combination of variablegnewhen the
combination includes the mixing ratio itself.

o if the weights computed as described are multiplied byfrdnetional explained
variance and then normalized, the overall performaridbe algorithm changes

only slightly.
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2.2d Tests

To better describe the performances of the differénfd.implemented here, two
kinds of accuracy tests were carried out. First, &wheof the TSs, a two day simulation
was carried out applying the HS at the cloudy points and camgplibth the TS and the
HS at the clear sky points, but the TS output was drithmg simulation. These
simulations have been used to derive the error statistithe LUTs compared with their
parent parameterization, at the same grid points, fesktime input variables.

A second set of three simulations is then carried o¢revthe only difference is
the radiation scheme, S1 uses HS, S2 uses Chen-Cattb&3auses the best LUT and
different meteorological fields (250 mb wind, 500 mb geopaéntertical velocity at
500 mb, 2 m temperature, and 10 m wind) from the three siondaare compared. All
the above mentioned simulations have the same saseg for the model climatology
where the radiation scheme was called every 20 minabels besides the different
schemes for S2 and S3 the only relevant differendeeisine period: from Sepf'D600
UTC to Sept 3 0600 UTC, 2005. This period was intentionally chosen te e
largest possible difference between the zenith anglleeohput soundings and the EOFs
one. As in the climatology case, the RAMS simolasi are in agreement with the

reanalysis (not shown).

2.3. Reaults
2.3.a Accuracy with Respect to the Parent Scheme

The determination of an acceptable error of the TS peoed with respect to its
parent parameterization, depends on the use of the paramaBbn. For example, if the

goal of the parameterization is to obtain diabatictingarates in a numerical weather
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prediction model, differences between the differgtraaches might not matter if the
heating rate differences that matter in the predictibweather in the model were less
than about 0.1°C per hour. The ability of the differ€8t to reproduce the behavior of
HS is thoroughly evaluated here in this context.

The word “error” in this section, therefore, is used r&der strictly to the
differences of the TSs relative to the HS, not agaibservation. Because of the lack of
error analysis against observations for the HS, tleentminty introduced by the use of
the TS is evaluated by comparing meteorological fieldsined with the HS, the most
accurate TS, and a second, widely used radiation panaragiten (i.e., the Chen-Cotton
scheme). A further discussion of the origin and $icgmce of these uncertainties is
given in Section 2.4.

The overall correlation coefficients, bias, root meguoare error (RMSE), and
error standard deviation for the heating rates, the-land shortwave surface fluxes are
presented in Table 2.2 for the eight TSs described in Se2tibh. All the different
parameters changed little across the different Tr8lcating that the HS output is well
replicated. For the heating rates the correlaticeffment () is always larger than 0.91,
with a bias smaller than 0.009417 K, tand a RMSE of approximately 0.024 K.hThe
longwave flux has a higher correlation coefficienabfeast 0.9592, with a negative bias
that oscillates between -10.9737 and -12.1454 W while the RMSE tends to be
slightly larger (~14 W ). Although bias and RMSE for the shortwave fluxeslamger
than for the longwave, the correlation coefficientbetter for the shortwave fluxes (at
least 0.9972). Relative errors (not shown) tend to bdlemaand exhibit less variability

over time, for the longwave than for the shortwHuges because the latter
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Table2.2: correlation coefficient, bias, root mean square ermud, exror standard deviation for the 8 transfer schexmepared
against the original Harrington scheme (see Table 2.théodetails on the transfer schemes).

Heating Rates TSI0RFOO0 TSI10RF11 TSIORF21 TSIORF31 TSI10RFOOV75 TSIORFOOVS0 TS10NRFOO  TS9RFOO
R 0.91190r 0.91119! 0.91094. 0.910571 0.91282. 0.91143: 0.91075! 0.91270!
bias [K ] 0.00941 0.009331 0.00936: 0.00937. 0.00930! 0.00937. 0.00918: 0.00931!
rmse [KI'  0.02430! 0.02433 0.02437! 0.02442 0.02409: 0.02426! 0.02421. 0.02411:
std [KF']  0.02241: 0.02247! 0.02250:i 0.02255I 0.02222 0.02238! 0.02240: 0.02224!
Longwave

Flux TSI0RFOO TSI0ORF11 TSIORF21 TSI10RF31  TSIORFOOV/S TSI10RFOOVS0 TS10NRFOO  TSONRFOO
R 0.962¢ 0.961¢ 0.959¢ 0.959¢ 0.965: 0.964: 0.963: 0.964¢
bias [Wn? -11.781 -11.874. -12.145: -12.123! -10.973 -11.201° -11.06¢ -11.409:
rmse [Wn?‘ 14.695 14.838 15.186! 15.159¢ 13.856: 14.097: 14.100t¢ 14238:
std [Wn? 8.783t 8.898¢ 9.11% 9.101: 8.460: 8.558¢ 8.740; 8.51¢
Shortwave

Flux TSI0RFOO TSIO0ORF11 TSIORF21 TSI10RF31  TSIORFOOV/S TSI10RFOOVS0 TS10NRFOO  TSONRFOO
r 0.997: 0.997¢ 0.99¢ 0.997¢ 0.99¢ 0.997: 0.997: 0.997¢
bias [Wn? -24.874 -24.806° -24.747: -24.¢ -24.957: -24.888: -24.992¢ -24.779!
rmse [Wn?]  45.893 45.811. 45.736 45.81; 45.962: 45.906¢ 46.069¢ 45779
std [Wn“ 38.567! 38.513¢ 38.463: 38.524t 38.59¢ 38.574! 38.701! 38.493¢

21



decreases (increases) in value before sunset (sunriS8ORFOOv75 consistently gives

better results, across all parameters for the thfeeht outputs.

2.3.al Heating Rates

The time evolution of the heating rates correlatioaffiwents (Fig. 2.4a) shows a clear
daily cycle for all LUTs, with a nighttime maxim and a daytime minimum.
TS9RF00 and TS10NRFOO have the lowest minima during the daynomgf the value
of the choices made for the EOF calculations. Als® ¢orrelation tends to be better
close to the surface, although has a secondary maximtime shird to last model level
and a secondary minimum at the second level from tengr (Fig. 2.4d).

The bias (Fig. 2.4b) has a similar behavior with negadsgtime minima and
positive nighttime maxima and virtually no spread among Wieseover, during the day,
and at times during the night as well, the lowest vabfebias (in a absolute sense)
correspond to the times when no time interpolatiotoise and only the EOF computed
at the very same hour are used. This seems to indieEta higher temporal frequency
or a different interpolation scheme could further redineebias. The vertical profile of
bias is consistent with the correlation analysis (Rige). The Root Mean Square Error
(RMSE) behaves very similarly to the bias in time apdce (not shown), but is roughly
double in magnitude.

The average absolute error is shown in Figs. 2.4c and f, akithgthe 95"
percentile of the distribution. The average absoluterds generally below 0.025 Kh
and it tends to be larger during the night and smaller dunimglay. The 99percentile
of the absolute error distribution (not shown) hasomenaccentuated daily cycle between

0.04 and 0.11 K for all the TS. Throughout the simulation a# fRSs have similar
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Figure2.4: The left panels show the error statistics for thatimg rates over the two
days of simulation: a) correlation coefficient, basi(lower group of lines) and rmse
(upper group), c) averaged absolute error (lower group) andp®@8centile of the
absolute error distribution. The right panels show Hrmaesstatistics per model level: d)
Correlation coefficient, e) bias (left group of linem)d RMSE (right group), and f)
averaged absolute error (left group) anl pBrcentile (right group).
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Figure2.5: The first row of panels shows correlation coeffitserthe second biases,
and the third contains the averaged absolute errae(lgroup of lines) and rmse (upper
group) for the longwave fluxes (left panels a, b, anchd)far the shortwave fluxes (right
panels, d, e, and ).
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absolute errors distributions such that 0.1% of the aleselubrs are four times larger
than the 9% percentile as for the absolute error distributiotwleen the on line and off
line versions of the parent parameterization itselhis last similarity in the error
distributions leads to think that eliminating the smallomgistency between the two
versions of the HS used in RAMS and the one utilizebihefto obtain the heating rates
for the EOFs would eliminate the largest errors, althahghr frequency is too small to

improve significantly the other statistics.

2.3.all Longwave Fluxes

The minimum value of the correlation coefficierdr fthe longwave fluxes
throughout the two day experiment is very good (0.925-0.9353lfdhe TSs. A daily
cycle is also present, as for the heating rates,tbannplitude is not nearly as constant
(Fig. 2.5a). The two TSs which employ a smaller fractbthe variance (TS10RFO0v50
and TS10RFOOv75) tend to have higher correlation with the HS.

The bias also oscillates daily, roughly around —12 V¥, fut stays always
negative for every TS (Fig. 2.5b). Given the high catreh coefficient, the RMSE (not
shown) is the mirror image of the bias.

Average and maximum absolute error have similar behavigig. 2.5c) as they
are relatively large at the beginning of the simulatitren they rapidly decrease to a
relative minimum at 15 UTC, to increase until the aiben of the first day. A similar
cycle is repeated the second day.

Both the average absolute error and the bias show a pr®dgawtooth-like
trend, with peaks corresponding to the hour of the EOF catipnt although it is less

evident for TS10RFO0OV75, especially for the averaged absahate e
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2.3.alll Shortwave Fluxes

The time evolution of the correlation coefficierips/n in Fig. 2.5a does peak at
the EOFs hours, and is lower at sunset and dawn, buorse value is 0.94 and most of
the time is above 0.98 for all TSs. There is virtuatlyspread among the different TSs,
but again TS10RFOOv75 proves better than the other TS beofuisehigher values
around 18 UTC of September 1st.

The bias is generally negative and has relative minietavden the EOFs hours
(Figs. 2.5b and e). As for the longwave the RMSEn®at always equal in magnitude
to that of the bias. Only before 12 UTC and after 00 Ui&y both are positive.

The mean and the %ercentile of the absolute error behave similarly éhtias

(Fig. 2.5f).

2.3.alV Meteorological Fields

To show the overall effect of the new algorithm on sammmon meteorological
fields the outputs of the simulations utilized for #igove tests are shown in Figs. 2.6
through 2.10. All the fields are taken at the latesetof the simulations, two days, to
ensure the maximum divergence between the three diffesgntips of the radiation
scheme: the Harrington scheme, the best LUT (TSR10F00and),the Chen-Cotton
scheme (herein CCS). The white areas indicate clouthfspat least for either of the
Harrington or LUT simulations.

The differences are generally small, and have diffecharacteristics. The 500
mb vertical velocity (Fig. 2.6) and the 10 m wind speed (Fif). Rave average absolute
errors which are about half of the corresponding ewbtle CCS, while the maxima are

more similar (see Table 3), indicating that the LUideto have small absolute errors,
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with a few points with higher errors (i.e., the digttibn has a very long tail). More
precisely, for the two mentioned error distributions tifference between the 99
percentile and the maximum error is at least twofodddtiference between the ®@nd
50" percentile (not shown). The 2 m temperature (Fig. 2a&&) lbwer, but more
widespread absolute errors: the average is 0.40 °C (Table &8)the difference
between the maximum and the"™®@ercentile is about two thirds of the"g 50"
percentile difference (not shown). Furthermore thérl Lerror ranges from —2.77 to
1.89°C (Fig. 2.8 - top right panel), while the differenceMeen the HS and the CCS goes
from —8.02 to 0.86°C (Fig. 2.8 - lower right). The 500 mb geopealemeight and the
250 mb wind speed have error distributions similar to thdsbeo10 m wind, but the
maximum absolute errors, 1.19 m and 0.29'mese negligible compared with the actual
values of the two fields, and the top and middle left gaoélFigs. 2.9 and 2.10 do not

show any visible difference.

2.3.b Computational Speed

Computational speed has been tested profiling the four basiel configurations
used thus far: RAMS standard version with HS, standarslorewith the CCS, RAMS
with TSR10FO00, the control TS, and TSR10F00v75, the most aecli&a The profiling
data consist of the number of times each subroutiitein RAMS, has been called, the
total time has been spent on each subroutine (ev&t)the time spent on each subroutine
excluding the time due to call to or from other functiond aubroutines (self time). This
allows a detailed comparison of the execution times aditgumot only for the
subroutines which actually produce the desired outputs, mfalsall those subroutines

which preprocess data or carry out computations pacdomain, instead of once per
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Figure2.6: 500 mb vertical velocity [cm™$ at the end of the two day test simulation:
top panels (left to right) correspond to runs with theridgton scheme, Chen-Cotton,
and the best LUT (TSR10FO0v75). Lower panels show thereliite between the best
LUT and Harrington, the difference between the best lddd Chen-Cotton, and finally
the difference between the Chen-Cotton and Harringtbeme.
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Table2.3: Mean and maximum absolute error for the best transfeamse and the Chen-
Cotton parameterization, on Sefit& 0600 UTC after 2 days of simulation.

Mean Mean Max Absolute Max Absolute

Absolute Absolute Error Error LUT Error Chen-

Error LUT Chen-Cotton Cotton
2 m Temperature
0.40 1.65 2.76 8.02
[°C]
10 m Wind Speed
0.057 0.125 2.153 1.197
[ms’]
500 mb Geopotenti:
0.084 0.161 1.19 1.22
Height [m]
500 mb Vertica
0.29 0.36 16.5 16.5
Velocity [cm &
250 mb Wind Speed
0.0134 0.0173 0.290 0.348

[m s’]

grid point. It was determined that the only non neglegiyberation, besides the schemes
was the loading of the EOF data, necessary to the E$%ary other preprocessing part of
the computations, for all scheme are negligible contpreéhe core of the corresponding
scheme. Table 2.4 shows the ratio of time spent onlifferent schemes to the time
spent on the HS. For the LUTs a range is given becthese execution time is
comparable to the accuracy of the time measure. The éd¢ume ratio for the CCS is
0.544 which means it is about twice as fast as the HSpbahe control TS the same
ratio is 0.0732, implying a 93% reduction in the execution timM8R10FO00v75 performs

even better and the reduction is 96%. The amount ofiadalitdata that the TSs require
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to read at initialization depend on the number of grid ppartd with this configuration
is sizeable, 388 Mb for the control TS and 124 Mb for TSR10F®0but because of the
great speed gain, assuming 70% of the domain is cloud frakes ¥0 to 80 radiation
calls to offset the initial overhead for the contf@ (i.e., TSR10F00), and only 6 to 11
for TSR10FO0OvV75. This number varies not only because aifirtbertainty of the time
measure of the TS, but also because it involves rediding a hard disk, whose timing
depends on the size of data, if the disk is mounted teenetwork, and how many
processes are accessing it.

The profiling data discussed above are accurate, but soeaffiected by the
profiler itself which intrudes the original code in oréi@measure timing. In this specific
case calling the LUT alternatively to the HS causedpdrent subroutine to increase its
self time even though the LUT was turned on from a cordigum file, and the actual
executable was not changed. Therefore the overall darafithe simulations was also
measured without any profiler on a dedicated computer tomzaithe overhead due
profiling and the I/O times. The relative times areveh in the fourth column of Table
2.4, and are all inclusive. TSR10F00 and TSR10F00v75 result imadl01% reduction
of the overall duration of the simulations, respectivelihe use of CCS yields a similar
reduction of 9% despite the longer time. The small ciffee between the CCS and the
TS is due the additional overhead due to I/O and to theéHatthe TS run only on 70 to
80% of the domain, and the HS takes care of the remaining 30%. Most likely also
an increased self time of the parent subroutineatdlurs, and can be eliminated when a

“cloudy sky” version of the LUT will be ready andropletely replace the HS.
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Table 2.4: Time gains of the LUT over the HS. The second colisavaluated
considering cloud free 70% of the domain.

CPU Time Simulations
Num of calls
Radiation Scheme Scheme _ Scheme
—_— to offset 1/0 duration———
Harrington Harrington
Chen Cotto 0.54« -- 0.91:
TSR10FO! 0.0512-0.073: 40-8C 0.907
TSR10FO0OvV7 0.0129-0.037 5.8-11 0.89:

2.4. Discussion

Despite the very high correlation coefficients, thiferences between the TSs
and the HS for the surface fluxes are fairly large wbempared to instrumental errors
which are of the order of 10 W h{Josey et al. 2003, Dong et al. 2006). Comparison
with line-by-line codes often yield even better absolutere (Fu and Liou 1992; Zhang
et al. 2003), but fortunately for the longwave fluxes #imsolute errors of the TSs
constitute only a small fraction of the corresponding \&alokthe HS: the averaged
relative error over the two day test oscillates arodétl and the 98 percentile is
roughly 8% (not shown). The same relative errors amegesdat larger for the shortwave
flux, as between 15 and 21 UTC the average relative isred the most 12% and the"™5
percentile peaks 15%. From dawn to 15 UTC and from 21 UTslinteet the absolute
errors are much lower than from 15 to 21 UTC (Fig. 2l&f},the relative error is larger.
The errors around dawn and sunset can be corrected byimgdbhat the interpolation of

the EOFs at any point in time, for the shortwdluxes happen only when both of the
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Figure 2.7 As Fig. 6 for the 10 m wind speed ir**
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preceding and following EOF have a zenith angle large enmuglyger the computation
of the Harrington scheme, which would be used otherwiSkis approach has been
attempted. While it slightly decreases the error atatie hours of dawn and sunset it
had little benefit for the overall accuracy performamd the algorithm, and thus, it has
not been adopted.

It is noteworthy that all the errors of the shortwdliexes have their relative
maxima always at equal distance in time from the hotrsitach the EOFs were
computed. This happens because the sine-like function thatilmks the daily behavior
of the shortwave fluxes is not very well approximatedtmsy linear interpolation of the
relative low frequency (3 h) values obtained from theFEOThis results in an
underestimation of the shortwave fluxes, especialhitiie daily maximum. Most likely
this behavior can be corrected by increasing the compatiteguency of the EOFs at
least during the daytime. Also a different weightingtetyg can provide some benefit:
by use of more EOFs, further away in time, a polyndmigrpolation that keeps into
account the current time of the day can ensure thataitg maximum of shortwave
fluxes is not underestimated or is underestimated to erleggent.

Because of the poor knowledge of the clear sky errotiseoHS, the accuracy of
the TSs to reproduce the parent parameterization Iispa@t against the
parameterization of Fu and Liou (1992), Gabriel et al. (2G0@),Zhang et al. (2003).

The above radiative transfer schemes predict heat$lwhich are later converted
to heating rates via vertical divergence, so that tineparison between the heating rates
would be affected by the different vertical grid spacingdufe the tests. This is
particularly important close to the surface where tedical grid spacing used in this

study (50 to 1500 m) is certainly smaller than the one aelyulised for this kind of test
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(700 to over 3000 m above the tropopause). Both Gabral €000) and Zhang et al.
(2003) radiative transfer schemes have errors of the ofderW m?, which at the first
RAMS model level, translates into a 0.056 K érror on the heating rate and compares
well against the averaged absolute error of the TS (Fig.ahdd). At higher altitudes
where resolution is coarser and density smaller thee sccuracy for the fluxes results in
smaller heating rate errors, by about an order of magnitlttkre the TSs have larger
errors (Fig. 2.4e and f). Fu and Liou (1992) used a constaialgrid spacing of 1 km,
and similar back of the envelope calculations using theors on the heating rate are
consistent with the above comparisons.

While the above error analysis provides a very good gegoriof the strengths
and weakness of the TSs, the more definitive proof tiatuncertainties due to the
imperfect reproduction of the HS output by the TS areabée lays in the effect on the
meteorological fields. Figures 2.6 through 2.10 show thiateast after two days of
simulation, the main meteorological fields are nan#icantly different from the
simulations with the parent scheme, even at the hightwdes, where the heating rates
errors are relatively larger. The surface temperaliffers more than other fields, but it
is not unphysical and most of all, its variations frdme HS are of the same order of
magnitude of another common parameterization (Chere@ptthus strengthening the
suitability of the TS for climate simulations.

The computational gain over the HS is 95%, and makes ttheofifeerror versus
accuracy well worthy. The success of the TS is lildalg to the clear sky condition,
which implies weak multiple scattering, and low optitatkness. In this case, the up-
and downwelling fluxes decouple and the multiple scaigeproblem reduces to Beer’'s

law The great computational gains are due to the fatthibause of HS output obtained
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from the EOFs bypasses the on line calculation of therptien coefficients whose
computation is indeed the bottleneck of two-stream paeximations such as the HS.
Similarly, the selection rule of Gabriel et al. (20@190 exploits this simpler condition to
reduce the number of radiative transfer calculatiodstlns the computational expense.
Although this seems to indicate that a TS is likely torkvless well when multiple
scattering is significant, the study of Natraj et 2DQ5), show the authors were able to
accurately simulate the residual of the reflectancehénQ A band whose absorption
coefficients were by a multiscattering line-by-line codehe number of lines used was
selected through an EOF analysis with subsequent radi@hog@ations initialized by a

two-stream model.

2.5. Conclusions

In this study a methodology to develop a LUT or TS fiparameterization has
been presented. It is important to further clarify timgg work does not to introduce a
new parameterization, simply derived from a preexistinge, obut reduces a
parameterization to a TS, whose core concept is togpotamthe EOFs of the parent
scheme input variables, under clear sky conditions, amdt on the EOFs. Thenthe TS
output of a generic input is a weighted average of thEsE@ditput, where the weights are
based on a form of distance between the input and edsfidual EOF. Several TS have
been develop for the Harrington radiation scheme unéar gky conditions, by using
different EOFs and their errors have been thoroughlyyaed) as well as their
computational speed. The errors with respect to the ppagameterization, at times can

be larger than what is commonly accepted as errorfadiation parameterization
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Figure2.8: As Fig. 2.6 for2 m temperature expressed in °C.
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compared against a line-by-line code, but this kind of aisahass not been published
for the HS, as well as for other mesoscale scheateteast for the clear sky case.
Therefore it is not possible to know with certairttg error introduced with the TS and it
is suggested that a different weighting strategy is vigelyl to improve the shortwave
flux errors. Furthermore once the best TS has begiemented into RAMS the
meteorological fields after a two day simulationwhe good agreement with the parent
scheme and a comparison against the meteorologitdd ftained by use of the Chen-
Cotton scheme indicates that the uncertainties intexllay the TS, as compared with
the HS are less significant than the ones due to ¢éleens scheme. Finally the
calculations necessary for the TS are carried caffraiction of the original cost.

While this study is limited to the Harrington radiatiparameterization, it is
reasonable to believe that the same methodology caxtbaded to a cloudy sky and
applied to other parameterizations with similar resasdtdirst envisioned in Pielke et al.

(2006).
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Figure2.9: As Fig. 2.6 for the 500 mb geopotential height in m.
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Figure 2.10: As Fig. 2.6 for the 250 mb wind speed inT s
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CHAPTER 3

ERROR GROWTH AT THE CONVECTIVE SCALE

3.1 Introduction

Extreme rainfall from convective events is the legdiauses of floods and flash
floods over the summer months in the UK (Hand et al. 20Bérause of the high
societal impact of the associated floods, accuratecmting extreme convective events
could benefit greatly the flood forecasting and speclficlhsh flood forecasting, as
highlighted in Collier (2006).

Increased computational power has recently made nurhesmedher prediction possible
over large domains, with grid spacings of the order of a Kdmmeters that resolve
convection at least partially. While such grid spaciags not sufficient to resolve the
individual convective elements (e.g., Bryan et al. 2003y thee generally able to
describe convective phenomena more realistically thanr I &km grid spacings (e.g.,
Weisman et al. 2008). For example the Met Office runs atpp@ally at 4 km grid
spacing over the entire United Kingdom with plans of upgradirigkm grid spacing on
a similar domain by 2011. The National Center for Envirortalddrediction has been
running the WRF-ARW model at 4 km since 2003 (e.g., Weismah 2008). However,
in convection permitting simulations, with grid spacing©©¢Ikm), the predictability of
the atmosphere is remarkably different from that efslinoptic scale: the error growth
rates are about 10 times larger and the tangeetrli approximation breaks down
very quickly, within hours instead of days as for the gyitoscale (Hohenegger and

Schar 2007a). Such low predictability is most likely duéhtohigh nonlinearities of the
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atmosphere at such small scales. Microphysics, turbejleadiation and flow dynamics
are strongly coupled and amplify both model and obsenvatincertainties. This makes
ensemble prediction systems particularly valuable becthese provide a measure of
confidence in the forecast, but at the same time it rerthe large-scale methodologies
for perturbation generation less likely to be effextiMohenegger and Schar 2007a).

Despite these difficulties, the research into enderpbediction systems at the
convective scale is a developing field and Kong et2006, 2007) represent the first
attempt to design an ensemble prediction system fdf phiysics numerical model using
operational initial conditions. More specifically theasted different methodologies over
three nested grids with 24, 6, and 3 km grid spacing, applyingctiled-lagged average
forecasting technique (Ebisuzaki and Kalnay 1991) to a torsaolion. They found that
the associated perturbations grew too slowly and produttied dpread. However, the
spread improves significantly when the perturbationssea¢ed by their amplitude, and
not by the age of the forecast that generated themedwer they also point out that the 3
km ensemble members reflectivity patterns have greataalsfidelity than the coarser
grid spacing forecasts, but the conventional skills s¢aret mean square error, Brier
score, etc.) do not always reflect such improvements. Use of radar data and data
assimilation procedure were also tested, indicating thay certainly yield better
forecasts, but the ensemble mean performed betteth@aleterministic control run even
when its member did not assimilated any data.

Others (e.g., Zhang et £2003; Walser et al. 2004; Hohenegger eal08a,b)
have shown that ensembles of convection permitting simn&a{with grid spacings of
O(1km) can be used to investigate the predictability otifpeevents, perturbing the

initial conditions or varying the lateral boundary onesom all the above mentioned
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studies which directly or indirectly addressed the felitgibof ensemble prediction
systems at the convective scales, emerges thatoia) oonvection and nonlinearities in
general strongly favor rapid error growth with typitale scales of the order of the hour;
b) the presence of moist convection alone does not sedgsimply low predictability
because of a strong dependence upon the weather regitatsra) boundary conditions
are also an important factor; and d) model uncertainéitso affect predictability.
Furthermore Hohenegger and Schar (2007b) determined thaadthand domain-wide
error growth they observe in their simulations, is doethe propagation of small
amplitude, fast acoustic waves and/or numerical nose/edl as large amplitude, slower
gravity waves. Both phenomena associated with moist exbive instability and the
triggering potential of topography, contribute to error growt

The goal of this study is twofold. First, to investigtte use of a novel technique
to perturb the model state, in order to account for madeertainties. Secondly, to
determine the cause, or the causes, of the error gratmhe convective scale for a
convective event over the United Kingdom.

This chapter is structured as follows. Section 3.2 outlihe main features of the
convective event, the model used and the control ruecticBe 3.3 describes the
perturbation and the perturbation strategy in detailsilstv Section 3.4 contains a
description of the diagnostics used. The results @asepted in Section 3.5 and discussed

in Sections 3.6 and 3.7. Summary and conclusions are D S8c8.

42



3.2 Case Overview
3.2.a TheCase

The Convective Storm Initiation Project (CSIP, Brownih@le2007) was carried
out during the period June-August 2005 (with a pilot study inptleeeding year). The
objective was to improve understanding of the mechanistesndi@ing precisely when
and where deep convective clouds initiate with an obsenadtifocus on Southern
England. An overview of all 18 Intensive Observing Perio@Pd) can be found in
Browning and Morcrette (2006). IOP 18 was chosen for thiglys because the
convection was primarily forced by a large-scale uppestletvough (suggesting
predictability in the synoptic-scale forecast) but thielgtion of the intense storms that
formed and secondary convective initiation were driveniribgrnal dynamics arising
from cold downdraughts (suggesting that the details of dheexctive evolution will be
sensitive to model perturbations).

The Met Office synoptic surface analysis at 1200 UTCtliat day (August 25
2005) is shown in Fig. 3.1. The main features were weltc&ste(Clark and Lean, 2006)
and are the cold front over the western edge of theg&an continent and the centre of
the associated low pressure system to the north d@ritish Isles yielding westerly flow
over the UK. Southern England lay below a tropopaake rinning roughly along the
southern coast of England. This led to widespread scattere/ection not only over land
but also over the surrounding seas. A squall line develérped a line of showers at
1015 UTC and formed a distinct arc by 1130 UTC with precurdty foemed at about
0815 UTC near the Bristol Channel. The squall line tragtedlast southeast to reach the
East Coast of southern England at about 1400 UTC. Tééswas also characterized by

secondary initiation, often linked to the numerous coldblgpoand gravity wave
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propagation. A more comprehensive description of the synogptd mesoscale
observations can be found in Browning and Morcrette (2006) ianClark et al.

(submitted) which also includes a detailed analysis ofgbalkline.

, e

Figure 3.1: Met Office surface synoptic analysis for August ZH)6.

3.2.b Model and Model Set Up

Version 6.1 of the Met Office Unified Model (UM) was usiadthis study. This
model solves non-hydrostatic, deep-atmosphere dynamiag assemi-implicit, semi-
Lagrangian numerical scheme (Cullen et al. 1997, Dastiesd. 2005). The horizontal
grid is rotated in latitude/longitude with Arakawa C staggerThe vertical coordinate
system is terrain-following with a hybrid-height vealicoordinate and Charney-Phillips

staggering. In this study, the model is run with 38 vertieaéls and a horizontal grid
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spacing of &m one-way nested within a domain withki2 grid spacing. The model is
currently run operationally at these resolutions dredhigher resolution version was also
guasi-operational during the CSIP campaign. The inner domaantered over the UK,
has 288 x 360 grid points and is the focus of the study. THgsasgresented here are
based on the slightly cropped domain shown in Fig. 3.6, wiashbeen stripped of 25
grid points on each side to avoid any spin-up issues assdanvith the forced lateral
boundaries. The simulations analyzed in this study wemedtdrom a Met Office
mesoscale model (12m grid spacing) analysis at 0100 UTC on 25 August 2005. The
lateral boundary conditions for théxdh grid spacing simulations were provided by a 12
km grid spacing simulation which in turn used lateral boond®nditions from the
operational global model simulation. No data assimitatias used in the simulations
performed for this study and as such thé&m?and control «m simulations performed
here differ slightly from those described in Clark arghih (2006) where the operational
12 km model simulation (including data assimilation) wssduto provide the boundary
conditions for the &m simulations. In this study the runs were started1@0 UTC to
allow the spin-up stage of the evolution to completergesunrise (and to compensate to
some degree for the lack of data assimilation).

The model makes use of a comprehensive set of pararagitans which includes
the surface layer (Essery et al. 2001), radiation (EdwandsSingo 1996) and the
mixed-phase cloud microphysics (Wilson and Ballard 1999). @twevection and
boundary-layer parameterizations are key to this studybsiefly described here. The
convection scheme of Gregory and Rowntree (1990) is asdubth the 12 andkin grid
spacing simulations with a modification developed by Risbé003) applied at the

higher resolution. The Gregory and Rowntree (1990) sche®e hrigger dependent on
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the initial parcel buoyancy and a mass-flux determined bpemifeed timescale for
adjustment of Convective Available Potential EnergiRE); the timescale is set here to
the typical value of 30 minutes. The modification avdlus accumulation of high values
of CAPE at the grid scale (which can lead to unphysicaid-goint storms”) by
specifying the CAPE adjustment timescale as an increasinctidn of CAPE. This
forces the model to explicitly resolve most of themleonvection; the parameterization
scheme mainly deals with shallow convection. This nmoatibn was specifically
designed for the Km grid spacing configuration of the UM and has proven ssfoé
(Lean et al2005; Roberts and Lean 2008).

The boundary-layer parameterization identifies sevepstygf boundary layers:
stable, stratocumulus over stable, well mixed, decougledosumulus over cumulus,
decoupled stratocumulus not over cumulus, cumulus cappedhaad-driven boundary
layer. The first six of these are described in Loc#l.ef2000); the shear driven boundary-
layer type is a more recent addition. The categoomatif each grid point into the
different types depends on numerous parameters, buiased on the adiabatic ascent of
a parcel, rising from 10 m above the ground, and on itsteakedescent from cloud top.
To avoid overdue sensitivity to grid level noise, a thoébiof 0.4 K is applied to the
liquid-frozen water potential temperature before computiggascent values. Once the
boundary-layer type has been determined other paraméterizanay be called (e.g.,
entrainment or convection) and/or specific turbulentossty coefficients are computed

for the turbulent mixing parameterization.

3.2.c Control Run

Hindcast studies with thekén grid spacing model starting at 0600 UTC were

performed by the Met Office and found to capture tigaiBcant features of this I0P
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(Clark and Lean 2006). A shower cluster triggered in approxiyngte right time and
place with the first precipitation at about 0815 UTC predduea short convergence line
along the coast (although unlike in the observationglood or precipitation occurred
before this). By 1030 the model had a linear cluster ofvehs although this did not
extend far enough to the south and propagated too slowdycditrol (unperturbed) 4
km grid spacing run performed here behaves similarlyédvat Office performed run,
in the sense that the main features of the eventaptired but location and timing are
slightly different. In our control run the squall limeiginated from a cluster of showers
that formed around 630 UTC over the Bristol Channel and thmved inland
intensifying at the right time and location. As foraf and Lean (2006) by 1030 our
simulation had a line of showers that did not extendefawugh to the south, but it
propagated at higher speed than observed. More genera#iy, eampared against radar
observations the convective precipitation feature$ émgompass at least a few grid
points are well captured and broadly consistent withotigervations in space and time.
As the typical horizontal extent of the storms diisines in the later part of the afternoon
the UM tends to underestimate both size and intensitythie precipitation rates are still

very realistic.

The domain average hourly accumulation for the “rainyd goints (i.e., with an
hourly accumulation of at leastnim) and the number of rainy grid points in the control
simulation are shown in Fig. 3.2. The average accurulgteaks at 0700TC whereas
the number of rainy grid points peak later at 1300 UTC. Thasvs the transition from
intense but localized precipitation to weaker but moreiliged stratiform precipitation.
The decrease in the number of rainy points and the avagenulation is associated

with the sharp decrease in CAPE throughout the domain.
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The evolution of the main boundary-layer types in th&trod simulation is shown
in Fig. 3.3. The dominant boundary-layer types are cumudppear, stable, and well
mixed. The evolution is characterized by two rapid ttemsperiods, one between 0600
and 0730 UTC and one between 1700 and 1830 UTC. The first wansitihe response

to the increasing shortwave radiation at sunrise andiged by a swift decrease in the

4 T T 6000

14000

(4]

12000

N
Number of Rainy Grid Points

Average Hourly Accumulation [mm]

1 1 1 1 1 | | | | |
0 2 4 6 8 10 12 14 16 18 28
Time UTC

Figure 3.2 Hourly precipitatior accumulation between the time shown and the follg
hour (solid line, left axis) and number of grid points vathhourly accumulation of at le
1 mm (dashed line, right axis). The total number of aealyyid points is 73780.

percentage of grid points that have a stable boundary lay#res primarily switch to
being categorized as cumulus-capped and well mixed. The dsdcamsition is the
reverse of that occurring at sunrise and is the respnskee diminishing shortwave
radiation before sunset. The percentage of sheagrdand decoupled stratocumulus not
over cumulus grid points peak as intermediate states dooitigtransitions. Overall, the

percentage of cumulus-capped points increases from tketaftthe simulation, peaks
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Figure 3.3 Percentages of domain covered by the sboundar-layel types: Cumulu:
Capped (thin continuous line), Stable (thick continuous line)| Miged (thick dashed
line), Shear Driven (thin line with squares) and alldtratus types (Stratus Over Stable +
Decoupled Stratus + Decoupled Stratus Over Cumulus, thick ithesquares).

between 9 and 12 UTC and decreases afterwards with tdrgest time rate of change
occurring during the morning transition period. The percenmégtable points decreases
sharply during the first transition period, increasesvsi@after this, due to the formation
of cold pools and then increases sharply again duringdbend transition period. The
percentage of well-mixed points decreases slowly untifiteetransition period, varies

somewhat during the day and then decreases furtherebafat during the second

transition period.

3.3 Perturbation Strategy
3.3.a Overview
The model state could of course be perturbed in numeroigticeakys. The aim

of the present study is to determine those processearthatost effective in generating
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realistic alternative simulations of scattered maestvection (i.e., of generating error
growth). Convective triggering is a complex process (eBgnnett et al. 2006) that
depends on the strength of boundary-layer thermals, wind/ecgence patterns,
roughness gradients and other factors, but the esserceneans of lifting air parcels
beyond their level of free convection.

A simple way of altering the triggering is to modify theoyancy of a boundary-
layer parcel by perturbing its potential temperature, mastaontent or some
combination of the two. Although boundary-layer moisture ysbetions can be
significant (particularly in altering the characteristmStriggered convective storms),
temperature perturbations consistent with standard odigamal errors are a more
important factor in determining triggering itself (e.grp@k 1996; Fabry 2006). Here we
perturb the potential temperature, which is a prognostiable of the UM. We consider
both repeated perturbations with a constant frequenefer(ed to as sequential-
perturbation experiments) and single perturbations madespedfied time during the
simulations (referred to as single-perturbation experig)eIn the following subsections
the perturbation structure, timing and height are justified the experiments performed

are detailed.

3.3.b Perturbation Structure

The random perturbation fields are constructed by theadotion of a random
number field with a Gaussian kernel and applied at afgp@sodel level, which is an
average of 1280 m above ground (sensitivity tests to the thelgisen are shown in

Section 3.3.d). At each horizontal grid point, a randommlyer is selected for the

amplitude of a Gaussian distribution with standard dewiatgauss. Thus, forcgauss>0

km the total perturbation at a grid point will be the swithe amplitudes of
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perturbations centered at all grid points in the domaire 3im of the perturbations
constitutes the full two-dimensional perturbation fietdl at averages to zero over the
entire domain. A set of random numbers generated wsibeaified seed and uniformly
distributed between plus and minus unity is used to comgtregerturbation field. This

is then scaled to the desired peak amplitude before agimticdhe scaling is determined

from the standard deviatiaspert of the perturbation field. Henceforth, we shall refer
A=3cpert as the chosen perturbation amplitude.

Three perturbation amplitudes are considered, specifiéadly 0.1, and 0.01 K.
The largest value was chosen to test nonlinearitie$ t@n directly affect storm
development by significantly altering the buoyancy ofuhderlying air. It is also of the
same order of magnitude of the largest values obtaingdeb$DVAR data assimilation
theta increments within the boundary layer that weredu® generate the initial
conditions for the simulations (Dixon personal comimation, 2008). Furthermore Kong
et al (2007), tested three different methodologies for perturbiitgali conditions and
their increments were in excess of 1 K. The smallakte (0.0K) provides an indicative
bound on the potential predictability of a single conwectcale forecast: a practical
system that can produce a model state to this level ofaxnc is almost impossible to
envisage. The 0.1 K perturbation amplitude is the mosthldeedhoice, being consistent
with typical surface temperature measurement errogg, (Eabry 2006) and typical
turbulent fluctuations in the convective boundary layeg.(eStull 1988, p358). Such
perturbations are intended to be sufficient to changeldbation and timing of the

triggering of moist convection.

Three values ofgauss are considered: 24, 8, and 0 km. These values correspond

to typical length-scales in the full perturbation diedf roughly ~6cgauss, as shown
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below. A standard deviation of 24 km was chosen to providetarpation length-scale
that is well resolved at the model grid spacing and latgan the typical lowest
horizontal scale (80 km) of the 3DVAR data assimilatsmheme used to produce the
initial conditions for the outer grid. The choice ok provides an intermediate scale
between the well-resolved and the grid scale. Theifigitase of a Gaussian for which
the standard deviation tends to zero gives rise to dpatiatorrelated grid-scale noise.
Figure 3.4 illustrates the effects of the perturbatietdfon the power spectrum
for potential temperature at 1000 UTC, but the conclusioamsmihere hold equivalently
at any time of the day. The power spectra for therobQunperturbed) simulation and for
those simulations for which the power spectra are disisimable from the control
simulation are shown in Fig. 3.4. The ratio of spebtween the perturbed and control

potential temperature distributions shows a peak in addecheararound a wavelength

of 6cgauss, or 144 and 48 km in Figs. 3.4b and c, respectively. For a patitumb
amplitude of 1 K, the spectrum is significantly altered wavelengths fromcgauss to

10cgauss, while changes are discernible with the 0.1 K amplitudel ahmost

indistinguishable for 0.01 K. For spatially-uncorrelated yrédtions (Fig. 3.4d), the
relative magnitude of the contributions is much largantfor the correlated perturbation
fields, since the perturbed spectrum field has much more patverar grid-scale

wavelengths.

3.3 Frequency of Perturbation
Over a model domain that encompasses the entire UK Kgpe3.6), the
phenomena that lead to the onset of convection andt affecdevelopment occur at

different times of the day. Thus, perturbing the modeésdba specified frequency
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Figure 3.4 Normalized power spectrum of potential temperature, jefstrb and just afte

a perturbation field is applied at 1000 UTC. In (a) the speare normalized such that an
integral over the wavenumber produces unity. Note the Idg eaathe horizontal axis. In
(b)—(d) the spectra are additionally normalized by thetspacprior to perturbation. The
amplitudes A and widthsgauss are indicated on the legends. The perturbation is applie

at 1280 m (see Section 3.3.d).

(sequential-perturbation experiments) is a simple anelcegfe way to ensure that a
perturbation has been applied prior to all potentialynsgtive times during the
simulation. Perturbations applied at successive timesngluai simulation have no
temporal correlation. A few single-perturbation experitaéhave also been performed to
determine how the sensitivity of the simulation to pdyations changes during the day.
Note that Grabowski et al. (2006) also perturbed the motake swith random
perturbations of temperature and moisture in the firstmeter of the boundary layer
every 15 min., but their intent was to trigger instabditie inter-compare different cloud

resolving models.
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In the sequential-perturbation simulations the firsttypbation occurs one
perturbation cycle after the start of the simulatidhis is done to allow some time for the
simulation to spin-up and produce a more balanced siate the interpolated lower-
resolution initial conditions. The spin-up is thus con®deto be a separate issue from
the ongoing uncertainties that exist in the model e also Section 3.6.c).

The choice of the perturbation frequency representsrgi@mise between two
considerations. On the one hand, a typical equilibriimmescale for a well-mixed
boundary layer is of the order of 10 to 20 minutes (e.g., Nitadt and Brost 1986; Stull,
1988, p450), and the boundary layer would not be able to fullstaty each perturbation
if perturbations were applied too frequently. On the ot@nd, infrequent perturbations
could result in the absence of any perturbations duringfeegitions in the boundary-
layer structure; for example, from stable to cumulysped after sunrise (Fig. 3.3). Any
application frequencies intermediate between these litwits are hypothesized to be
likely to lead to similar levels of model error growth

The sensitivity of error growth to the perturbation fregmewas investigated by

considering two choices of frequency, 2thand 1 hrt. Figure 3.5 shows the time
evolution of the root-mean-square error (RMSE) of paéertemperature on the
perturbed model level (see Section 3.3.d) for a perturbatioplitude of K and a
perturbation standard deviation ofk24 (data at every model timestep - 100 s). Although
only a four hour period is plotted for clarity the behavssimilar throughout the day.
The reference field is taken from the end of a pertigbatycle and is reset on alternate
cycles. Thus, each plot exhibits a pattern that is redeatery two perturbation cycles;
error growth towards saturation can be seen during t$tecfrcle, with a jump in RMSE

signifying the start of a new cycle. This is followed byther growth until the reference
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Figure 3.5 Time evolution of the RMSE of the potential temperatatdhe perturbe
level. The reference field is taken from the end gqifeatubation cycle and is reset
alternate cycles. Perturbations are applied at freqeendi2 h* (dashed line) and 1 fr
(solid line) with a perturbation amplitude of 1 K andga.ssof 24km.

state is reset. The jump is modest in comparison eogtbwth during the first cycle,

indicating that error growth is mainly driven by the mosleé€sponse to a perturbation, as

opposed to the perturbation application itself. Somevdrger jumps and more rapid

growth are seen in the second cycle when perturbatrerspplied more frequently, with

the result that the overall error growth over omeirhof simulation is very similar,

whether produced by a single perturbation, or two half-gqetturbations.

A similar plot (not shown) for the perturbations of @iude 0.01 K does not

exhibit jumps on application of the second perturbatiamsstent with the small

changes produced in the power spectrum. Finally, we noteathanalysis of the time

evolution of the potential temperature power spectra aithK perturbation amplitude

indicates that while the effect of the perturbationtte perturbed scales decreases

rapidly, after 30 minutes it remains perceptible. Henae ptrturbations do not dissipate

entirely between applications.
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3.3.d Height of Perturbation
The sensitivity of the results to the height of &gilon of the perturbations was
investigated by considering four choices of perturbation height

1. Model level 8 (approximately 1280 m above the ground)

2. 500 m above the ground, as in Lean (2006);

3. from the surface up to 400 m with a vertical correlabbrone throughout this
depth (this is similar to Petch 2004, who used a depth of 2@Gtimstronger
amplitude perturbations);

4. at the lifting condensation level.

No tests were performed applying perturbations abovedbedary layer, since the aim
is to perturb the triggering process (Section 3.3.a). Lef&®6) demonstrated that
perturbations to potential temperature applied at 4500 m deadttd significant error
growth in idealized simulations of a cumulus ensemblgeErments were performed
with a perturbation amplitude of 1 K and a perturbationdstethdeviation of 2ém. The
root-mean-square error for the hourly accumulation of fmtecipitation (for example)
exhibited very little sensitivity to the height of the fpebations; hence the perturbation

height was fixed at 1280 m in this study.

3.5 Perturbation Experiments

The experiments performed are summarized in Table 3.1pdierbations were
applied at the same height in all these experimeatagly model level 8, equivalent to a
height of 1280 m. Ninesequential-perturbation experiments were performed with

perturbations applied twice every hour and with varying peatio amplitudesA, and

standard deviationgigauss, as discussed in Section 3.3.b. These experimentshaleda
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orAs, as a shorthand fargauss=rkm, A=sK. A trailing asterisk indicates that, for those

experiments, a set of six simulations were performédrdig only in the set of random
numbers generated. We will refer to such sets of silamBasensembles. They allow us

to compare the spread that would be produced by varying the pEeidarbeld
parameters with that arising from different realizasiof the same perturbation process.
Two ensemble members used different seeds to theefstmble member for the
random number generator and the remaining three ensembibenrse were generated
from the first three ensemble members by multiplyingpgédurbation fields by a factor
of -1, similarly to Done et al. (2008).

Eight single-perturbation experiments have also been performed. For these

experiments the standard deviatiogauss was fixed at 24 km and two perturbation

amplitudes A=0.01 and 1 K) were considered. Four application times wested:

specifically in the initial conditions (0100 UTC) and at 070830, and 1000 UTC.
These experiments are labeled in the farsn Heret indicates the application time in
UTC (or else as IC for initial condition perturbatiomasids is the perturbation amplitude
A in degrees K. The first ensemble member in an enseaxperiment and all non-
ensemble experiments used perturbation fields derived usingathe random number
sequence. As an example of the impact of these pertumbatiFigure 3.6 shows the
precipitating cloud fields at 1000 UTC for the unperturbed aad three perturbation
experiments all with a perturbation amplitude oK1but with varying perturbation

standard deviation. This snapshot shows that while theirpations have changed the
locations of individual clouds, on the regional scale tkloud distribution appears

unaltered and is realistic.
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Max 3h

Label ogauss Amplitude, Application Bias RMSP
km]  A[K]  Timing [x102 mm] '”‘Errﬁrg‘]e”‘

Contro - - nevel 0.C -

o 24A1" 24 1 2 hrk -6.37 2.07
o 8A1 8 1 2 hrk -6.47 2.55
o 0Al 0 1 2 it -3.92 2.13

o 24M0.T° 24 0.1 2 hrk -1.07 1.41
o 8A0.1 8 0.1 2 hrl 0.67 1.12
o 0A0.1 0 0.1 2 ik 1.13 1.16

o 24A0.0T 24 0.01 2 hrk 0.74 0.94

o 8A0.0T" 8 0.01 2 it -0.63 1.00

o 0A0.0T" 0 0.01 2 hrl -1.00 1.12

IC-1 24 1 IC 7.4% 2.67

070(-1 24 1 070( -0.0¢ 1.52
083(-1 24 1 083( 0.2¢ 1.47
100(-1 24 1 100C 1.3 1.17
1C-0.01 24 0.01 IC -0.4¢ 0.8¢

070(-0.01 24 0.01 070( 1.11 0.9t

083(-0.01 24 0.01 083( -1.1¢ 0.7¢

100-0.01 24 0.01 100C -0.0¢ 0.7¢

Table 3.2: List of simulations performed and their charactassstiThe simulation
labeling is explained in the main text. Characteristiassshare the standard deviation
cgauss, the perturbation amplitudd, its application timing, the bias in the domain-
averaged precipitation accumulated during the simulagiodhthe maximum three-hourly
increment of RMSP (as defined in Section 3.3.d). For theestaimulations the values
reported refer to the first member of the ensemble.
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3.4 Diagnostics

The diagnostics used in this study are presented hem.types of diagnostics
are considered: those associated withdihect impact of the perturbations - these reveal
how the perturbations are 'felt’ by the model (and maysdmewhat model specific) -
and those associated with timelirect impact of the perturbations i.e., error growth due to
the model evolution. Four measures of the direct effettie perturbations are examined:

the effect on the convective instability of addihg perturbations (after one timestep),

Figure 3.6: Precipitating clouds, as defined in Section 3.3.d, at 1000 WrGa) the
control, (b) thes24A1, (c) thes8A1, and (d) thesOAL run.
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the model adjustment to the perturbations, the difé®tteon total cloud water and cloud
distributions, and the direct effect on the diagnosedindary-layer types. Three
measures of the indirect effect of the perturbatimesexamined: the evolution of the
effects on cloud distributions and diagnosed boundamrléypes and the root-mean-
square error of the hourly-accumulated precipitation R

The choice of diagnostics used to analyze the inde#ett of the perturbations is
motivated by the focus of this study i.e., the error ghoir convective-scale forecasts,
and particularly the effect on precipitation. Fromhgdrological perspective, it is
important to consider not simply the accumulatiorpadcipitation, but also its location
since a small change in storm location may potentmtigluce a significant change in the
river catchment affected by the storm. The diagnostiesntended to be complementary,
some provide an overview of the cloud and convective acawitl some are sensitive to
the timing and location of storms. Several recent papergide methods to overcome
these sensitivities (e.g., Casati et al. 2008, Ebertvaoigride 2000, etc.). However they
often require considerable computational resources and fot one specific aspect (e.g.,
Roberts and Lean 2008, etc.), whereas the diagnosadsimishis study aim to provide a
more comprehensive view.

Convective instability is diagnosed using CAPE (convectivailable potential
energy) and CIN (convective inhibition). The CAPE is defi here by the integrated
buoyancy between the first model level (20 m above groand)the level of neutral
buoyancy (LNB), and so may be negative. Model adjustmmechanisms are determined
by analyzing vertical profiles of horizontally-averagedspgtee, vertical velocity and
total cloud water content and their dependence on theadigme potential-temperature

perturbation.
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Cloud distributions are affected both directly and inttiye by the applied
perturbations: directly because a change of temperatilreead to a change in relative
humidity and indirectly because the evolution of pemdrizlouds and future cloud
triggering will be affected. Two cloud definitions are coes@l: precipitating clouds

andnon-cirrus cloud. Precipitating clouds are defined based on grid pointsnaih rates

of at least 1 mm 1 (for consistency with RMSP). Note that tests havews that the
validity of the results presented in Section 3.6.b ateseasitive to a 10% variation of

this threshold. Non-cirrus cloud is a more generic dedmiof cloudy air and is based on

grid points with a vertically-integrated water path bel®wm of at least 0.05 kg Th
Non-cirrus clouds may or may not precipitate. The int@gnaextends from the surface to
the first model level above the maximum height ofdbeall line mentioned in Section
3.2.a in order to exclude higher clouds, namely cirrus, whiehualikely to be affected
by the perturbations. An appropriate threshold for this deimmay be somewhat case
dependent, but sensitivity tests indicate that tketive behavior of such cloud statistics
between simulations is unaffected by halving or doublingthineshold; however, the
average cloud size and number are affected. Other defimitising liquid-water path or
column-averaged total water density have also beerdtesith similar results. “Clouds”
are defined as connected clusters of cloudy grid pointsfysagjsone of the above
definitions. Grid boxes which share either an edge ooraet are considered to be
connected. The size or area of the clouds is measumggatlilboxes and cloud fields are
evaluated every 30 minutes through the simulation. Includingxoluding the spin-up
phase does not significantly change any of the time-averedgad diagnostics presented.
The boundary-layer type determined by the UM is affectedthey applied

perturbations both directly and indirectly: directlgchuse the boundary-layer type is
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based upon the ascent of a parcel from 10 m above groundhdindctly because the
perturbation can induce changes which later cause the bgtlaglar type to switch, as
described by Lean (2006). The direct aspect will be addredseskd upon the
percentages of the domain covered in the single pertunbakiperiments by the grid
points that changed boundary-layer type with respecteactimtrol run at perturbation
time. While Lean (2006) analyzed the temporal evolution eflibundary-layer types
within minutes of the perturbation, we evaluate the edieffect by analyzing the time
average of the domain cover for each of boundary-laysstySuch analysis provides
useful information on how the sequential perturbatioter ahe boundary layer and the
behavior of the model.

RMSP is a simple and widely used error norm (e.g., Mok al 2001; Snyder

1 N
RMSP= N 2 (ap-ac)?
i=1

where N is the number of grid points anap. and ac are the hourly-accumulated

and Zhang 2001):

precipitation at grid point in the perturbed and control runs respectively. The RMSP
computed relative to the control simulation and hasridmtions from those grid points
which have a minimum hourly accumulation of 1 mm (héeg “rainy” grid points) in

either the control or the perturbed simulation. Thenrh threshold is chosen to avoid
undue sensitivity to grid points with very small accumala. Tests indicate that varying
the threshold from 0.1 to 10 mm does not alter any of thigajuee conclusions obtained
from this diagnostic concerning the relative behaviorthed simulations. Using the
instantaneous rates, sampled every 30 min, also had notiomp#ae conclusions to be

drawn. Such insensitivities may be due to the scatterenlenaf the convection within
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the large domain. At any time in the simulation, thare multiple storms at different
stages of their life cycles.

From both meteorological and hydrological perspectivés important to know
to what extent the perturbations tend to displace stoatter their intensity, create new
ones, or any combination of these three possibilitiesodplete analysis of this issue
could be provided only by keeping track of each storm at eaestep. However, some
insight into such issues can be provided by decomposing theedgBMSP into three
MSP (mean squared error in the hourly-accumulated pratigpi) components, from
three sets of contributing points: those that are ranty in the control run, those that are
rainy only in a given perturbed run, and those that are mibgth simulations. The sets
will be referred to asCONTROL, PERTURBED, and COMMON respectively. More
specifically, the summed square error is computed fah eset separately, and is

normalized by the total number of rainy points yielding

1 NCONTROL2

TOTALMSP = § a0 conmroL (3.2)

=1

1 NPERTURBEP
N kglapklvlsp PERTURBED

N

1 COMMON ,
+ N Igl(apl_acl) MSP COMMON

whereN . ror Noermureen @NdNcouvon @€ the number of rainy control, perturbed and

common points respectively (such tinNgN +N

CONTROL PERTURBED+NCOMMON) andj’ k andl
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are the grid points in the seBONTROL, PERTURBED and COMMON respectively.

Note ap, and ac,_are zero by definition (hourly accumulation in the pesed run at

points that are only raining in the control run and hoadgumulation in the control run
at points that are only raining in the perturbed run res@gr. Note that an increase in

the CONTROL contribution to the total MSP (for constadtand N ) implies an

CONTROL
increase in the average intensity@®NTROL precipitation; equivalently an increase in

the PERTURBED contribution to the total MSP (for constdwitandN ), implies

PERTURBED
an increase in the average intensityP&RTURBED precipitation. However an increase

in the COMMON contribution to the total MSP (for constahandN ) is due to an

COMMON
increased average difference in the precipitation intemditype common points in the

control and perturbed simulations.

3.5 Reaults: Direct Effects
3.5.a Perturbation Effectson CAPE

The overall changes of the CAPE due to the perturbatiervery minor, so that
the maximum bias for the strongest amplitudes is lems 0.5 J kd in absolute value, at
any time. The main contribution to such a small biame® from a relatively small
number of grid points (e.g., 0.6% of the grid points for 1H@700 experiment), whose
unperturbed ascent profile is always on the left of thap&gature one. Thus they only
have CIN and no level of neutral buoyancy (LNB) and tfawse points the CAPE is
considered null. At some of these points a negative fratian introduces a lid and sets
the LNB at perturbation level, resulting in a negativetabution to the available energy
that ranges from 0 te-60 J kgt. The opposite process also happens (i.e., a lid is

removed), with changes in CAPE of opposite sign and $figimballer values, and on a
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smaller number of points. Thus, if a trigger is presetbrms can be generated or
suppressed at these points. Most of the points do notikmtetrto the overall bias
because the perturbation level is above their LCL dred dlight increase in CAPE
associated with the negative perturbations is offsethbydecrease due to the positive

perturbations.

3.5.b Vertical Adjustment to the Perturbation

The first, although not the only, dynamical responseéhe heating consists of
acoustic and Lamb waves which within minutes accomplishepansion due to the
heating (Chagnon and Bannon 2005). The sign of the resgepsa&ds upon the sign of
the perturbation, so when the average vertical pressafieeps computed using only the
grid points associated with a positive perturbation (Hemegositive points), then a small
positive bias in the pressure is visible. Such pressure hasdiethe control run and the
0700-1 simulation is shown, for the positive points, in Bg.. This bias decreases
exponentially with height and the e-folding length for titeg@ospheric levels corresponds
to the tropopause height as estimated from the twansawdes of Southern England
(Camborne and Herstmonceux) taken at 1200 UTC that day.pfidssure adjustment
occurs within one timestep and involves the entire columtha stratospheric model
levels are affected as well. Numerical calculati@asried out for a linearized dry
atmosphere using the domain average temperature verticabpofd700 UTC for the
unperturbed run show that the perturbation of the pressutiealgrofile is consistent
with an acoustically adjusted state (Chagnon, persa@whmunication 2008).

Hohenegger and Schar (2007b) also observed acoustic wavesult of a temperature
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perturbation similar in shape and amplitude, although im tase the perturbation was
vertically decaying from the surface.

The magnitude of the pressure perturbation per se, isikedy ko be of any
meteorological concern. However, it has an assatiaaenb wave, shown in Fig. 3.8(a).
The vertical velocity bias over all the positive poiist®f the order of 3 mmisand of 10
mms! when the average is computed over the grid points wherserbation is at least 1
K. Such small values of vertical velocity are unlikedytrigger new convection, but the
modification to the unperturbed average vertical velowtgignificant throughout the
troposphere (Fig. 3.8b) and the maximum velocity in tret-tnposphere is increased by
38% for the 0700-1 simulation.

The changes in the vertical velocity associated viiehltamb wave for the 1 K
simulations are significant, but their magnitude is yaginall and at the same time the
Lamb wave travels at the speed of sound, resulting iy gemall displacements.
However, the Lamb waves are generated throughout the dotinain, and although their
intensity diminishes as they travel away from therse, they take roughly 30 minutes to
cross the domain at the speed of sound. Moreover tliegt ahe whole depth of the
model atmosphere. It is then possible that they mottiey environment enough to
contribute to the error growth. It should also be panbut that the importance of the
Lamb and acoustic waves are generally not well represeimee the coefficients of the
off-centered advection scheme are designed to damp (Pavies et al. 2005) and
because of the relatively long timestep (100 s) not apt {wepisoresolve the fast acoustic
waves. However, they still propagate errors very guield shown by Hohenegger and
Schar (2007b) for an individual Gaussian perturbation withraplitude of slightly less

than 1 K.
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Figure 3.7: Vertical profile of the pressure bias between the 0700€lcamtrol runs,
computed for the grid points with positive potential tempeea perturbation at 0700
UTC, one timestep after the perturbation applicatidre @ashed line marks the height at
which the perturbations are applied.
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Figure 3.8: (a) Vertical velocity bias between the control ahd ©700-1 runs over the
grid points with positive perturbation. (b) Average vertiwalocity over the entire
domain for the control run (solid thick line), over thesppwe perturbation points for the
control run (dashed line), and over the positive pomtgHe 0700-1 run (solid thin line
with circles). The dashed line in both panels marks tighhat which the perturbations
are applied.
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The bias of the pressure and of the vertical velocity ttughe potential-
temperature perturbations scales linearly with the periarbamplitude (i.e., are two
orders of magnitude smaller for the equivalent experimeatiit 0.01 K amplitude) and
the bias profiles over the negative points are symaatwith the ones shown. The 1000-
1 single perturbation run yields essentially identicallts, indicating that the acoustic
adjustment depends primarily on the perturbation and tisewsitive to the changes in

the model atmosphere that occur between 0700 and 1000 UTC.

3.5.c Boundary-Layer Changes

The perturbations introduced can directly influence ,(iimmmediately upon
application of the perturbation) the determination eflthundary-layer types (as noted in
Section 3.3.d). This effect has been calculated forogithe single perturbation runs,
excluding the two runs for which the perturbations are matleeanitial time. Table 3.2
shows that this effect is almost negligible for th@l0K amplitude runs as the maximum
change in a boundary-layer type is 0.05%. This effechase significant for the 1 K
amplitude runs but the change is 2% at the most. Howgverjmportant to point out
that while the area covered by such changes is small cedhpa the entire domain, it
can represent a significant fraction of the coverdapecific boundary layer (10% for
stratus over stable in the 0700-1 run). Moreover, the nuwibgrid points involved in
such changes is fairly large as 2% of the domain corresponl475 grid points and can
contribute to error growth as shown by Lean (2006). Nateiths unlikely that the grid
points which changed their boundary-layer type will imragdy go back to the original
one, since the even non-growing potential temperaturarpattons persist for at least 30

min. (Section 3.3.c), albeit with decaying amplitude.
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A thorough analysis of the changes in the boundary-layer tover shows that
generally such changes are directed towards numeroustypes, with the exception of
the stable boundary layer which only looses points and oolsek them to the stratus

over stable type. Thus the perturbation generatestastraer these points.

Well Decouplec
Run ID Stable Sc over Decoupled Sc  Cu Shear
Mixed Sc
Stable not over Cu over Cu capped dominated
Control at
17.68 5.96 3.21 6.67 1.12 49.59 15.78
0700
Control at
18.66 1.27 0.26 571 1.55 67.13 5.41
0830
Control at
18.87 1.28 0.18 4.62 1.29 70.18 3.59
1000
070C¢-1 0.9 0.31 0.31 0.9¢ 0.2C 1.12 0.81
083(-1 2.01 0.01 0.01 1.3¢ 0.4C 2.07 0.61
100¢-1 2.21] 0.0¢ 0.0¢ 1.81 0.3C 2.07 0.47
070(-0.01 0.0z 0.01 0.01 0.0z 0.0c 0.0z 0.0z
083(-0.01 0.04 0.0C 0.0C 0.0¢ 0.01 0.0¢ 0.01
100¢-0.01 0.0t 0.0c 0.0c 0.0¢ 0.01 0.0t 0.01

Table 3.3: The first three rows show the domain cover, expresspdrasntage, for each
boundary-layer type, at specific times within the cordgmlulation. The subsequent rows
show the percentage, for six single perturbation exgmaris) of the domain covered by
the grid points that changed boundary-layer type with résige¢he control run at
perturbation time. Such percentages are based on thefsth@ domain covers of the
grid points that either before or after the perturbati@ne categorized to an individual
boundary-layer type. This sum is then divided by two tadcadouble counting, so that
the sum of the percentages of the changes repredentdomain cover of the total
number of points that changed boundary-layer type.
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3.5.d Total Water Path and Cloud Distribution Changes

The total water path (ice and liquid water) one timpsafter the perturbation
application is compared against the same quantity fromnperturbed run, at the same
time. Changes above and below the perturbation leeehegligible, but at perturbation
level the evaporation (condensation) that follows thaitme (negative) potential-
temperature perturbations are significant. For the 0700-dlation the total water path,
averaged over the positive points, decreases 18%, fromI8&o 5.7%10° kgm?).
Although the magnitude of the change diminishes by two ooflenagnitude for the
equivalent smaller amplitude single perturbation expetim@700-0.01) it is less
consistent with a linear scaling than pressure andcaéntelocity because of the non-
linearity of the Clausius-Clapeyron equation. Thereds al slight sensitivity to the time
of the day as the changes described above are smalldreirsitigle-perturbation
experiments performed at 1000 UTC (e.g., 15% for the 1000-1 exq)im

The immediate repercussions of the total water path firoatons on the cloud
distributions are quite small, both on the number aedagye size at perturbation time for
both cloud definitions. The number increases by 5.6% fomtrecirrus clouds of the
0700-0.01 experiment, consistently with the changes ibdaheadary-layer types, but this
is an exception. Changes are generally below 1% fdr blotud types and for all the
single perturbation experiments. Changes in the cloua siea are even less significant.
It is worth mentioning that such changes are not necBssansistent with the linear
regime of the cloud distributions (Section 3.6.b sinca;, éxample, the 0700-1
perturbation causes an increase in both cloud meanrsizeuanber). This pattern is not
surprising because, while the domain average perturbatineras the changes in the

cloud condensate are obviously dependent upon its presenceowdpran increase in
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potential temperature causes more condensate to evagwatthé equivalent decrease

causes it to condense.

3.6 Reaults: Indirect Effects

3.6.a Boundary-Layer Changes

The perturbations introduced can influence the determinaticthe boundary-
layer types indirectly as well as directly (as show Section 3.5.c). Table 3.3 lists the
time-averaged percentage for each of the seven typesharehanges to those values
produced in the sequential-perturbation simulations.

For perturbation amplitudes of 0.01 and 0.1 K, the effeasvary small (less
than 0.2% of the control run value for all boundary-laggyes), but for the larger
perturbation amplitude of 1 K some more significant gesrare found and roughly 10%
of the domain has a different boundary-layer type frbendontrol run. Inspection of the
boundary-layer type percentages over the course of thelasions reveals that the
changes brought about by the sequential perturbatiorggeasgally of the same sign and
of a similar magnitude throughout the day (not showne Tain change is that the
perturbations reduce the percentage of the cumulus cappeddry layer, and this is
balanced chiefly by increases to the well mixed and theuwsstratocumulus boundary-
layer percentages.

When the changes for the single perturbation experimeatscampared against
the sequential perturbation runs with the same methne, changes observed in the
sequential experiments are larger than the ones obiserthe single perturbation runs,
suggesting that during the course of the perturbed simudatienboundary-layer types

change due to the indirect effects of the perturbatitier than to the direct ones.
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3.6.b Cloud Distribution Changes

The time-averaged number obn-cirrus clouds in the model domain is plotted
against their mean size in Fig. 3.9a. The control sinmndtas an average of around 125
such clouds with a mean size of 57 grid boxes (covering dréunof the domain). The
cloud number and size are clustered around these valuewofstr of the perturbed
simulations albeit with a tendency for slightly fewarger clouds. The exceptions are
for the sequential perturbation experiments and incoadition perturbation experiment
with 1 K perturbation amplitudecR4Al, c8A1l, c0Al, and IC-1). As discussed in
Section 3.6.c these same simulations yield bias in tla dotmain rainfall. In these
experiments, perturbations with smaller length scales gse to smaller but more
numerous clouds. These 1 K perturbation amplitude expetsnappear to form a distinct
subset of the experiments since regression analysige dfila from them and from all the
other experiments separately both produce straight itsavith high correlations. This
suggests that the non-cirrus cloud dynamics of the siimnléd altered by these large
amplitude perturbations. Similar comments apply forgrexipitating clouds (Fig. 3.9b),
which are of course smaller and less numerous coverirayemnage just over 1% of the
domain. The outlier for this diagnostic is the 1C-1 @mtion, with the data points for all
other experiments being well fit by a straight line. Tbé&se has more precipitating
clouds than in the control simulation, but of a simdae, a result which is consistent
with its significant, positive precipitation bias (Tal8.1). As for the non-cirrus clouds,
for a perturbation amplitude of 1 K the perturbation steshdiviation affects the cloud
sizes. Smaller standard deviations produce on average mbrenaller clouds. Unlike

for the non-cirrus clouds, the 1 K sequential perturbadiach the IC-1 simulations have
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the same linear response as all the other simulatguggesting that the dynamics of

precipitating clouds is not altered as significantlyaslie non-cirrus clouds.
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Figure 3.9: Mean cloud size and cloud number, time-averaged and pldtadgaint for
each simulation for (a) non-cirrus clouds and (b) pitading clouds, where clouds are
defined as in Section 3.4. Cloud size is measured in uhtteeamodel grid box. Cloud
fields are evaluated every half hour starting 30 minutes the simulation. The
unperturbed simulation is denoted by a small black ciil@ulations with perturbation
amplitudes of 0.01, 0.1 and 1K are denoted by green, blue angmédls respectively.
Sequential perturbation simulations wétfu.ss= 24, 8 and 0 km are denoted by squares,
large circles and small circles respectively. Singlerturbation simulations with
perturbation application times of the initial time, 070830, and 1000 UTC are denoted
by stars, upright triangles, inverted triangles and dradaaespectively. The dashed line
in (a) is the least-squares fit for the sequential Bitmns with 1K perturbation
amplitude, along with the 1C-1 simulation. The solid linga) is the corresponding fit
for all other simulations shown. In panel (b), thergakline is the least-squares fit for all
simulations other than IC-1.

3.6.c RMSP

Figure 3.10 shows the evolution of RMSP in the sequential patton runs. It is
most responsive to the perturbation amplitude. When $his K, the strongest error
growth occurs after the second perturbation applicatpJTC). The RMSP peaks

between 7 and 11 UTC before leveling off at about 3 mroohtrast, for perturbations of

amplitude 0.1 K, although the strongest growth is again seearly times, there is no
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peak in the RMSP evolution, and instead the error sasusatabout 2.5 mm around 12
UTC. For the 0.01 K perturbations, the strongest grosvdomewhat delayed, to 6 UTC.

A clear saturation phase is not seen for these awrpats within their duration although

similar RMSP values to those achieved with the 0.1K peations are reached at the end
of the simulations.

These results for the onset of strong growth suggeststmall perturbations
within the stable boundary layer have little effect upon precipitation before sunrise.
Only once the boundary layer starts to change its sieiere the smaller perturbations
capable of stimulating significant error growth. By cast, the 1 K perturbations can be
powerful enough to produce strong precipitation error growtiost from the outset.
Figure 3.10b shows the RMSP evolution for three ensemitasvarying perturbation
amplitudes. Note that the range across the ensembld@ngnmcreases with increasing

perturbation amplitude. Systematic dependence on the pdiurisdandard deviation,

cgauss, is not obvious in Fig. 3.10a, being comparable in sizheéospread within the

six-member ensembles. Thus, the horizontal-scale leofythe perturbation does not

significantly affect RMSP. However, some delay befibie strongest growth can be seen

for the experiments with perturbation standard deviatigasiss=24 km and the 1 K and

0.1 K amplitudes.

The strength of the strongest error growth in eacllsition can be seen in
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Figure 3.10: Evolution of the RMSP for (a) nine sequer-perturbation simulation
with different perturbation amplitudes (0.01 K in green, O0.lh Klue and 1 K in red)
and standard deviations (24 km as solid lines with filledesc8 km as solid lines and
0 km as dashed lines) and (b) three ensembles with diffperturbation amplitudes
(0.01 K in green, 0.1 K in blue and 1 K in red), each wijauss=24 km. All times
refer to the beginning of the hour of accumulation.

Table 3.1, which gives the maximum three-hourly incremeht®MSP. The RMSP is
somewhat noisy and so it is convenient to apply a 1-2Zdr tio the increments; the
relationship between error growth and perturbation dug#di is insensitive to the
filtering. The maximum error growth is around twice asrgg with the 1 K perturbations
as with the 0.01 K perturbations. Furthermore when theesguantity is computed for
the evolution of the ensembles plotted in Fig. 3.10b ghmiwn), the variations within

each ensemble are smaller than the difference betweeaverages for each ensemble.
Thus, at least for thegauss=24 km simulations, the amplitude of the perturbatidechs$
the RMSP more strongly than the random number sequence.

The domain-averaged precipitation accumulated over theddwation of the
control run is 2.127 mm. The biases against that of theusapgerturbed simulations are

given in Table 3.1. In most cases, the bias is at teastorders of magnitudes smaller
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than the mean value, demonstrating that the total rainfaliis case study is primarily
dictated by the large-scale convective forcing. Whilelsgtale perturbations can alter
the timing and location of particular storms, they do aftéct the time-space averaged
moisture budget.

The largest biases, of the order of a few percent, ootuthe sequential
perturbation experiments with 1 K perturbation amplituded the single perturbation
experiment with the perturbation applied to the initialdibons (24A1, c8A1, c0A1,
and IC-1, Table 3.1). If the perturbation field is imposedtlmn initial conditions, the
rainfall increases throughout the course of the sinarathat follows, whereas in the
sequential perturbation runs the total rainfall is reducée. reduction occurs primarily
between 5 and 15 UTC, somewhat offset by a positive bigs (not shown). These
results highlight the point that the model is sensitovstrong perturbation amplitudes at
early times, and also suggest that perturbations affethi spin-up phase of the model
can produce markedly different results, consistentlth whe changes in the cloud
distribution (Section 3.6.b).

The RMSP of the single-perturbation simulations is shomw Fig. 3.11, along
with that of the c24A1 and c24A0.01 simulations for comparison. Generally the
behavior for the single-perturbation simulations is ilsimto that for the sequential
perturbations as RMSP grows from the time of the peation application and in some
cases with the K perturbation amplitude reach a clear saturation Iévs. IC-1 and IC-
0.0.1 runs behave similarly in RMSP to their sequentigiipeation counterpartg24Al
and 624A0.01 (and the difference is within the spread of the eblsegenerated by
different the random number realizations (Fig. 3.10b)eNbat, the different behavior of

the IC-1 simulation to the24A1 simulation, as determined from the very differeatés

76



in domain average accumulated precipitation (Table 3.X)otigevealed by the RMSP
diagnostic. This indicates the importance of consideanrange of diagnostics when

assessing the impact of perturbations.
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Figure 3.11: Evolution of the RMSP for the single perturbation expents. The 0.01 K
simulations have blue lines, while the 1 K have red linesitiBuous, unmarked lines
represent the sequential simulations, while the dasheddddities indicate the IC
simulations. The dashed lines represent the 0700 UTC expesintbe solid lines with
circles are for the 0830 UTC one and the 1000 UTC are repeesey the solid lines
with triangles.

In general the later the single perturbations are appiee less likely the RMSP
is to reach saturation and the less the RMSP is atetid of the simulation. The
maximum growth rate of RMSP also reduces as the singllerpations are applied later
in the day (Table 3.1). This shows that perturbing at darlgs is most effective in

producing error growth.
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3.6.d Intensity and Displacement Errors

In Section 3.4, a decomposition of the squared RMSP ietgum of three MSP
components QOMMON, CONTROL and PERTURBED) was described (Equation 3.1).
This decomposition for the sequential-perturbation simariatis given in Fig. 3.12, with
MSP shown on the left and the fractions of each tyfpgrid point (relative to the total
number of rainy grid points) shown on the right. Not the number of rainy points for
the control simulation shown in Fig. 3.2 is the sumtled defined COMMON and

CONTROL points here.

The points that are rainy in both the perturbed and cbrgimulations
(COMMON points) are considered first. The intensity of preatmn at COMMON
points is altered in all of the perturbed simulations amaist strongly for stronger
perturbation amplitudes (Fig. 3.12a). This contribution domindte total MSP at early
times, the COMMON points having the fastest-growing MSP. Consistent wiiis t
observation, and with Fig. 3.10, the MSP @®MMON points grows more slowly and
reaches a peak at later times for decreasing perturbatiptitudes. For a perturbation
amplitude of 1 K, the fraction o€OMMON points decreases from the outset of the
simulations. From around 7 UTC most of the rainy grid @oimt the perturbation
simulations differ from those in the control simidat (Fig. 3.12b). Thus, these
perturbations are extremely effective from the outdetboth displacing storms and
altering the intensity of common storms. By contrasthe same time in the simulations
with weaker perturbation amplitudes the rain occurs in pretntly the same locations
and at similar rates to the control simulation.

The points that are rainy only in the perturbed or corgnmiulations are now

considered. For the two smaller perturbation amplitutheset points exhibit similar
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behavior. The simulations with 0.01 K perturbation amagit start to generate points
with a different rain status to the control simwatii.e. raining in the perturbed run but
not in the control or vice versa) around 1-2 h after qaaihts are generated by 0.1 K
perturbations. However, once produced the growth ratéiseofraction of those points
and the MSPs are similar, so that the same timingeréifice remains perceptible
throughout the remainder of the simulations. With ¢hpsrturbation amplitudes, the
MSP contributions fronPERTURBED andCONTROL rainy points to the total MSP are
roughly equal.

By contrast, the simulations with 1 K perturbation &mge have a different
pattern of behavior for rainy but né&#d®MMON points. As seen in the 0.1 K and 0.01 K
simulations, more storms are displaced earlier fotr@enger perturbation amplitude.
However, at early times the 1 K perturbations areenadfective at triggering new storms
than they are at suppressing storms seen in the comwabson. Thus, the fraction of
points and MSP fromPERTURBED points grows rapidly up to around 7 UTC (Figs.
3.12e and f). Beyond that time, the ability of the pddtions to trigger new storms, and
the intensity of such storms, increases only slowbt i&ll. Interestingly also, the growth
of the CONTROL fraction of points and MSP stalls at around the same (Figs. 3.12¢e
and f), indicating a reduced ability of the 1 K perturbaitmalter storms. Thus, we can
see that the period between 6 and 8 UTC is a criticafamie development of storms.
It is during this time that perturbations of weaker atudk first become effective at
displacing storms. The 1 K perturbations meanwhile aremely effective at producing
additional storms, without greatly suppressing the triggeah storms in the control

simulation (note the small MSP due to tG®ONTROL points prior to around 7 UTC).

79



&
T

g
T

~:3
Y

i
T

g
T

i
T

0.8t
0.8f
0.7t
X
iosr
o

0.3p

Hourly Accumulation MSE [mmz]
i

0.2

=
T

0Ap

20 o 2 4 [ 8 10 12 14 16 18 20
Time UTC

(b)

Hourdy Accumulation MSE[mmR]
e e e ey’

=
T

| BT
—0.01 K& km
001 kokm
0.1 K 24 kmy

Hourly Accumulation MSE [mlnH]

a 10 12
Time UTC

(e) (£}

Figure 3.12: Panels in the left-hand column show the mean-square femrdhe rainy
grid points which are classified as @PMMON, (c) CONTROL and (e)PERTURBED.

At any time, the sum of the three, weighted by the dorfractions, gives the RMSP, as
shown in Fig. 10. Panels in the right-hand column stiewfraction of the rainy part of
the domain occupied by the (BDMMON, (d) CONTROL and (f) PERTURBED points.

In all panels, results are shown for nine sequentialigEtion simulations with different
perturbation amplitudes (0.01 K in green, 0.1 K in blue and ih Ked) and standard
deviations (24 km as solid lines with filled circles, 8 &ssolid lines and 0 km as dashed
lines).
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Recalling the reduction in total rainfall at this timeg(F3.2), these results imply that the
1 K perturbations must be effective at reducing the streofjthose storms that are in
COMMON between the simulations. In essence, the strong patkuns produce more,
but less intense, storms at this time. The storms pgresénin the control simulation are
strongly affected by the 1 K perturbations during the tatening and early afternoon.
From 1000 UTC their domain fraction remains constant@eases slightly, whereas the
MSP decreases during the same period. Therefore, orgavia intensity of the storms
decreases. Comparing Figs. 3.12e and ¢ we also note tHAEERT@&RBED storms are
stronger than th€EONTROL in the afternoon and evening.

In general the MSP decomposition, is only slightly desesito the standard

deviation of the perturbationsgauss, particularly so for the perturbation amplitude

0.01 K. However, for the larger amplitudes there arecatdins in thes8Al andc8A0.1
simulations that the 8 km standard deviation is conglgtdhe most effective at

displacing the storms.

3.7 Discussion

The key processes involved with the error growth haven lae®@lyzed. Some
affect error growth by altering the background state of infat®ustic waves, CAPE,
theta and total condensate changes) while changes irotimeldry-layer types alter the
model itself through by triggering different parametermsd and/or different
coefficients for the parameterizations. Amongst fr& firoup acoustic waves affect the
background more widely since they propagate very quickligpagih they are not very
well represented. However they have been alreadyrwdzbdo propagate errors by

Hohenegger and Schar (2007b). They are also generated cteastorms (Nicholls
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and Pielke 2000) and can further accelerate error growtarms are displaced, similarly
to gravity waves. Furthermore, because analysis incrtsncan be larger than 1 K (e.g.,
Kong et al. 2007), if they are not acoustically balant®y tan excite a wave response

stronger than observed in this study.

It has been shown (Section 3.5.a) that each pertunbataes not modify
significantly the average CAPE of the domain, but amesopoints, for the 1 K
perturbations lids can be removed or set, thus alteringe nedfectively storm
development and consequently error growth. Moreover, gvéme absence of a trigger
at these specific locations the vertical motiond el altered by the changes, albeit small,

in the static stability.

The changes in the time-averaged boundary-layer cowérsduced by the
sequential perturbation (Table 3.3) involve more grid-pohms the changes directly due
to the perturbation as seen in the single perturbatiog (Table 3.2). This suggests that
the boundary-layer changes of the sequential perturbat@due to the evolution of the
perturbed model atmosphere (indirect effect of the peatiany) rather than the potential-

temperature perturbation itself (direct effect).

While the changes in the boundary-layer types certairfciatrror growth as
suggested by Lean (2006), we did not attempt to quantify thieveelenportance of the
different processes mentioned thus far, including tlfecebf theta itself and of total
cloud water on the evolution of the model atmosphere.

No simulation was designed to specifically investigdie role of buoyancy
(gravity) waves. It is well known that a potential-fgmature perturbation induces
gravity waves whose characteristics depend mainly onvéngcal stability, on the

duration and intensity of the heating, and on the amkaspect ratio of the heated region

82



(e.g., Chagnon and Bannon 2005). The examination of thaesgally perturbed
potential temperature fields (output at every timestdid) not show any significant
buoyancy wave activity at the perturbation level. Atetamwith no evident spatial
pattern, oscillation of the potential-temperature fo#d the perturbation, but their
frequency and amplitude vary greatly from grid point to gadt. Also many grid points
do not have a clear oscillatory pattern and the pertoratcays smoothly to the control
run values or simply the perturbed potential-temperataseténdency very similar to the
control simulation. Furthermore no specific peaks weeatified during the analysis of
the potential-temperature spectra of the perturbed runsid®et?2). Finally, the small
amplitude of the perturbation and the lack of correfatio time probably prevent
resonance phenomena due to gravity waves, such as theveasggated by Robinson et

al. (2008).

The absence of perturbation-generated buoyancy wavesolshly due to
numerous contributing factors. The horizontally hejereeous shear and stability, which
generate spatially incoherent responses, but also thyelivaited vertical extent and
duration of the heating. For example, Chagnon and Baf2@®5) in their idealized
study used a 1 K amplitude perturbation, but its verticagreéxtvas at least 5 km.
Robinson et al. (2008) to investigate the gravity wave respofirsarface hot spots used
heating confined to the lowest model levels, but the maxirtemperature perturbation
reached 10 K spread over 1-2 h, whereas the depth of thehaertdayer in this study is
320 m and the perturbation is applied for one timestep otizhais 100 s. Furthermore,
this specific value is not suitable to represent the edvwgravity wave modes whose
period is Z/N since N is of the order of 0.01 s. Such period carehsanably expected

and was observed in the idealized study of Chagnon and B480605). It also must be
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mentioned that the long timestep of the model (100tgydilout the short period gravity

waves.

The above mentioned indirect effects brought about éyénturbations results in
two main changes of the overall behavior of the sitiaria. First, the non-cirrus cloud
distributions for the 1 K sequential perturbations areradt so that the linear regime
which relates the mean cloud size to the mean cloud nuchlaeges significantly. This
suggests that dynamics of such clouds is altered as thgashanmean size and cloud
number are substantially larger than the ones due dodifect effects. We did not
investigate how this change occurs. Secondly the pertonisateven the smaller ones,
when applied every 30 minutes affect the storm locatiah iatensity, as shown in
Section 3.6.d. All the perturbations generate new stonugle MSE of the COMMON
points peaks at later times as the perturbation desréasamplitude. However, the 1 K
perturbations behave differently as they start geimgratew storms earlier in the day,

although they are less intense than the ones presignnhdhe control run.

It has been shown that the 1 K perturbation experisnesgults in qualitatively
different outcomes, not simply a more intense wersif the smaller perturbation runs:
the cloud distribution shifts to a different regime, RBISP starts growing earlier and
more vigorously and new storms are generated more efflgctivespite these important
differences, both the sequential and single perturbatiperiments (Section 3.6.c) reach
similar RMSP over the course of the simulations .(Bid.0), even when only the initial
conditions are perturbed. This could be specific to thsecstudy which is strongly
constrained by the large scale, but it seems to iraittet the nonlinearities of the

system amplify the small perturbations more stronglgrédVaccurate measures of spread
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and error need to be implemented for a careful congangth other studies similar

studies such as Kong et al. (2006) or Hohenegger and Schar (2007b).

The time-scales of error growth are consistent withvipus studies (e.g.
Hohenegger and Schar 2007a), but at least in this anafysisgeowth rates depend on
time of the day, amplitude and model balance. The dependg@ocethe time of the day
is due to the transitions of the boundary layer: if tiwel state is perturbed before the
morning transition from mainly stable to mainly mixed boanydlayer types then the
perturbations will be amplified at higher rates tharséhgenerated after such transition.
Secondly, the amplitude of the perturbation does affach processes rendering it less
dependent upon the time of the day since the strong gratgs of the RMSP for the 1 K
sequential perturbation commence before the mentionesitioan. However, it has been
shown that the ability of the perturbation to affeatvrstorms generation and change the
intensity of the existing ones is different befored aafter such transition. Thirdly the
model balance affects the error growth as the IC-1 empets yields a very different
forecast from the other 1 K single perturbation runsfeomd the sequential perturbations
as well, indicating that the model during spin-up is neeasitive to the perturbation,

which in turn can push the forecast on a differentdtays.

Finally the above mentioned sensitivity to the timeha tlay suggests that the
turbulent plumes rising from the boundary layer find grgly different environment and
amplify the existing differences once moist convectitarts. This interpretation is
supported by the domain average mass flux at perturbatieh(lelg. 3.13) which starts
growing at 0600 UTC, peaks at 1300 UTC and then decreases afterwhe early part
of the increase in the mass flux is associated tusitian in the boundary-layer types

observed for the control run (Section 3.2.c) and aledbtlo 8 UTC period is critical for
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the development of storms (Section 3.6.d). The decrda$e @verage mass flux from
1300 UTC onwards helps explaining the reduction of error troates for both the
sequential perturbation and the single ones (Section) 3vich happens roughly at the
same time. Error growth can continue only at slower gasause, even though the
average mass flux is diminishing, there are still spormthe domain and also the non-
convective evolution of the flow leads to error growdtithin this framework, the larger
error growth rates of the stronger amplitude perturbatios are explained quite simply
by the stronger initial differences which undergo nonling@wth. Furthermore, the
earlier the simulation is perturbed, the earlier thwevective processes can act to generate
error growth as seen in Section 3.6.c. This effect coupldd the smaller number of
rainy points in the control run (Fig. 3.2) generates they@andl swift error growth of the

1 K sequential perturbation.

Average Mass Flux [kgm2s™]

1 1 1 1
4 6 8 10 12 14 16 18 20
Time UTC
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Figure 3.12: Horizontally averaged mass flux at the perturbatioellevhe values during
the model spin-up are not shown.
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3.8 Summary and Conclusions

The processes leading to convective-scale error granmdhits sensitivity to the
perturbation characteristics have been investigated @8I® case study. The case was
chosen because it is strongly upper-level forced buth wihe detailed
mesoscale/convective-scale evolution dependent on sree#le processes. The
potential temperature was perturbed at a fixed model levainnmihe boundary layer,
most of the times above the LCL. Sensitivity studiesw that RMSP is fairly insensitive
to the height of the perturbation. The perturbatiofd$iehad varying horizontal length
scales and amplitudes and both sequential perturbationge(appery 30 min throughout
the run and uncorrelated in time) and single perturbatiahsa specific time) were

considered.

Diagnostics were carefully selected to elucidate botlditeet effect (within one
timestep) and indirect effect (as evolved by the maafdipe perturbations on the model.
In particular we have developed diagnostics to distifigwlkanges in precipitation
intensity from changes in the location and distributidnclouds. This relates to the

hydrological focus of the funding for this study (FREE).

The processes involved are the acoustic and Lamb wawesshanges in the
boundary-layer type categorization, the changes iInQRAPE, and in the total water
condensate and theta. The acoustic waves affect quicklyvhole domain, creating a
different background. The changes of the potential teryperaand in the total
condensate act in a similar fashion, although theyimited to the perturbed level and its
two neighbors. The perturbation affects only slighbtlg CAPE values of the individual
grid points, but for the 1 K perturbations it creates ortrdgs lids, creating the

conditions for changes in storm location and developrfearoring error growth. The
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changes in the boundary-layer types affect error gramwttlirectly altering the response

of the boundary layer.

Overall, the amplitude of the perturbations (single aegluential) is the main
driver of the error response, with the scale-lengthupging a secondary role in
modulating the response of the RMSP. However smalieskengths for the 1 K
sequential perturbations result in a larger number o@idso(both non-cirrus and
precipitating ones) with a smaller average size. Stasplatement and generation, as
defined in Section 3.6.d, is also affected more stronghhéytK sequential perturbation
as they both displace storms and create new onegrearlithe day. Therefore the
sequential perturbations result in qualitatively differeimiulations, although the RMSP
is of the same magnitude as the smaller perturbatidns. indicates, on the one hand,
that the root mean square error is a fairly crude indicattahe error because it is not
sensitive to important features, but on the other handdhénearities of the atmosphere
are such that the much smaller amplitudes are amphfigek strongly. These features of
the IC-1 experiment, where a 1 K perturbation was apjlietthe initial conditions, are
even more markedly different from the remaining expenisi@nd indicates that, at least
for this specific event, the perturbation pushed the model different trajectory. Error
growth has also been observed to be sensitive tantieeof day, or better, to the state of
the boundary layer since perturbations applied before thening transition of the
boundary layer are more effective at generating error throWwhis, along with the
different features of the sequential perturbation erpents, shows that the sequential

perturbation is an effective method of generating egrowth.
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CHAPTER 4

CONCLUSIONS

In Chapter 2, the Harrington radiation parameterizatiais transformed into a
transfer scheme for the clear sky. The transferersehrequires a fraction of the
computational cost of the parent parameterization Acguia generally preserved,
although at times the heating rates error is larger Wizat is normally accepted for a
parameterization compared against a line-by-line code. HHavibese larger errors occur
near the tropopause where the model vertical resolusicoarsest and when heating
rates are converted into heating flux via divergence #reyof the same magnitude of
those of Zhang et al. (2000) which used a 1 km vertical gpating for its radiative
transfer scheme. Furthermore, after two days of sinaids the RAMS meteorological
fields (surface temperature, 500 mb geopotential height), @btained with the best
transfer scheme yields results which are not signifigadifferent from the parent
scheme. More importantly they are physically realisthd a comparison of the same
fields against the one obtained with the Chen-Cottonnpetexization shows that the
transfer scheme modifies the main meteorological fildds than the use of this second
radiation parameterization.

Future work will focus on extending this methodology tolaudy atmosphere.
The first step is to use a modified version of the EBD&lysis so that it does not result in

negative cloud water content.
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The processes that led to the error growth of the h@aadymulated precipitation
fields during a case study over southern England werezathlp Chapter 3. The single
perturbation experiments where the potential temperatuterpation is applied only
once at specific times show that besides the expediadges in total cloud water
content, three processes are involved in error generdt@mb waves generated by the
perturbation, for the stronger perturbation (1 K) smbathperature inversions can be
removed or set at the perturbation level, and alsacdbegorization of the boundary layer
is altered, affecting the boundary-layer parameterigafidne first two processes affect
the background state while the third alters the mixing eoefits and/or calls to other
parameterizations (e.g., entrainment). The Lamb wdoe/sla quick propagation of the
error throughout the whole domain, up to the stratospimeodel levels, and in the case
of the 1 K perturbation has a significant effect on #twerage vertical velocity.
Hohenegger and Schar (2007) also observed acoustic wavesudtsof temperature
perturbation. The changes in static stability can aemtm development and evolution,
but they require the simultaneous presence of a trigde. changes brought to the
boundary-layer parameterization are similar to thokserved, within the same Met
Office model by Lean (2006). No attempt was made to quathtéyinfluence of these
processes on the error growth, but effects of the egipdn of the perturbation every 30
minutes (sequential perturbation) yield in markedly differesults depending mainly on
perturbation intensity, but also its typical scalegih. The strongest perturbations (1 K)
experiments have stronger error growth from the out$ethe simulation and start
generating new storm earlier in the day than the smathgiitude counterparts (0.01 and
0.1 K). Also the cloud distributions are affected and thK perturbations show an

increase in the average number of clouds as the typiedd $ength decreases. The
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smaller perturbations also have a linear relationshipdetvaverage size and number of
clouds, but with a significantly different slope.

The sequential perturbation method is overall succesaful generating
gualitatively different simulations, as shown abowd, ib also allows for of capture the
sensitivity of the error growth to the perturbatiorttie time of the day. The perturbations
applied before the morning transition of the boundaryrlayges, cause a quicker error
growth than those applied afterwards.

Future work will concentrate on three fundamental isséest, to determine the
relative importance of the different error sourcdsatiee to the error growth, as it is
defined in this study. Secondly, it is important to tésiseé conclusions on other case
studies to test their significance towards the desigma @bnvective-scale ensemble.
Finally, while the hydrological focus of this study is wémportant it is also interesting
to investigate the dynamical features induced by the stglperturbation following up
on the changes in the non-cirrus cloud distribution. Tinelves developing different
measures of the error, possibly accounting for thetimtaand timing errors of the

convection
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