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Resumo

A Equagao média temporal da vorticidade potencial do fluxo atmosférico em coordenadas
isobédricas pode incluir explicitamente um termo (interno) atmosférico forgador do fluxo
perturbado. De facto, desprezando nesta equacao de balango os termos nao lineares, este
forcamento pode ser expresso matematicamente por uma tnica funcdo denominada Funcgio
Empirica Forgadora (EFF), correspondente & derivada material da vorticidade potencial
média temporal. Mais, a EFF pode ser decomposta na soma de sete componentes, que in-
dividualmente representam mecanismos forcadores de natureza diferente. Estes mecanismos
incluem as componentes diabéticas associadas com o forgamento radiativo, a libertacao de
calor latente e dissipacao pelo atrito, bem como, componentes relacionadas com os transportes
transientes perturbados de entalpia € momento linear. Todos estes factores quantificam o pa-
pel das perturbagoes transientes no forcamento da circulagao atmosférica. Com o objectivo de
compreender a importancia da EFF no diagnéstico das anomalias de larga-escala da circulagao
atmosférica, é analisada a relagao entre a EFF e a ocorréncia de cristas anticiclénicas intensas
na zona Este do Atlantico Norte, consideradas frequentemente precursoras de secas na zona
Oeste da Peninsula Ibérica. Para tais eventos, o padrao da EFF apresenta no Atlantico Norte
uma clara estrutura dipolar; forcamento ciclénico (anti-ciclénico) de vorticidade potencial no
sentido ascendente (descendente) da crista anormalmente intensa. Os resultados apontam
igualmente para uma maior relevancia das componentes que se relacionam com processos
diabéaticos. Por 1ltimo, estes resultados enfatizam a relevancia da EFF no diagnéstico de
anomalias de larga-escala, e fornecem igualmente uma melhor compreensao das interaccoes
entre os diferentes mecanismos fisicos.



Abstract

The time-mean potential vorticity equation of the atmospheric flow on isobaric surfaces can
explicitly include an atmospheric (internal) forcing term of the eddy flow. In fact, neglecting
some non-linear terms in this balance equation, this forcing can be mathematically expressed
as a single function, called Empirical Forcing Function (EFF), which is equal to the material
derivative of the time-mean potential vorticity. Furthermore, the EFF can be decomposed as
a sum of seven components, each one representing a forcing mechanism of different nature.
These mechanisms include diabatic components associated with the radiative forcing, latent
heat release and frictional dissipation, and components related to transient eddy transports
of heat and momentum. All these factors quantify the role of the transient eddies in forcing
the atmospheric circulation. In order to assess the relevance of the EFF in diagnosing large-
scale anomalies in the atmospheric circulation, the relationship between the EFF and the
occurrence of strong anticyclonic ridges over the Eastern North Atlantic is analysed, which
are often precursors of severe droughts over Western Iberia. For such events, the EFF pattern
depicts a clear dipolar structure over the North Atlantic; cyclonic (anticyclonic) forcing of
potential vorticity is found upstream (downstream) of the anomalously strong ridges. Results
also show that the most significant components are related to the diabatic processes. Lastly,
these results highlight the relevance of the EFF in diagnosing large-scale anomalies, also
providing some insight into their interaction with different physical mechanisms.



Resumo da Tese

Portugal encontra-se localizado no extremo ocidental da Europa, na Peninsula Ibérica. Dada
a sua localizacao o regime de precipitacdo ¢ altamente variavel e caracteriza-se por uma grande
sazonalidade. A precipitagio méxima ocorre durante o Inverno (Dezembro a Fevereiro), sendo
embora de destacar as contribuicdes do final de Outono e inicio da Primavera. Consequente-
mente, os Invernos extremamente secos ou extremamente chuvosos tendem a ter um forte
impacto na disponibilidade de 4gua. Deste modo, grandes deficits de precipitagdo sao fre-
quentemente precursores de secas severas e extremas. Devido a esta vulnerabilidade, com um
grande impacto ambiental, econ6mico e social, é de grande importancia entender os mecan-
ismos de larga-escala que se encontram ligados a ocorréncia destas secas. E pois com base
neste objectivo que o estudo descrito neste trabalho se baseia.

O fluxo médio temporal da atmosfera pode ser considerado como um regime forgado que
se encontra condicionado por diversos factores, tais como, fontes e sumidouros de entalpia,
orografia e contrastes térmicos & superficie. Contudo, as perturbacoes do escoamento médio
temporal induzem fluxos locais transientes de entalpia e momento linear que sao elemen-
tos importantes nos mecanismos forgadores da circulacdo geral atmosférica. De facto, estas
perturbagdes sdo essenciais para a compreensao do ciclo da energética da atmosfera, dado
serem responsaveis pela transformagéo continua da energia potencial disponivel média zonal
em energia potencial disponivel das perturbagées, que por sua vez, por processos baroclinicos
se transforma em energia cinética perturbada que se converte por processos barotrépicos em
energia cinética média zonal do movimento, consequéncia de processos de dissipagao ligados
ao atrito.

A vorticidade potencial é frequentemente utilizada em estudos diagnésticos da circulagao
atmosférica, sendo comummente escrita na sua formulagao original, em superficies isentrépicas,
mas também podendo ser referida a um sistema de coordenadas em que a coordenada ver-
tical é a pressao (sistema p). A formulagdo matemética da equagao da vorticidade po-
tencial em coordenadas isobaricas é revisitada no primeiro capitulo. Apés algumas aprox-
imagbes matematicas obtém-se uma versao linearizada daquela equagao, onde os véarios termos
forcadores sdo explicitados e representados individualmente. O termo forcador da vorticidade
potencial assimétrica é expresso como uma {inica funcéo, designada por Fungao Forgadora
Empirica (EFF). Esta fungao pode ser decomposta numa soma de sete componentes que rep-
resentam diferentes contribuicoes fisicas (associadas a processos diabaticos e de transportes
perturbados de entalpia e momento linear) para o termo forgador total da equagao de balanco.
Este desenvolvimento segue a formulagéo original devida a Saltzman. Por forma a ilustrar
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a aplicabilidade da EFF no diagnéstico de anomalias atmosféricas de larga-escala, um ’case
study’ é apresentado no terceiro capitulo deste trabalho, focando o estabelecimento de cristas
de altas presses sobre o Atlantico Norte. A influéncia das cristas de altas pressdes intensas
no Atlantico Norte no sistema atmosférico das latitudes médias, é previamente analisado.

Os deficits severos de precipitacao em Portugal estéo relacionados com padroes anémalos
da circulagdo atmosférica de larga-escala no Atlantico Norte. A intensificagdo das per-
turbagoes de larga-escala levam a condigdes atmosféricas que nao séo favoraveis ao estab-
elecimento de mecanismos geradores de precipitagao em Portugal. Com o objectivo de isolar
padroes anémalos de larga-escala sobre o Atlantico Norte, em particular cristas anticiclénicas
intensas a Oeste da Peninsula Ibérica, foram considerados um conjunto de seis Invernos ex-
tremamente secos e seis Invernos extremamente chuvosos. Os compésitos destes Invernos
para diversas varidveis e campos atmosféricos foram analisados ao longo da primeira e se-
gunda secgdes do terceiro capitulo e denominam-se por ’Invernos Secos (Chuvosos)’. As suas .
anomalias foram analisadas por intermédio da diferenca entre os Invernos Secos e 0s Chuvosos.
Na iltima seccao do terceiro capitulo, os campos de seis componentes da Funcao Forcadora
(a componente associada ao atrito (quinta) nao é calculada) e a prépria Fungio Forgadora
foram analisadas.

Para os Invernos Secos o campo médio do geopotencial apresenta quer aos 500 quer aos 300
hPa uma crista bem definida sobre o Atlantico N orte, enquanto que para os Invernos Chuvosos
o padrao é quase zonal. Este resultado é igualmente suportado pelo campo da anomalia da
vorticidade potencial. A existéncia de um eixo quase vertical da anomalia méixima da altura
do geopotencial médio zonal para os Invernos Secos sugere uma estrutura quase barotrépica
equivalente para aquela crista. A presenca de um nicleo quente intenso na crista a Oeste da
Peninsula Ibérica é claramente desfavordvel para a ocorréncia de precipitagao em Portugal.
Esta crista intensa bloqueia por um lado, a propagacao para leste dos sistemas frontais prove-
nientes do Atlantico, levando a um desvio para Nordeste do ’storm track’ no Atlantico Norte.
Por outro lado, a sua estrutura barotrépica equivalente, leva a uma clara diferenciacao entre
os Jactos subtropical e polar. O jacto subtropical sofre nas latitudes médias uma separagao
em dois ramos na zona Este da América do Norte. Esta separacao é acompanhada por uma,
intensificagdo da componente meridional da circulagdo média troposférica, intensificacao nor-
malmente acompanhada de bloqueio na vizinhanga das Ilhas Britanicas. Os transportes de
entalpia e de humidade especifica apresentam um desvio para Nordeste nos Invernos Secos.
Este desvio é igualmente observado nos padroes da taxa de precipitacao e agua precipitével,
contrastando com o padrao quase zonal dos Invernos Chuvosos. As regides de intensidade
méaxima dos transportes de entalpia estdo concentradas nas zonas preferenciais do ’storm
track’, sugerindo ainda o desvio dos transportes de humidade, o bloqueio dos sistemas tran-
sientes pela crista intensa. Também o padrao dos transportes zonais de momento linear est4
em concordancia com a presenca de uma crista anticiclénica intensa nos Invernos Secos.

A Fungao Forgadora Empirica é aplicada como ferramenta de diagnéstico das perturbagGes
estaciondrias de larga-escala associadas & ocorréncia de cristas anticiclénicas intensas no
Atlantico Norte, consideradas como precursoras da ocorréncia de secas severas na zona Qeste
da Peninsula Ibérica. Os resultados mostram, que o padrdo da EFF é dinamicamente coer-
ente com a configuragao do campo do geopotencial. Para os Invernos em estudo, o padrio
da forgadora apresenta uma estrutura dipolar sobre o Atlantico Norte contribuindo para a



manutencio de vorticidade potencial ciclénica (anticiclénica) na regido ascendente (descen-
dente) da crista anticiclénica anormalmente intensa. A anglise individual das componentes da
EFF revelou que de entre as seis componentes calculadas, a componente mais importante ao
longo da troposfera ¢ a primeira. Esta componente est4 associada ao aquecimento diabético,
excluindo-se o calor latente. Contudo, a componente associada ao calor latente (segunda
componente) € igualmente importante na baixa troposfera, enquanto os fluxos horizontais
transientes de entalpia (terceira componente) e de momento linear (sexta componente) sdo
importantes na alta troposfera. Estas componentes quando comparadas com as associadas
aos fluxos verticais (quarta e sétima componentes) sdo claramente dominantes em magnitude.
Deste modo, numa primeira aproximagao o padrao da EFF pode ser estimado por intermédio
da primeira componente. Numa segunda aproximagdo, a estimativa da EFF pode ser mel-
horada na baixa (alta) troposfera por intermédio da inclusdo da segunda (terceira e sexta)
componente.

Na interpretacio dos padroes da EFF algumas consideracoes devem ser tidas em conta.
Embora alguns processos internos estejam incluidos na definicao da EFF, os mecanismos
forcadores externos da circulagdo atmosférica, tais como os efeitos topograficos, os fluxos
diabaticos na camada limite ndo séo incorporados nesta definigdo. De facto, estes processos
s6 podem ser incluidos como condigoes fronteira. Tendo em consideracao que a formulagao
da EFF deriva da equacéo da vorticidade potencial média temporal sobre um periodo relati-
vamente longo de tempo (ie, uma estagao), a andlise da EFF s6 permite um diagnéstico das
condigdes dindmicas, ndo podendo ser utilizada no estudo da geragdo (desenvolvimento) das
anomalias. Nesta anilise s6 se pode afirmar que a EFF (ou componente da EFF) pode ou
nao contribuir para a manutengéo de uma perturbagao estaciondria especifica. Mesmo tendo
em consideracéo as limitacoes referidas, a analise efectuada por intermédio da EFF permite
compreender as diferentes contribuigoes dos processos atmosféricos internos que mantém as
anomalias médias temporais axialmente assimétricas do fluxo atmosférico.
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Chapter 1

Introduction

Portugal is located in the western portion of Europe in the Iberian Peninsula between 37°-42°N
and 6.5°-9.5°W. Due to its location the precipitation regime is highly unbalanced and is char-
acterized by a strong seasonal behaviour. The maximum rainfall occurs in winter (December
to February; hereafter DJF), despite the contributions of late autumn and early spring. As a
result, extremely wet or extremely dry winters tend to have strong impacts on water availabil-
ity and management practices [Garcia-Herrera et al., 2007]. Severe precipitation deficits in
Portugal are largely related to anomaly patterns in the North Atlantic large-scale atmospheric
flow. The dependence of winter precipitation on the North Atlantic Oscillation (NAO), and
baroclinic wave activity associated to circulation weather types or weather regimes has been
the subject of several studies [Corte-Real et al., 1995; Fernandez et al., 2003; Goodess and
Jones, 2002; Santos et al., 2005, 2007a; Trigo and Da Camara, 2000; Ulbrich and Christoph,
1999a; Wang, 2002; Wiin-Nielsen, 2003].

Severe precipitation deficits in Portugal result from a enhancement of the stationary wave
pattern of the atmospheric large-scale circulation over the North Atlantic. This enhance-
ment of the large-scale stationary eddies leads to atmospheric conditions that are clearly
unfavourable to the establishment of rain-generating mechanisms over Portugal. Therefore
severe precipitation deficits are often precursors of severe or extreme drought episodes. Due to
this vulnerability, with great environmental, economical and social significance, it is of great
importance to better understand the large-scale mechanisms that are linked to the occurrence
of such droughts.

The temporal mean flow of the atmosphere can be regarded as a forced regime that is
conditioned by several factors, such as, heat release, topography and surface thermal contrasts
[Trewartha and Horn, 1980; Wallace and Hobbs, 2006]. However, eddies embedded in the time-
mean flow induce local transient heat and momentum fluxes that are key forcing mechanisms
of the general atmospheric circulation. In fact, such eddies are essential for explaining the
energy cycle of the atmosphere, as they continuously transform zonal-mean available potential
energy into eddy and zonal-mean kinetic energy of the flow that is ultimately dissipated
through cascading frictional dissipation processes [e.g., Peixoto and Oort, 1992]. The key
role played by the eddy transports concerning the maintenance of large-scale atmospheric
anomalies through their interaction with the zonal-mean flow has been already demonstrated
in many previous studies [e.g., Andrade et al., 2008c, d; Black, 1998; Edmon et al., 1980;
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Holopainen et al., 1982; Hoskins and Valdes, 1990; Lau and Nath, 1991; Rodriguez-Puebla et
al., 2001; Santos and Corte-Real, 2006; Santos and Leite, 2009a).

Vorticity is a widely used property when describing the dynamical characteristics of the
flow, and its equation is commonly used for diagnosis and prediction of fluid motions [Holton,
2004; Hoskins et al., 1985]. Potential vorticity is a quantity that combines vorticity and
static stability and verifies an invertibility principle that can be stated as follows [Bluestein,
1993]: if the distribution of potential vorticity is known, then vorticity, static stability and
wind field can also be determined, providing the required boundary conditions and a balance
condition. The concept of potential vorticity is often used in the study of the atmospheric
circulation, particularly when considering an adiabatic frictionless flow [Salby and Roger,
1996]; in this case it is materially conserved (local rate of change is entirely balanced by
advection). Therefore, potential vorticity is commonly written in its original formulation
on isentropic surfaces [Ertel, 1962]. However, many subsequent studies have also used the
potential vorticity defined on isobaric surfaces [e.g., Hartmann, 1977; Lau and Wallace, 1979].
In fact, potential vorticity is also materially conserved when using the quasi-geostrophic
formulation of the potential vorticity under the quasi-geostrophic assumptions and following
the geostrophic wind on an isobaric surface [Holton, 2004].

The mathematical formulation of the potential vorticity equation in isobaric coordinates
is revisited in this study. Some mathematical approximations and rearrangements are un-
dertaken so as to obtain a linearised version of the balance equation, where various forcing
terms are explicitly and independently represented. The forcing term of the stationary-eddy
(asymmetric) potential vorticity balance is expressed as a single function, called the Empir-
ical Forcing Function (hereafter EFF). This function can be in turn decomposed as a sum
of seven components that represent different physical contributions (associated with diabatic
processes and transient eddy enthalpy and momentum transports) to the total forcing term of
the balance equation. This development closely follows the original formulation undertaken
by Saltzman [1962]. In order to illustrate the applicability of the EFF in diagnosing large-
scale atmospheric anomalies, a case study focusing on the establishment of ridges over the
Eastern North Atlantic is presented. As already mentioned, previous studies have shown that
the frequency and persistence of such events are often associated with droughts over western
Iberia [Garcia-Herrera et al., 2007; Hanson et al., 2007; Santos and Leite, 2009a; Santos et
al., 2007a).

The influence of those enhanced ridges over the Eastern North Atlantic in the mid-latitude
weather systems is also tested here. In fact, these systems have their origin in processes
predicted under the theory of baroclinic instability and their development is closely associated
with the above referred forcing mechanisms. Such extra-tropical migratory systems follow a
path in the belt of the prevailing westerly winds and derive their existence and growth from
the conversion of available potential energy to kinetic energy by reducing the temperature
gradients, lifting mid-latitude warm air and sinking cold polar air [Charney, 1947; Eady,
1949]. They also play a central role in the angular momentum budget of the atmosphere and
are primarily responsible for maintaining the westerlies against surface friction [Peixoto and
Oort, 1992]. One common measure of synoptic activity is the ’storm track’, which Blackmon
[1976] defined as the standard deviation of the bandpass-filtered (2-6 days) variability at 500
hPa, thus representing the sequence of westward propagating upper air troughs and ridges



as the tropospheric counterparts of surface cyclones and high pressure systems [Blackmon et
al., 1984a, b; Wallace and Gutzler, 1981; Wallace et al., 1988]. This variable has been widely
used to quantify synoptic activity, both for observational and model data sets [e.g., Chang
and Fu, 2002; Chang, 2009; Hoskins and Valdes, 1990; Stephenson and Held, 1993; Ulbrich
et al., 2008; Yin, 2005].

In this study, the objectives are two-fold. First, it is intended to present the mathematical
development of the EFF, and secondly, to demonstrate its relevance in diagnosing large-scale
anomaly patterns by considering a pertinent case study.

The structure of this thesis is as follows:
in Section 2 it is presented

the theoretical and mathematical development of the EFF and its components,
as well as, the data and methodologies;
in Section 3 results obtained for the selected case study are presented, in the following
sequence:
first, the dynamical mechanisms of the North Atlantic circulation are discussed,

second, the dynamical analysis of the precursors fields of the EFF components, is
carried out and

third, the Empirical Forcing Function is analysed

finally, in Section 4 the main results are discussed.






Chapter 2
Data and Methodology

2.1 Theoretical development of the Empirical Forcing Func-
tion

2.1.1 Potential Vorticity

The main purpose of dynamic meteorology is to achieve a better understanding of the large-
scale atmospheric motions in terms of its physical governing laws. In this framework, the
concept of potential vorticity is useful in the study of the atmospheric circulation, mainly
when considering an adiabatic flow or isentropic coordinates [Salby and Roger, 1996], where
this quantity is materially conserved (local rate of change entirely balanced by advection).
Since for extratropical synoptic-scale motions, the horizontal velocity is nearly geostrophic,
this approximation is called as quasi-geostrophic. The mathematical development of the
Empirical Forcing Function (EFF) is achieved from the development of the potential vorticity
equation, therefore a brief description of this concept is undertaken since there are different
forms of potential vorticity.

The vorticity is defined as the rotational part of the velocity vector
(=Vxec. (2.1)

For the quasi-horizontal motions of the atmosphere, the component of the planetary vorticity
normal to the earth’s surface is the Coriolis parameter

f =2Qsine. (2:2)
The vertical component of the absolute vorticity is given by

n=f+¢, (2.3)

where (, = g% - g—; is the vertical component of the relative vorticity.

Many studies make use of the original formulation of the potential vorticity by Ertel [1962]
in 8 coordinates, i.e., the Ertel’s potential vorticity

My = (¢o + f) (—Z—f}) (2.4
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where (p is the relative vorticity defined on isentropic surfaces, § potential temperature and p
pressure. This definition is also considered a good approximation for adiabatic and frictionless
flow.

It can be shown that the isentropic potential vorticity can also be written in the form

M, = —g(¢o+ f) g—z (2.5)

where g is the acceleration of gravity.

In several studies on large-scale general circulation [Hartmann, 1977; Lau and Wallace,
1979; Savijarvi, 1978] the relative vorticity defined on pressure surfaces ¢, was used instead
of y9. Therefore from equation (2.4) the following definition in isobaric coordinates can be
achieved

n,= G+ (-5)- (26)

Since the meteorological measurements are commonly defined at constant pressure levels,
the application of this equation is straightforward. There are other approximations of the
potential vorticity, however, as mentioned before the potential vorticity is the basis of the
EFF development. Under the isobaric quasi-geostrophic assumption

0
<a+vg.v)nzo (2.7)
the potential vorticity is defined as
o (T
II= — | = 2.8
(R <F> (2.8)
o (T\ . . . . . . .
where f 5, \ T ) 8 the normalized static stability designated as stretching vorticity, and T’
P

the static stability given by

_To _or AT

=%% "3 Cp (2.9)

After the analysis of I' in the different isobaric levels, constant values of the static stability

for each level were used. This procedure was also followed by Saltzman [1962] and Savijarvi
[1978].

2.1.2 Fundamental equations and deduction of the Empirical Forcing Func-
tion

The mathematical development of the Empirical Forcing Function involves fundamental equa-
tions and definitions and it was first presented by Saltzman [1962]. The following notation
is used in the development; (_) represents the time-mean, ( )’ time-mean departure, | |
represents the zonal-mean and ( )* the zonal-mean departure. Considering the time-mean
primitive equations of motion in the p-system, after Reynolds decomposition the zonal mo-
mentum balance equation can be written as
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3ﬂ _ — _3ﬂ T _ ¥ -
§+voVu+wa—p :(f+t;zm3)v—ac(l)w%§i+X (2.10)

and the meridional momentum balance equation as

ov ov T
ov =4 =27 _ gtanp\—_ 19
8t+voV'v+wap (f+ = )u a

o

+Y (2.11)

y
Y

from which the variables, X and Y, can be defined as

- — 1 ou? 1 00— ou'w v tangp

X =F — —u'v — 2.12
A (acosgo oA WL(J,coscpacpuvCOS(‘O+ Op a )’ (2.12)

- — 1 ou 1 90— e uw?tang

Y =F, - —'? . 2.13
v (acosgo oA + acosgoagov cosg+ Op + a ) (2.13)

The time-mean energy equation, also after Reynolds decomposition, can be written as follows

T — _oT R_— —
— 4+ vVeVI+u— =—w 2.14
at+v.V +w8p pcpr+Q (2.14)
the variable Q can be defined as
— — 1 00— 1 0 — 0 ——= R —=
_— 9RYTYFH4r _ W27 7T —JT — —JT 21
Q ™ (acosgoa)\uT + acosgoagov cosp + apw pcpw T) (2.15)

where ¢g, ¢r and ¢, are, respectively, the rates of heat addition per unit mass due to radiation,
conduction and friction and to latent heat release. Now consider the time-mean continuity
equation

%% +Vev =0, (2.16)
and the time-mean hydrostatic equation

0d RT

= - 2.17

B » (2.17)

From the potential vorticity definition (2.8), after applying the local time-derivative, the next
equality is obtained

oll on 0 o (T
7= ata(m(r) (219

as well as the following vectorial decomposition

veVII =voVn+voV<fa£p (%)) (2.19)
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From the following vorticity equation

%%—voV?]—FuJZ—Z—FnV.v-&kVu)X%;;—koVXF=O, (2.20)
and adding the terms 2 ( f % (%)) +veV ( f 3% (%)) to equation (2.20), the following equality

is obtained

T

W +nVev+kVwx P —keVxF+2 (£)

v (7% (F)
veV (& (§) =%<f§)(T>>+v.v< —<%>) (2.21)

The following relations are going to be integrated during the mathematical development of
the EFF. Let us considered the absolute vorticity equation, 7, from which the next equalities
are obtained

377 _ w3(6+f)

Bp Op
S
2.
“ap (2.22)
and
nWVev = ((+f)Vev
ow Ow
_ o ow 2.23
(G- 5 (223)
From the potential vorticity definition (2.8) the following conditions are attained
0 o (T a (10T o (Tor
(2 (V) =2 ()2 (L2 9.
7% (1) =15 (t%) -3 (55) 22
T
voVH=voVn+voV<f—(F>> (2.25)
o (T o (T 0
voV(f%<f)) fvoVa (f>+3_p( )von, (2.26)
and
o (T 10T T or
voV(f% (F)) fvoV<F8 ) fve V(F28 ) (2.27)
Let us also considered the following equalities
o (T T or
8—p(F>von— T2 op —veVf, (2.28)
0 fov f 0 T or
fc')_ ( ve VT) T'op o VT + Ve B_VT fveV (F2 Bp) (2.29)
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_fvo o (T
T (TeVI) = f6 P2VOVP +fP2 B oVI‘ (2.30)
and
o (T 19T\ f 0
From the energy conservation equation (2.14)
Q 1 /0T
-~ _ = 2.
I‘cp T <6t ve VT) (2.32)
Let us remind that from vorticity equation (2.20) the following equality (2.21) was attained
% +voV17+w?ﬁ +nVev+kVw x a—v —keV x F+
ot ~—~— Op dp
~ (219
(2.18)
0 o (T 0 0 o (T o (T
3 (1 (£) e (05 (0) -5 (5 (7)) =7 U (5))
(2.18) (219)
therefore
oll _ 0 o (T o (T on
G =g (1 (1)) +rev (5 (£) -5
——
(2.22)
ov
nVev—kVwx —+keVXF (2.33)
N—— Op

(2.23)
after substituting the expressions

oIl 0 o (T o (T
W“V“i&(fa—p (f))ff'v(fa—p(f»j

 p—— " —

(2 24) (2.26)

6C g—+f —kaxg—;+konF, (2.34)

(2.32)

consequently

oIl o (Tor 0 (10T g ([T
W“V“"fa—p(ﬁa)”a‘p(f?ﬁ)*f“va—p(f)+

7] aC Q 0 (10T
@“( )”‘Vf“”a—*C—*f—(f)‘fa—p(W)‘

(2.28)

f—(IVOVT)—kax%+konF, (2.35)

(2.29)
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from which after some simplifications the next equality is attained

a—H-l-voVH:—fﬁ(za—F)-|-f V(laT) ivoa—Z;V[‘—w%-l-

ot ap \I'? 6t Top) T2 5 dp
(2.31) (230)
QL f D (@Y SO Gp S, O r kY x Xt keV X F, (2.36)
Op op \T T dp r op Op
N——————
(2.31)
as well as,
all & (Tor\ &8 (T T T dv
a e =1 (5) + o (0) ve v 15 (fveve) s s e vr-
o Bw .8 (Q\ fov v
2=y f— (=)L = F. .
‘”ap+cap+fap(r) tap VI~ kax6p+kon (2.37)

After taking the time-mean average, the time-mean potential vorticity equation is then
attained

a?+v.vn @+§——‘§—S—kVGxZ—Z+%(ZV'Vf>—
ﬁ? VT + fop.vF—f%<§v.vF)— %(;%» (2.38)
where © is defined as
e = f%<—%—>+konF
(@i (B )

n (2.39), @ is the sum of the diabatic heating terms related to transient temperature fluxes,
whereas X and Y are the sum of the frictional dissipative components with the terms related
to transient momentum fluxes.

Noting that the second member of equation (2.38) is the sum of © with non-linear terms,
as follows
ol — Q —
N +vVeVIl = fa% (%) +k eV x F' + non-linear terms

= © + non-linear terms. (2.40)

Now considering only the stationary-eddy (asymmetric) components in equation (2.38)
and neglecting all non-linear asymmetric terms, the equation of the stationary-eddy potential
vorticity is obtained

ot o= L0 (O\" 1 Y 8- *

T o~ - Z(z = 7%

ot (Ve Vi) +f3p <[‘> + @ cos <6)\ Oy coscp)

oa - —(veVI)" + 0" (2.41)

ot
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where ©* is the Empirical Forcing Function (EFF).

According to Saltzman [1962], this approximation is reasonable when means are taken
over a sufficiently long time period, such as an entire season. In this case, the term can be
interpreted as a forcing term of the stationary-eddy potential vorticity and is also called EFF.
Since the local derivative of the stationary-eddy potential vorticity also tends to be neglected
when considering an entire season (steady-state), the EFF tends to be balanced by advection,
i.e., the advection pattern tends to be in phase opposition with the EFF pattern. Having in
mind these assumptions, it should be stressed that the analysis of the EFF is essentially a
diagnostic tool, not enabling studies of the development of the anomalies (onset/decay).

It is still worth emphasizing that the external forcing mechanisms of the atmospheric
circulation (boundary conditions), such as topographic effects, diabatic fluxes at the lower
atmospheric boundary are not incorporated in this definition. In fact, only internal (me-
chanical and thermal) processes are taken into consideration in the EFF formulation. Since
these internal processes interact through positive and negative feedback mechanisms with the
mean flow, they cannot be considered as independent forcing entities of the atmospheric flow.
For instance, positive eddy feedback mechanisms have shown to play a key role in the rein-
forcement of teleconnection patterns, such as the North Atlantic Oscillation [Riviere, 2009)].

2.1.3 Empirical Forcing Function components

In order to differentiate the contributions of the different processes to the total forcing, the
EFF can be expressed as a sum of seven components. In this way,

7
0" =Y ffa(\e.p)- (2.42)
n=1

Therefore, regions of positive (negative) values of ffn represent a cyclonic (anticyclonic)
forcing of the stationary-eddy potential vorticity. Moreover, since a local increase in I is
associated with the development of a trough, regions of positive values of ff, are associated
to cyclonic circulation. On the other hand, a local decrease in II" is associated with ridge
developments, and therefore associated to anticyclonic circulation. As previously explained,
in order to achieve a steady-state atmosphere, the sum of the seven components ©* must
be in phase opposition with the potential vorticity advections. Therefore, cyclonic vorticity
tends to be advected into the negative EFF regions, whereas anticyclonic vorticity tends to
be advected into the positive EFF regions under a stationary regime. It should be noted
the possibility that large scale potential vorticity anomalies set up without being caused by
any underlying forcing mechanism; in such case, under steady conditions, those anomalies
will not be advected by the atmospheric flow, with the consequence that they would remain
undetected by the present analysis. This possibility deserves further investigation, which falls
outside the scope of this study. In the present work it is assumed that the onset of circulations
resulting in dry or wet winters in continental Portugal is due to forcing effects which reflect
on different patterns of the EFF.
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Substituting (2.12), (2.13) and (2.15) in (2.39) and taking the zonal-mean departure the
formal breakdown of the EFF (2.42) is achieved The mathematical formulation of each com-
ponent is as follows:

f o ( m> )
== — = 2.43
fh e 9p T (2.43)
is the component associated to friction and diabatic heating,
fo <Q—L> )
=== 2.44
ffa & \ T (2.44)
is the component associated to latent heat release,
& (1 (ouWT & 98— )
=—f—(=Z=—4+ 9T 4
ff3 fé)p <F ( 3 + Bcpv coscp)) (2.45)

is the component associated to the differential divergence of the horizontal transient-eddy
transports of enthalpy,

0 (1 (8JT" R_—\\"
=—f— (= (= _ 27T 2.4
11 Op (F ( Op Cppw )) (2.46)

is the component associated to the differential divergence of the vertical transient-eddy trans-
ports of enthalpy,

1 (0F, OF, ) -
= - = (k. * 4
ffs acosp ( R £ coscp) (k.V x F) (2.47)
is the component associated to friction,
— —2
_ 1 1 0 (oY Ov cosyp —2 .
ffe = a’cosyp <cos<p 15).) ( o\ + Oy +usin cp)
72 o . *
- % (%LT + %u’v’coscp — u’v’singo)) (2.48)
is the component associated to the eddy horizontal transports of momentum,
1 8 (W 8§ )
_ “ -z 2.4
If acosy dp ( oA 6<puw COSSD) (2.49)

is the component associated to the eddy vertical transports of momentum.

For the second component, the rate of heat addition per unit mass due to condensation,
gL, was calculated indirectly from the water vapour continuity equation,

— g —— 0q
qr, = L<E+v0Vq+w6p>
= —L 8—6+Vovq+ﬂ ~—~L Vovq+ﬂ
ot Op Op

,—_L(lau_q+16v—q16u’—(]’16v_’(1—’

a = cos p+

acose O acosgo% acose O\ acosp Op
8aJ_q+8w’_q’>
9  op )

(2.50)



































































































































































































Chapter 4

Discussion and Conclusions

The occurrence of severe precipitation deficits over the western portion of the Iberian Penin-
sula is due to the lack of rainfall during the winter season. Winter precipitation is mainly
related to disturbed patterns in the North Atlantic large-scale atmospheric flow. A well de-
fined ridge over the Northern Atlantic is observed in the geopotential mean height field for dry
winters, both at 500 and 300 hPa, whereas for the wet ones the prevailing pattern is almost
zonal. This result is also supported by the difference field in the potential vorticity. The
near vertical tilt in the maximum anomaly axis of the zonal-mean geopotential height for dry
winters suggests that the ridge has a nearly equivalent barotropic structure. The presence of
a strong warm-core ridge westward of Iberia, is clearly unfavourable to rain generation over
western Iberia. This enhanced ridge blocks the propagation of the weather systems, leading
to a northward deflection of the storm track over the Eastern North Atlantic. The pattern
of the storm track anomalies displays a dipolar structure, similar to the NAO, however dis-
placed northeastward. The EOF analysis of the mean geopotential height field also suggests
the relevance of the NAO during the dry winters. Conversely, cyclonic activity seems to be
more relevant for the wet winters near the Iberian Peninsula.

The aforementioned ridge with equivalent barotropic warm-core leads not only to an
enhancement of the large-scale stationary wave pattern, but also to a clear differentiation
between the subtropical and polar jets. Indeed, the mid-latitude westerly jet suffers an im-
portant difluence just eastward of North America and the sub-polar jet presents a significant
tilt in its core [Santos et al., 2009b]. The transports of both enthalpy and specific humidity
are displaced, for the dry winters, to the northeast. This displacement is also observed for
the precipitation rate and precipitable water patterns. A nearly zonal flow is observed for the
wet winters. The regions of the maximum intensity of the enthalpy transports are concen-
trated in the preferred locations of the storm track and the observed deviation of the humidity
transports suggests the blocking of the transient systems by the intensified ridge. In fact, the
splitting of the subtropical jet stream into two branches corresponds to an intensification of
the meridional component of the mid-tropospheric circulation. Moreover, this intensification
is usually accompanied by a blocking located in the vicinity of the British Isles [Barriopedro
et al., 2006]. The transports of zonal momentum are plainly coherent with the presence of
an enhanced North Atlantic ridge for the dry winters, whereas for the wet winter the flow
pattern is almost zonal. It is also worth emphasizing the intensification of the advection of
specific humidity in the western part of the Iberian Peninsula during wet winters. Overall,
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the disturbed flow is not only related to an enhancement (weakening) of the NAO but also
to an enhancement (weakening) of the stationary eddies over the North Atlantic.

The formulation of the time-mean potential vorticity equation on isobaric surfaces (after
Saltzman, 1962) is revisited in the present study. This less conventional formulation presents
some attractive features. In fact, this formal development comprises a forcing term of the
equation (EFF) that can be decomposed into seven additive components associated with
different physical mechanisms. The role of different internal forcing mechanisms (both thermal
and mechanical processes) in maintaining stationary eddies in the large-scale atmospheric
motion can then be assessed.

The EFF was applied as a tool to diagnose large-scale stationary eddies associated with
the occurrence of strong ridges over the Eastern North Atlantic, which are often precursors
of severe droughts over Western Iberia [Andrade et al., 2010]. Results show that the EFF
pattern (total forcing term) is dynamically coherent with the configuration of the geopoten-
tial height field. For such events, the EFF pattern depicts a clear dipolar structure over the
North Atlantic that contributes to the maintenance of cyclonic (anticyclonic) potential vortic-
ity upstream (downstream) of the anomalously strong ridges. The analysis of the individual
components also shows that among the six calculated components (the fifth EFF component
is associated to frictional effects and was not computed), the most important component
throughout the troposphere is the first, which is associated with diabatic heating (latent heat
excluded). Nevertheless, latent heat release (second component) can also be important at low
tropospheric levels, while transient horizontal enthalpy (third component) and momentum
(sixth component) fluxes are important at high tropospheric levels. When compared with
the latter components, vertical fluxes are negligible throughout the troposphere (fourth and
seventh components). As such, the EFF pattern can be, at a first approximation, accurately
estimated by computing only the first component. At a second approximation, the estima-
tion of the EFF pattern at low (high) troposphere can be further improved by considering
the second (third and sixth) components. No significant improvements can be made when
considering the remaining components. Hence, they may be discarded in future studies.

Despite the previous results, in the interpretation of the EFF patterns some considerations
must be born in mind. Although several internal (both mechanical and thermal) processes are
taken into account in the EFF definition, the external forcing mechanisms of the atmospheric
circulation, such as topographic effects, diabatic fluxes at the lower atmospheric boundary are
not incorporated in this definition. In fact, these processes can only be included as boundary
conditions. Furthermore, taking into account that the EFF formulation derives from the
equation of the time-mean potential vorticity over a relatively long time scale (e.g., a season),
the EFF analysis only allows a diagnostic approach to the dynamical conditions, not enabling
studies of generation/decay (development) of the anomalies. In fact, in this kind of analysis
it can only be stated that an EFF component can contribute or not for the maintenance of a
specific stationary eddy. Many previous studies have shown that transient eddies interact with
the mean flow through positive and negative feedback mechanisms and cannot be considered
as independent forcing entities of the atmospheric flow le.g. Riviere, 2009].
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Even taking into consideration the previous limitations of the EFF analysis, results give
some evidence for considering the EFF patterns as a valuable tool in diagnosing stationary-
eddy anomalies in the large-scale atmospheric motion, illustrated here for the occurrence of
strong ridges over the Eastern North Atlantic. Moreover, by definition, the EFF enables
the assessment of the different contributions made by internal (both mechanical and ther-
mal) atmospheric processes in the maintenance of time-mean (e.g., seasonal mean) axially
asymmetric anomalies in the atmospheric flow. This last property is a major motivation
to consider the EFF patterns when analysing other large-scale atmospheric anomalies (e.g.,
teleconnections).
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