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Resume

Motivation

Water is essential for the Earth's life. The oceans contain 1 338 000 000 km3 of salt
water (Fig. 1). In the continental areas, only 34 921 740 km3 of fresh water are stored,
distributed into glaciers (24 000 000 km3), groundwater (10 800 000 km3), lakes and
marshes (102 000 km3), soil moisture (16 500 km3), rivers (2 120 km3) and water
stored in the biomass (1 120 km3). Finally, the atmosphere contains 12 900 km3

(Dingman, 2002 [56]). A simple calculation shows that:

Water stored in land areas
Water stored in the oceans

≈ Fresh water
Salt water

≈ 2.6% (1)

Over the oceans, there is always water available for evaporation. This implies
that oceanic evaporation equals potential evaporation. Over land, in contrast, mois-
ture has to overcome more di�culties to be evapotranspired. For instance, the passage
of ice molecules in glaciers towards the atmosphere is very limited, as well as the con-
version of liquid water from the groundwater reservoir into atmospheric vapor. This
restrictions suggest that the fraction of land evapotranspiration with respect to the
oceanic evaporation might represent, globally, much less than the above-calculated
2.6%. Consequently, in terms of precipitation and at a global scale, we might roughly
state that rainfall with origin on land evapotranspiration should not exceed 2 or 3%
of the rainfall derived from oceanic evaporation.

But does this global water balance hold for a particular land area? And more
speci�cally, is this true for the Iberian Peninsula? Let us examine it in detail. The
Iberian Peninsula is located in the southwest corner of the European continent, within
an imaginary spherical rectangle de�ned by latitudes 36°N and 44°N, and longitudes
10°W and 2°E, approximately. Surrounded by two unlimited sources of water, the
Atlantic Ocean and the Mediterranean Sea, the Iberian Peninsula faces the westerly
winds, characteristic at the mid latitudes, which bring humidity from the Atlantic
into the Iberian land regions. Under this geographical con�guration, it seems clear
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Figure 1: Schematic representation of stocks and water �uxes (km3) in the global
hydrologic cycle. This �gure is obtained from Dingman (2002) [56].

that oceanic moisture must be, by large, the main source for the Iberian rainfall.
Intuitively, and according to the previous discussion, we could roughly say that the
contribution of locally evapotranspired moisture to precipitation, with respect to the
oceanic, large-scale contribution, should not be much higher than the global 2 or 3%.
But is this always the case?

Actually, it is not. In this thesis, we show that in the arid and semiarid regions of
the interior, east and northeast of the Iberian Peninsula, locally evapotranspired mois-
ture can be responsible, directly or indirectly, for over 50% of the total precipitation
during spring and early summer. This contrasts with the Atlantic and Cantabrian
coastal areas, where this contribution is very reduced. The question is, therefore, why
this �unexpected� intensi�cation of the impact of evapotranspiration on the rainfall
regime takes place in inland Iberia. Giving a comprehensive answer to this question
constitutes, precisely, the main goal of this thesis.

The relevance of spring precipitation

An important part of the interior, eastern and northeastern regions of Iberia, where
agriculture has been traditionally the mainstay of the local economy, presents arid or
semiarid characteristics, often su�ering from water limitations. In the context of a
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changing climate, which is expected to a�ect the Mediterranean area, and in particular
the Iberian Peninsula, with higher-than-average intensity, understanding the major
sources of moisture and the speci�c physical processes whereby precipitation falls over
these areas becomes crucial for their medium and long term sustainability.

The remarkable impact of evapotranspiration �uxes on precipitation, observed
during spring and early summer throughout the interior of Iberia, would not be that
relevant if it was associated to low rainfall totals and had a reduced impact on human
activities. Nevertheless, this is not the case. Actually, it is precisely during spring
and early summer when the absolute maximum of precipitation in the annual cycle
takes place in large interior, eastern and northeastern regions. The signi�cant amount
of rainfall registered in spring is re�ected in a large amount of popular sayings and
proverbs throughout the Iberian Peninsula, as it is the case with the spanish saying
en abril, aguas mil (�in April, lots of rain�), or in its portuguese version, é próprio do
mês de abril as águas serem às mil. As mentioned, it is impossible to account for this
peak of rainfall without considering the contribution of internal evapotranspiration.
The convective nature of an important fraction of this rain is also described in several
proverbs. In the northeastern sector of Iberia, we �nd, for instance, tronades d'abril,
fruites mil (�stormy April, lots of fruits�) or al maig, cada dia un raig (�in May, one
lightning a day�). Similarly, in the western side it is said, with a similar meaning,
that maio que não der trovoada, não dá coisa estimada.

Furthermore, the spring surplus of precipitation in inland Iberia has a critical
impact on human activities, specially on agriculture. This is also re�ected in a variety
of proverbs, from Portugal to Catalonia and from Andalusia to the Basque Country.
A good example is found in the castilian saying como agua de mayo (literally �like
water of May�, with the meaning of �like a breath of fresh air�), widely used in the
everyday speech to describe any thing or action that produces a very positive e�ect.
Similarly, in the interior of Portugal, a variety of proverbs highlight the relevance of
rainfall in April and May. For instance, seca de abril, deixa o lavrador a pedir (�a
drought in April makes the farmer poor�); maio pardo e ventoso faz o ano farto e
formoso (�a humid and windy May turns the year abundant and beautiful�); água de
maio, pão todo o ano (�rainfall in May, bread for the whole year�); em maio verás a
água com que regarás (�in May, you will have the rain you need for farming�), also said
in the interior of Galicia; or with a similar meaning, quando chove na Ascensão, até
as pedrinhas dão pão. Similar sayings expressing this idea are found in the Basque
Country: Pazkoa euritsu, urte hura ogitsu (�rain at Easter, fruitful year�); maiatz
eurite, urtea ogite (�rain in May, fruitful year�). Also, in the eastern side of Iberia,
many popular proverbs state the relevance of the spring precipitation for agriculture.
For example, l'abril mullat, de pa ve carregat (�a wet April brings a lot of bread�);
a l'abril cada gota en val mil (�in April, every raindrop is very valuable�); or maig
humit fa al pagès ric (�a humid May makes the farmer rich�).
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Contents of this thesis

This thesis is organized in six main chapters and �ve appendices including supple-
mentary materials. Whereas chapter 1 provides a general introduction to this inves-
tigation, in chapter 2 we examine the di�erent methods and datasets used in this
work. The main results are presented and discussed in chapters 3, 4 and 5. Chapters
3 and 4 correspond in large parts to the articles �Precipitation recycling in the Iberian
Peninsula: spatial patterns and temporal variability� and �Moisture recycling and the
maximum of precipitation in spring in the Iberian Peninsula�, respectively (see the
List of Publications for the complete references). Chapter 5 completes these studies
by analyzing regional simulations that include an innovative tool of moisture tracers.
The material included in this chapter will be part of the article �Regional climate
simulations with moisture tracers to investigate land-atmosphere interactions in the
terrestrial water cycle over the Iberian Peninsula� (see the List of Publications for
the complete reference), which is now in preparation. Each of these three chapters
is introduced by an initial abstract. In a �nal section at the end of each of these
chapters, the corresponding partial conclusions are brie�y summarized. Finally, the
general conclusions of the whole investigation are presented in chapter 6.

Chapter 1 provides a general introduction to contextualize the investigation
presented in this thesis. In this framework, the experimental motivation, the objec-
tives and the theoretical bases of this study are explained and examined in detail.
First, a complete description of the Iberian precipitation regime is given. We pay
special attention to the relative maximum of precipitation observed throughout the
interior of the Iberian Peninsula, which tends to become the absolute maximum in the
annual cycle in the eastern and northeastern regions. The need to fully understand
the physical processes responsible for this peak of rainfall constitutes, as mentioned,
the main motivation for this thesis. This requires a comprehensive investigation of
the major moisture sources contributing to rainfall over the Iberian Peninsula and, in
particular, over its interior lands. In practice, this means separating the contribution
to the Iberian precipitation of locally evapotranspired moisture from that of moisture
advected from outside by the winds. The recycling ratio, de�ned in chapter 1, is
shown to be a crucial magnitude to assess the relative weight of both terms.

Our working hypothesis is that locally evapotranspired moisture is the key to
explain the upturn of precipitation amounts during April and May in inland Iberia.
This implies that land-atmosphere interactions in general, and recycling and ampli�-
cation mechanisms in particular, may play a fundamental role on the spring rainfall
regime of the interior areas. In this �rst chapter, a detailed characterization of these
land-atmosphere processes is provided, including a discussion on their dependence in
di�erent features, as is the case with human activities, soil moisture, groundwater
and water table dynamics. The double e�ect whereby evapotranspiration �uxes en-
hance precipitation is also discussed: on the one hand, by adding new moisture to
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the atmosphere that can be used for further precipitation (direct or recycling e�ect);
on the other hand, by increasing the instability of the atmospheric column and thus
favoring the ascend of moisture and the development of convective structures (indirect
or ampli�cation e�ect).

In chapter 2, the technical details of the di�erent methods, computational tools
and datasets used in this thesis are provided. WRF model simulations constitute the
main experimental material for our analysis. In this chapter, we describe the model
setups used in our runs, indicating the geographical domains, time periods, horizon-
tal resolution, model options and parameterizations used. Apart from the standard
WRF model simulations, it is interesting to note that experimental runs, where the
evapotranspiration �ux is suppressed over the Iberian Peninsula, were also carried
out for the months of January and May of the years 2000 to 2010. This procedure
constitutes an optimal way to explore the distinct e�ect of land evapotranspiration
in the winter and spring rainfall regimes of the Iberian Peninsula. This impact is
examined in more detail in chapter 5 through additional WRF model simulations
including a new option of moisture tracers. This original capability allows tracking
the trajectories described by the moisture molecules, since they are evapotranspired
until they precipitate or are advected out of the model's domain.

The methods used in this thesis can be classi�ed into two types. On the one
hand, three di�erent procedures to compute the recycling ratio are used: 1) the an-
alytical recycling model developed by Schär et al. (1999); 2) the numerical recycling
model due to Eltahir and Bras (1994); and 3) the explicit method of moisture tracers.
On the other hand, two methods are used to separate the direct (recycling) contri-
bution from the indirect (ampli�cation) contribution of evapotranspiration �uxes to
the spring peak of precipitation. The �rst method is also due to Schär et al. (1999),
whereas the second is original, based on the comparison of control simulations, with
all land-atmosphere �uxes normally activated, to the above-mentioned experimental
runs where those �uxes are eliminated.

In chapter 3, the recycling ratio is computed at the monthly scale, over the
Iberian Peninsula, along a period of 18 complete annual cycles, from January 1990 to
December 2007. The recycling ratio is found to be the highest during late spring and
early summer. Interestingly, the highest intensity of recycling is observed to occur in
the interior, overlapping those areas where the spring peak of precipitation is observed.
In general, two conditions are found to be directly related to high recycling values over
the Iberian Peninsula: 1) the availability of su�cient soil moisture, directly linked to
the rainfall amounts registered during the previous season; and 2) the occurrence of
appropriate synoptic con�gurations favoring the development of convective regimes.
The combination of these two conditions seems to explain the magnitude of recycling
ratios at any period of the year in Iberia. We hypothesize that this scheme might also
hold for other regions in the world with semi-arid types of climate. Regardless, this
preliminary investigation, complemented in chapters 4 and 5, con�rms that recycling



xiv

processes play a crucial role in spring precipitation over the interior areas of the
Iberian Peninsula.

In chapter 4, we focus our attention in the months of May along the last
decade (2000-2010). The reason for selecting this month is twofold: �rstly, because
it is precisely in May when the annual maximum of rainfall takes place in large areas
of the interior, east and northeast of Iberia; and secondly, because the activity of
land-atmosphere interactions is signi�cantly enhanced in this month. In addition, the
corresponding months of January along the same period are also simulated, as a man-
ner to assess the essential di�erences in the Iberian rainfall regime between winter and
late spring. From this analysis, we conclude that suppressing land evapotranspiration
in May would lead to an average reduction of precipitation by 37%. In addition,
recycling and ampli�cation contributions are found to have a similar impact on the
extra spring precipitation. In general, the recycling term tends to predominate when
the external forcing is weak, principally in the northern half of the Iberian Peninsula.
This is expected, since in this case locally evapotranspired water is almost the only
source of moisture for precipitation. On the contrary, when the synoptic circulation
is more intense and a substantial amount of external moisture is advected into Iberia,
the ampli�cation mechanism tends to prevail. This indirect e�ect of evapotranspira-
tion �uxes is of the greatest relevance, as it helps incorporating external wetness to
the Iberian hydrology cycle.

In chapter 5, regional WRF model simulations incorporating moisture tracers
are performed, along the period May 2000 - May 2010, over the Iberian Peninsula.
This tool of moisture tracers allows computing the recycling ratio and presents two
major advantages with respect to classical recycling models: 1) the method com-
putes explicitly the fractions of precipitation with internal (locally evapotranspired)
and external (advected) origin, without requiring any additional assumption; and 2)
the recycling ratio can be computed at any time scale, and not only at monthly or
larger scales as the limitations of the traditional recycling models impose. These �nal
simulations with moisture tracers show that both the recycling ratio and the recy-
cling contribution to the extra spring precipitation are more spread throughout the
northern half of the interior Iberia, with the highest intensity in the North Plateau,
Central and Iberian Systems and the Pyrenees, and no so concentrated to the eastern
and northeastern regions as the classical calculations through the method by Eltahir
and Bras (1994) suggest. The latter method is found to systematically overestimate
the recycling values, whereas the simpler model by Schär et al. (1999) produces re-
gional recycling values much closer to the more accurate ones obtained through this
innovative method of moisture tracers.

Finally, the most important conclusions of the whole investigation are summa-
rized in chapter 6. In the light of our results, we can state that the spring maximum
of precipitation taking place in inland Iberia cannot be explained without considering
the crucial role of land-atmosphere interactions, and in particular evapotranspiration
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�uxes. We strongly believe that this thesis constitutes a relevant improvement in the
description of the precipitation regime of the interior Iberian lands. The main phys-
ical mechanisms underlying the upturn of rainfall totals in spring are identi�ed, and
the methods used and developed here account satisfactorily for their relative impacts.

At the end of this thesis, complementary material is organized in �ve appendices.
In appendices A, B and C, we include additional details on the computation of the
water budget terms and the recycling ratio through the methods of Schär et al. (1999)
and Eltahir and Bras (1994). In appendix D, we thoroughly explain the procedure
whereby we removed the land evapotranspiration in the WRF simulations analyzed
in chapter 4. In appendix E, the sensitivity to horizontal resolution of the classical
recycling model developed by Eltahir and Bras (1994) is explored.

Possible applications and future work

The possible practical applications of the investigation presented in this thesis can
be classi�ed into two major blocks. On the one hand, our study can contribute to
the improvement of seasonal forecasting in the Iberian Peninsula and, related to this,
to the improvement of alert systems management. In this thesis, the impact of local
evapotranspiration on spring rainfall is found to be crucial in the interior of the Iberian
Peninsula. As a result, if the winter of a certain year is very dry, the subsequent water
shortage of the soil will result in a decrease of evapotranspiration and, consequently,
of precipitation. In this context, the probability of a dry summer is enhanced and
�ood risks are reduced. On the contrary, the likelihood of extreme rainfall events
after a humid winter is signi�cantly increased, even though their occurrence or not
will be modulated by the speci�c synoptic con�guration of the subsequent spring and
summer. This analysis shows that the assessment of the impact of land-air �uxes
on the precipitation regime can be critical to estimate �ood and drought risks in the
Iberian Peninsula.

We believe that this investigation could be also very valuable in terms of hydro-
logical planning and regional sustainability. This is related to the fact that human
activities have a critical impact on the local fraction of precipitation. As a result, in
inland Iberia, where this contribution plays a major role in the spring precipitation
regime, a correct planning of the use of land and an appropriate management of the
limited water resources is essential for the regional sustainability.

In the future, carrying out WRF model simulations including moisture tracers
and a fully coupled land-surface scheme representing the groundwater and water table
dynamics would probably constitute the best manner to explore the Iberian hydrology
cycle and precipitation regime. We suggest that this procedure might be useful not
only in the interior areas of the Iberian Peninsula but also in any other semiarid region
all over the world.
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Resumo

Motivação

A água é essencial para a vida na Terra. Os oceanos de todo o planeta contêm
1 338 000 000 km3 de água salgada (Fig. 2). As regiões continentais, por sua vez, ar-
mazenam apenas 34 921 740 km3 de agua doce, distribuída em glaciares (24 000 000
km3), águas subterrâneas (10 800 000 km3), lagos e pântanos (102 000 km3), hu-
midade do solo (16 500 km3), rios (2 120 km3) e água contida na biomasa (1 120
km3). Finalmente, a atmosfera contém 12 900 km3 (Dingman, 2002 [56]). Um cálculo
simples mostra que:

Água contida nos continentes

Água contida nos oceanos
≈ Água doce

Água salgada
≈ 2.6% (2)

Nos oceanos há sempre água disponível para a evaporação. Isto quer dizer que
a evaporação oceânica é igual à evaporação potencial. Nas regiões continentais, em
troca, a humidade tem mais di�culdade para ser evapotranspirada. Por exemplo, a
passagem de partículas de água congelada nos glaciares para a atmosfera apresenta
enormes limitações, tal como a conversão em vapor atmosférico da água líquida ar-
mazenada no reservatório de águas subterrâneas, nas camadas profundas do solo.
Estas restrições sugerem que a fração de evapotranspiração nas áreas continentais
com respeito à evaporação nos oceanos deveria representar, globalmente, um valor
notavelmente abaixo dos 2,6 % calculados anteriormente. Em consequência, em ter-
mos de precipitação e à escala planetária, poderíamos a�rmar que, aproximadamente,
a chuva proveniente de evapotranspiração terrestre não devia constituir mais de 2 ou
3% da chuva com origem na evaporação oceânica.

Mas é correto este balanço hídrico global para qualquer região continental? E
mais especi�camente, é correto para a Península Ibérica? Analisemos a questão em
detalhe. A Península Ibérica ocupa o canto sudoeste do continente Europeu, no
interior de um retângulo esférico imaginário de�nido pelas latitudes 36°N e 44°N e
as longitudes 10°W e 2°E, aproximadamente. Rodeada por duas fontes ilimitadas de
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Figura 2: Representação esquemática dos reservatórios e �uxos de água (km3) no
ciclo hidrológico global. Figura obtida de Dingman (2002) [56].

água (o Oceano Atlântico e o Mar Mediterrâneo), a Península Ibérica recebe os ventos
de Oeste, próprios das latitudes médias e responsáveis por transportarem a humidade
evaporada no Atlântico para o interior da Península. Sob esta con�guração geográ�ca,
é claro que a humidade oceânica devia constituir, de longe, a principal fonte de água
para a precipitação ibérica. Intuitivamente, e em concordância com a discussão prévia,
poderíamos dizer numa primeira aproximação que a contribuição para a precipitação
da humidade localmente evapotranspirada, com respeito à contribuição da humidade
oceânica ou de grande escala, não devia ser muito maior do que os nossos 2 ou 3%
globais. Mas é isto sempre assim?

A resposta é não. Nesta tese de doutoramento demonstramos que nas regiões
áridas e semiáridas do interior, do Leste e do Nordeste da Península Ibérica, a hu-
midade evapotranspirada localmente pode se responsável, direta ou indiretamente,
por mais de 50% da precipitação durante a primavera e o começo do verão. Nas
regiões costeiras do Atlântico e do Cantábrico, em troca, esta contribuição é muito
mais baixa. A pergunta é, portanto, por que razão acontece esta �inesperada� in-
tensi�cação do impacto da evapotranspiração na precipitação em grandes extensões
do interior da Península Ibérica. Conhecer uma resposta completa a esta pergunta
constitui, precisamente, o objetivo principal desta tese.
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A relevância da precipitação primaveral

Grandes extensões do interior, Leste e Nordeste da Península Ibérica, onde a agricul-
tura tem sido tradicionalmente o alicerce principal da economia local, apresentam car-
acterísticas de aridez ou semiaridez e frequentes problemas de escassez de água. Num
contexto de mudança climática, que muito provavelmente vai afetar a área Mediter-
rânica, e nomeadamente a Península Ibérica, com uma intensidade superior do que a
média, conhecer as principais fontes de humidade e os mecanismos físicos especí�cos
que controlam a precipitação nestas áreas torna-se essencial para a sustentabilidade
das mesmas a médio e longo prazo.

O forte impacto da evapotranspiração na precipitação, observado durante a pri-
mavera e o início do verão em todo o interior da Ibéria, não seria assim tão relevante
se estivesse associado a quantidades pequenas de chuva ou tivesse um impacto re-
duzido nas atividades humanas. No entanto, a situação é precisamente a contrária,
pois é durante a primavera e o começo do verão que acontece o máximo absoluto no
ciclo anual de precipitação em grandes extensões do interior, do Leste e do Nordeste
peninsular. A elevada quantidade de chuva observada na primavera espelha-se numa
grande quantidade de ditados e provérbios populares por toda a Ibéria, como é o caso
do ditado castelhano en abril, aguas mil ou da versão portuguesa do mesmo, é próprio
do mês de abril as águas serem às mil. Como já foi assinalado, é mesmo impossível
descrever este pico de precipitação sem considerarmos a contribuição do �uxo interno
de evapotranspiração. A natureza convectiva de muita desta precipitação re�ete-se
igualmente em vários provérbios, tanto no setor nordeste da Península, onde encon-
tramos, por exemplo, tronades d'abril, fruites mil (�trovoadas de abril, frutas mil�) ou
al Maig, cada dia un raig (�em maio, cada dia um raio�), como na parte occidental,
onde se diz que maio que não der trovoada, não dá coisa estimada.

Por outro lado, o aumento da precipitação na primavera no interior peninsu-
lar tem um forte impacto nas atividades humanas, nomeadamente na agricultura.
Isto espelha-se também num grande número de ditados populares, de Portugal à
Catalunha e da Andaluzia ao País Basco. Um bom exemplo é o dito castelhano
como agua de mayo, muito comum na fala quotidiana para descrever qualquer facto
ou ação que produz um efeito muito positivo. Igualmente, no interior de Portugal,
uma grande quantidade de provérbios salientam a importância das chuvas de abril e
maio. Assim, temos por exemplo seca de abril, deixa o lavrador a pedir ; maio pardo
e ventoso faz o ano farto e formoso; água de maio, pão todo o ano; em maio verás
a água com que regarás, próprio também do interior da Galiza; ou quando chove na
Ascensão, até as pedrinhas dão pão. Ditados semelhantes, a exprimirem esta mesma
ideia, encontram-se também no País Basco: Pazkoa euritsu, urte hura ogitsu (�chuva
na Páscoa, ano de abundância�); maiatz eurite, urtea ogite (�chuva em maio, ano de
abundância�). Também na área oriental da Península são muitos os provérbios popu-
lares que con�rmam a importância da precipitação primaveril para a agricultura. Por
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exemplo, l'abril mullat, de pa ve carregat (�abril molhado, de pão vem carregado�);
a l'abril cada gota en val mil (�em abril, cada pinga vale mil�); ou maig humit fa al
pagès ric (�maio húmido torna o lavrador rico�).

Conteúdos desta Tese

Esta Tese organiza-se em seis capítulos principais e cinco apêndices que incluem os
materiais suplementares. Enquanto o capítulo 1 apresenta uma introdução geral a
esta investigação, no capítulo 2 os diferentes métodos e conjuntos de dados utilizados
neste trabalho são examinados. Os principais resultados são apresentados e discutidos
nos capítulos 3, 4 e 5. Os capítulos 3 e 4 correspondem, em grande parte, com os
artigos �Precipitation recycling in the Iberian Peninsula: spatial patterns and temporal
variability� e �Moisture recycling and the maximum of precipitation in spring in the
Iberian Peninsula�, respectivamente (as referências completas podem consultar-se na
Lista de Publicações). O capítulo 5 complementa estes estudos mediante a análise
de simulações regionais que incluem a inovadora ferramenta dos traçadores de hu-
midade. O material incluído neste capítulo fará parte do artigo �Regional climate
simulations with moisture tracers to investigate land-atmosphere interactions in the
terrestrial water cycle over the Iberian Peninsula� (Lista de Publicações), que se en-
contra em preparação. Cada um desses três capítulos é introduzido por um pequeno
abstract ou resumo inicial. No �m de cada um desses capítulos, as conclusões parciais
correspondentes são sintetizadas. Finalmente, as conclusões gerais do conjunto deste
estudo apresentam-se no capítulo 6.

O capítulo 1 consiste numa introdução geral que permite contextualizar a in-
vestigação desenvolvida nesta tese de doutoramento. A motivação experimental, os
objetivos e as bases teóricas deste estudo são exprimidas e examinadas em detalhe
neste capítulo. Em primeiro lugar, inclui-se uma descrição completa do regime de
precipitação na Península Ibérica. Em particular, uma especial atenção é dada ao
máximo relativo de precipitação observado por todo o interior da Península, que tende
a se converter no máximo absoluto do ciclo anual nas regiões do Leste e do Nordeste.
A necessidade de compreender de forma completa os processos físicos responsáveis
por este pico de precipitação constitui, como já foi assinalado, a principal motivação
para esta tese. Isto requer uma investigação completa das principais fontes de hu-
midade que contribuem para a precipitação na Ibéria e, especi�camente, nas regiões
do interior. Na prática, isto signi�ca separar a contribuição da humidade localmente
evapotranspirada da contribuição da humidade advectada do exterior da Península
pelos ventos. A taxa de reciclagem, de�nida no capítulo 1, é uma magnitude crucial
para avaliar o peso relativo destes dois termos.

A nossa hipótese de trabalho baseia-se na ideia de que a humidade localmente
evapotranspirada constitui a chave para explicar o aumento da precipitação durante os
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meses de abril e maio no interior da Península Ibérica. Isto quer dizer que as interações
terra-atmosfera em geral, e os mecanismos de reciclagem e ampli�cação em particular,
podem desempenhar um papel fundamental no regime pluviométrico primaveril das
regiões do interior. Neste primeiro capítulo, esses processos terra-atmosfera são anal-
isados em detalhe, incluindo-se uma discussão sobre a sua dependência com vários
fatores, como é o caso das atividades humanas, da humidade do solo ou da dinâmica
das águas subterrâneas e do lençol freático. O duplo efeito através do qual os �uxos
de evapotranspiração intensi�cam a precipitação é também discutido: em primeiro
lugar, fornecendo humidade adicional às camadas baixas atmosfera, de modo que essa
humidade possa fazer parte de episódios posteriores de precipitação (efeito direto ou
de reciclagem); em segundo lugar, favorecendo a instabilidade na coluna atmosférica
e, consequentemente, a ascensão de vapor de água e o desenvolvimento de estruturas
convectivas (efeito indireto ou de ampli�cação).

No capítulo 2 descrevem-se os detalhes técnicos dos diferentes métodos, ferra-
mentas computacionais e bases de dados utilizados nesta tese. As simulações realiza-
das com o modelo WRF constituem o principal material experimental usado na nossa
análise. Neste capítulo descrevemos a con�guração das simulações realizadas com o
modelo WRF, especi�cando os domínios geográ�cos, períodos de tempo, resolução
horizontal, opções do modelo e parametrizações utilizadas. Para além das simulações
padrão com o modelo WRF, também foram realizadas, durante os meses de janeiro
e maio dos anos 2000-2010, onze pares de simulações experimentais em que o �uxo
de evapotranspiração sobre a Península Ibérica foi suprimido. Este procedimento
representa a melhor maneira para explorar os diferentes efeitos da evapotranspiração
terrestre nos regimes pluviométricos de inverno e de primavera na Península Ibérica.
Esse impacto é discutido em maior profundidade no capítulo 5 por meio de simu-
lações adicionais, também realizadas com o modelo WRF, nas quais é incluída uma
nova ferramenta computacional: o uso de traçadores de humidade. Esta ferramenta
inovadora permite seguir as trajetórias descritas pelas moléculas de humidade, desde
o momento e lugar da evapotranspiração até precipitarem ou serem advectadas para
fora do domínio do modelo.

Os métodos usados neste trabalho podem ser classi�cados em dois tipos. Por
um lado, três métodos diferentes são utilizados para calcular a taxa de reciclagem:
1) o modelo analítico de reciclagem desenvolvido por Schär et al. (1999); 2) o mo-
delo numérico de reciclagem de Eltahir e Bras (1994); e 3) o método explícitos dos
traçadores de humidade. Por outro lado, dois métodos são empregues para separar
as contribuições direta (reciclagem) e indireta (ampli�cação) dos �uxos de evapo-
transpiração ao pico de precipitação primaveril. O primeiro método é também devido
a Schär et al. (1999), enquanto que o segundo é original, baseado na comparação
de simulações de controlo (com todos os �uxos terra-atmosfera ativados) com as
simulações experimentais, indicadas acima, nas quais esse �uxo é eliminado.

No capítulo 3, a taxa de reciclagem é calculada à escala mensal, para a Penín-
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sula Ibérica, ao longo de um período de 18 anos completos (de janeiro de 1990 até
dezembro de 2007). As taxas de reciclagem mais elevadas encontram-se no �nal da
primavera e no início do verão. Curiosamente, os valores mais altos de reciclagem são
observados no interior, coincidindo em grande parte com as áreas em que se regista
o máximo anual de precipitação na primavera. Em geral, as duas condições especi�-
cadas a seguir estão diretamente relacionadas com os valores mais altos de reciclagem
sobre a Península Ibérica: 1) a disponibilidade de humidade su�ciente no solo, di-
retamente ligada à quantidade de chuva registada durante a estação prévia; e 2) a
existência de con�gurações sinópticas apropriadas que favoreçam o desenvolvimento
de regimes convectivos. A combinação destas duas condições permite explicar cor-
retamente a magnitude das taxas de reciclagem em qualquer período do ano para
a Península Ibérica. A nossa hipótese é que este esquema pode também ser válido
para outras regiões do mundo com climas semiáridos. De qualquer maneira, esta
pesquisa preliminar, complementada nos capítulos 4 e 5, con�rma que os processos
de reciclagem desempenham um papel crucial na precipitação primaveril do interior
da Península Ibérica.

No capítulo 4 concentramos a nossa atenção nos meses de maio da última dé-
cada (2000-2010). Escolhemos este mês por duas razões: em primeiro lugar, porque
é justamente em maio que ocorre o máximo anual de precipitação em grandes áreas
do interior, Leste e Nordeste da Península Ibérica; e em segundo lugar, porque a in-
tensidade das interações solo-atmosfera aumenta signi�cativamente neste mês. Além
disso, os correspondentes meses de janeiro ao longo do mesmo período são também
simulados, com a �nalidade de avaliar as importantes diferenças entre os regimes de
precipitação do inverno e da primavera na Península. À luz desta análise, conclui-se
que a supressão da evapotranspiração terrestre em maio teria como resultado uma
redução média da precipitação total de cerca de 37%. Além disso, podemos concluir
que as contribuições da reciclagem e da ampli�cação têm um impacto semelhante na
precipitação extra de primavera associada aos �uxos terra-ar. Em geral, o termo de
reciclagem tende a predominar quando o forçamento externo é fraco, nomeadamente
na metade norte da Península Ibérica. Isso faz sentido, pois neste caso a água evapo-
transpirada localmente é praticamente a única fonte de humidade para precipitação.
Inversamente, quando a circulação sinóptica é mais intensa e uma quantidade sub-
stancial de humidade externa é advectada do exterior da Península, o mecanismo de
ampli�cação tende a predominar. Este efeito indireto dos �uxos de evapotranspiração
é de grande importância, ao facilitar a incorporação de água externa adicional ao ciclo
hidrológico peninsular.

No capítulo 5 descrevem-se os resultados das simulações regionais sobre a
Península Ibérica realizadas com o modelo WRF, ao longo do período de maio 2000 -
maio 2010, incorporando os traçadores de humidade. Esta nova ferramenta computa-
cional permite calcular a taxa de reciclagem e apresenta duas vantagens principais
em relação aos métodos clássicos de computação da mesma: 1) O método calcula ex-
plicitamente as frações de precipitação com origem interna (evapotranspiração local)
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e externa (advecção), sem precisar de qualquer suposição adicional; e 2) a taxa de
reciclagem pode ser calculada em qualquer escala temporal, e não apenas às escalas
mensais ou superiores, tal como as limitações dos modelos tradicionais de reciclagem
impõem. Estas simulações com traçadores de humidade demonstram que tanto a taxa
de reciclagem como a contribuição de reciclagem para a precipitação adicional da pri-
mavera encontram-se distribuídas de forma bastante uniforme pelo interior da metade
norte peninsular, com particular incidência no Planalto Norte, na região Centro, no
Sistema Ibérico e nos Pirenéus, e não tão concentradas nas regiões Leste e Nordeste
como sugere o cálculo clássico segundo o método de Eltahir e Bras (1994). Este úl-
timo método tende a subestimar sistematicamente os valores de reciclagem, enquanto
o modelo (mais simples) desenvolvido por Schär et al. (1999) produz valores regionais
de reciclagem muito mais próximos dos resultados mais precisos e �áveis obtidos por
meio do método dos traçadores de humidade.

Finalmente, as conclusões mais importantes do conjunto da presente investigação
são resumidas no capítulo 6. À luz dos nossos resultados, podemos dizer que o
máximo primaveril de precipitação que ocorre no interior da Península Ibérica não
pode ser explicado sem ter em conta o papel crucial das interações terra-atmosfera
e, especi�camente, dos �uxos de evapotranspiração. Temos a certeza que esta tese
constitui uma melhora signi�cativa na descrição do regime de precipitação das regiões
interiores da Península. Os principais mecanismos físicos que explicam o aumento
da quantidade de chuva na primavera foram identi�cados e os métodos utilizados e
desenvolvidos permitem avaliar satisfatoriamente o seu impacto.

Nos apêndices incluídos no �m desta tese, alguns materiais adicionais são apre-
sentados. Nos apêndices A, B e C certos aspetos complementares relativamente ao
cálculo dos termos do balanço hídrico e a taxa de reciclagem por meio dos métodos de
Schär et al. (1999) e Eltahir and Bras (1994) são discutidos. No apêndice D explica-se
minuciosamente o procedimento a seguir para suprimir a evapotranspiração terrestre
nas simulações com o modelo WRF analisadas no capítulo 4. No apêndice E, �nal-
mente, estuda-se a sensibilidade do método clássico de reciclagem de Eltahir e Bras
(1994) à resolução horizontal.

Possíveis aplicações e trabalho futuro

As possíveis aplicações práticas da investigação apresentada nesta tese poderão ser
classi�cadas em dois grandes blocos. Por um lado, o nosso estudo pode contribuir
para a melhoria dos sistemas de predição sazonal na Península Ibérica e, consequente-
mente, para o aperfeiçoamento na gestão de sistemas de alerta perante eventos ex-
tremos. Nesta tese mostra-se que o efeito da evapotranspiração local na precipitação
primaveril é fundamental no interior da Península Ibérica. Deste modo, se o inverno
de um determinado ano é extremamente seco, a subsequente escassez de água no solo
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resultará numa diminuição da evapotranspiração e, portanto, da precipitação poste-
rior. Nestas condições, a probabilidade de um verão seco é muito maior, reduzindo-se
ao mesmo tempo os riscos de enxurradas. Pelo contrário, a probabilidade de eventos
extremos de chuva após um inverno húmido aumenta signi�cativamente, embora a
sua ocorrência �que sujeita, em grande medida, à con�guração sinóptica especí�ca
da primavera e verão seguintes. Esta análise mostra que a avaliação do impacto dos
�uxos terra-ar no regime de chuvas pode ser essencial para estimar o risco de secas e
inundações na Península Ibérica.

Temos a convicção que este estudo pode ser também muito útil em termos de
planejamento hidrológico e sustentabilidade regional. Isto tem a ver com o facto de as
atividades humanas terem um impacto decisivo na fração local da precipitação. Em
consequência, no interior da Península Ibérica, onde esta contribuição desempenha
um papel essencial no regime pluviométrico primaveril, uma melhor plani�cação do
uso da terra e uma correta gestão dos limitados recursos hídricos torna-se fundamental
para a sustentabilidade da região a médio e longo prazo.

No futuro, a realização de simulações com o modelo regional WRF incluindo os
traçadores de humidade, bem como um esquema de superfície totalmente acoplado
e que represente a dinâmica completa das águas subterrâneas e do lençol freático,
constituirá provavelmente a melhor maneira de investigar o ciclo hidrológico e do
regime de precipitação da Península Ibérica. Consideramos que este procedimento
pode ser útil não só nas regiões interiores da Península, mas também em qualquer
outra região do mundo com características semiáridas.



Resumen

Motivación

El agua es esencial para la vida en la Tierra. Los océanos de todo el planeta con-
tienen 1 338 000 000 km3 de agua salada (Fig. 3). Las regiones continentales, por su
parte, almacenan únicamente 34 921 740 km3 de agua dulce, distribuida en glaciares
(24 000 000 km3), aguas subterráneas (10 800 000 km3), lagos y marismas (102 000
km3), humedad del suelo (16 500 km3), ríos (2 120 km3) y agua contenida en la
biomasa (1 120 km3). Por último, la atmósfera contiene 12 900 km3 (Dingman, 2002
[56]). Un cálculo simple muestra que:

Agua contenida en los continentes
Agua contenida en los océanos

≈ Agua dulce
Agua salada

≈ 2,6 % (3)

En los océanos hay siempre agua disponible para la evaporación. Esto implica
que la evaporación oceánica coincide con la evaporación potencial. En las regiones
continentales, en cambio, la humedad tiene más di�cultades para ser evapotranspi-
rada. Por ejemplo, el paso de partículas de agua congelada en los glaciares hacia la
atmósfera es mínimo, como también lo es la conversión en vapor atmosférico de agua
líquida almacenada en el reservorio de aguas subterráneas, en las capas profundas
del suelo. Estas restricciones sugieren que la fracción de evapotranspiración en zonas
continentales con respecto a la evaporación en los océanos debería representar, global-
mente, un valor mucho menor que el 2.6% calculado arriba. Por lo tanto, en términos
de precipitación y a escala planetaria, podríamos a�rmar grosso modo que la lluvia
con origen en evapotranspiración terrestre no debería de suponer más de un 2 ó un
3% de la lluvia procedente de evaporación oceánica.

Pero, ¾es correcto este balance hídrico global para una región continental con-
creta? Y más especí�camente, ¾es cierto para la Península Ibérica? Examinémoslo en
detalle. La Península Ibérica se encuentra en la esquina suroccidental del continente
europeo, dentro de un rectángulo esférico imaginario de�nido por las latitudes 36°N
y 44°N y las longitudes 10°W y 2°E, aproximadamente. Rodeada de dos fuentes ili-
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Figura 3: Representación esquemática de los reservorios y �ujos de agua (km3) en el
ciclo hidrológico global. Figura obtenida de Dingman (2002) [56].

mitadas de agua como son el Océano Atlántico y el Mar Mediterráneo, la Península
Ibérica recibe los vientos del Oeste, característicos de las latitudes medias, que trans-
portan humedad evaporada en el Atlántico hacia el interior de la Península. Con esta
con�guración geográ�ca, resulta claro que la humedad oceánica debería constituir,
con mucha diferencia, la principal fuente de agua para la precipitación ibérica. Intui-
tivamente, y de acuerdo con la discusión anterior, podríamos decir en una primera
aproximación que la contribución de humedad localmente evapotranspirada a la pre-
cipitación, con respecto a la contribución de humedad oceánica o de larga escala, no
debería ser mucho mayor que nuestro 2 ó 3% global. Pero, ¾es esto siempre así?

La respuesta es no. En esta tesis doctoral demostramos que en las regiones áridas
y semiáridas del interior, del Este y del Noreste de la Península Ibérica, la humedad
evapotranspirada localmente puede ser responsable, directa o indirectamente, de más
del 50% de la precipitación total durante la primavera y el comienzo del verano.
En las regiones costeras del Atlántico y del Cantábrico, en cambio, esta contribución
es muchísimo más pequeña. La pregunta es, entonces, por qué razón se produce esta
�inesperada� intensi�cación del impacto de la evapotranspiración en la precipitación a
lo largo de buena parte del interior de la Península Ibérica. Proporcionar una respuesta
integral a esta pregunta constituye, justamente, el objetivo principal de esta tesis.
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La importancia de la precipitación primaveral

Muchas de las regiones del interior, Este y Noreste de la Península Ibérica, donde
la agricultura ha sido tradicionalmente el principal pilar de la economía, presentan
características áridas o semiáridas y frecuentes problemas de escasez de agua. En un
contexto de cambio climático, que muy posiblemente afectará al área Mediterránea, y
en particular a la Península Ibérica, con una intensidad superior a la media, conocer
las principales fuentes de humedad y los mecanismos físicos especí�cos que controlan
la precipitación en estas zonas resulta crucial para su sostenibilidad a medio y largo
plazo.

El notable impacto de la evapotranspiración en la precipitación, que se observa
durante la primavera y el comienzo del verano a lo largo de la Iberia interor, no sería
tan relevante si estuviese asociado a cantidades de lluvia pequeñas o tuviese un im-
pacto reducido en las actividades humanas. Sin embargo, la situación es precisamente
la contraria, puesto que es precisamente durante la primavera y el inicio del verano
cuando tiene lugar el máximo absoluto en el ciclo anual de precipitación de extensas
regiones del interior, del Este y del Noreste peninsular. La notable cantidad de lluvia
registrada en primavera se ve re�ejada en una gran cantidad de proverbios y refranes
populares por toda la Península, como es el caso del dicho castellano en abril, aguas
mil o, en su versión portuguesa, é próprio do mês de abril as águas serem às mil.
Como se ha indicado, es imposible describir este pico de precipitación sin tener en
cuenta la contribución al mismo del �ujo interno de evapotranspiración. La naturaleza
convectiva de buena parte de esta lluvia aparece también recogida en diversos prover-
bios, tanto en el sector nororiental de la Península, donde encontramos, por ejemplo,
tronades d'abril, fruites mil (�tormentas de abril, frutas mil�) o al maig, cada dia un
raig (�en mayo, cada día un rayo�), como en la zona occidental, donde se dice, con un
signi�cado similar, que maio que não der trovoada, não dá coisa estimada.

Por otro lado, el aumento de la precipitación en primavera en el interior penin-
sular tiene un gran impacto en las actividades humanas, y muy especialmente en la
agricultura. Ello se traduce también en un enorme número de dichos y proverbios
populares, desde Portugal a Cataluña y de Andalucía al País Vasco. Un buen ejempo
es el refrán castellano como agua de mayo, muy usado en el habla cotidiana para des-
cribir cualquier hecho o acción que produce un efecto muy positivo. Igualmente, en el
interior de Portugal, una gran cantidad de proverbios destacan la importancia de la
lluvia en abril y mayo. Por ejemplo, seca de abril, deixa o lavrador a pedir (�sequía
de abril, pone al labrador a pedir�); maio pardo e ventoso faz o ano farto e formoso
(�mayo pardo y ventoso hace al año abundante y hermoso�); água de maio, pão todo
o ano (�agua de mayo, pan todo el año�); em maio verás a água com que regarás
(�en mayo verás el agua con que regarás�), propio también del interior de Galicia; o
quando chove na Ascensão, até as pedrinhas dão pão (�cuando llueve en la Ascensión,
hasta las piedras dan pan�). Dichos parecidos, expresando esta misma idea, se pueden
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encontrar también en el País Vasco: Pazkoa euritsu, urte hura ogitsu (�lluvia en la
Pascua, año de bienes�); maiatz eurite, urtea ogite (�lluvia en mayo, año de bienes�).
Asimismo, en la zona oriental de la Península, muchos proverbios y refranes con�r-
man la importancia de esta precipitación primaveral para la agricultura. Por ejemplo,
l'abril mullat, de pa ve carregat (�abril mojado, de pan viene cargado�); a l'abril cada
gota en val mil (�en abril, cada gota vale mil�); o maig humit fa al pagès ric (�mayo
húmedo hace al labrador rico�).

Contenidos de esta Tesis

Esta Tesis se organiza en seis capítulos principales y cinco apéndices que incluyen los
materiales suplementarios. Mientras que el capítulo 1 proporciona una introducción
general a esta investigación, en el capítulo 2 se examinan los diferentes métodos y
conjuntos de datos utilizados en este trabajo. Los principales resultados se presentan y
discuten en los capítulos 3, 4 y 5. Los capítulos 3 y 4 se corresponden, en gran medida,
con los artículos �Precipitation recycling in the Iberian Peninsula: spatial patterns and
temporal variability� y �Moisture recycling and the maximum of precipitation in spring
in the Iberian Peninsula�, respectivamente (las referencias completas pueden verse en
la Lista de Publicaciones). El capítulo 5 complementa estos estudios mediante el
análisis de simulaciones regionales que incluyen la herramienta de los trazadores de
humedad. El material incluido en este capítulo formará parte del artículo �Regional
climate simulations with moisture tracers to investigate land-atmosphere interactions
in the terrestrial water cycle over the Iberian Peninsula� (Lista de Publicaciones), que
se encuentra en preparación en el momento de la presentación de esta Tesis. Cada uno
de estos tres capítulos incluye un pequeño abstract o resumen inicial, así como una
breve sección �nal en la que se recapitulan las conclusiones parciales más relevantes.
Finalmente, las conclusiones generales del conjunto de esta investigación se presentan
en el capítulo 6.

El capítulo 1 consiste en una introducción general que permite contextualizar
adecuadamente la investigación desarrollada en esta tesis. En este capítulo se expli-
can y examinan detalladamente la motivación experimental, los objetivos y las bases
teóricas del presente estudio. En primer lugar, se incluye una descripción completa
del régimen de precipitaciones en la Península Ibérica, prestando una atención es-
pecial al máximo relativo de lluvia observado a lo largo del interior peninsular, que
tiende a convertirse en el máximo absoluto en el ciclo anual en las regiones orien-
tales y nororientales. La necesidad de comprender por completo los procesos físicos
responsables de este pico de lluvia constituye, como se ha mencionado, la principal
motivación para esta tesis. Ello requiere una investigación integral de las principales
fuentes de humedad que contribuyen a la precipitación en la Península y, en particu-
lar, en el interior de la misma. En la práctica, esto implica separar la contribución de
la humedad localmente evapotranspirada de la contribución de la humedad advectada
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desde el exterior de la Península por los vientos. La tasa de reciclaje, cuidadosamente
de�nida en el capítulo 1, es una magnitud crucial para evaluar el peso relativo de
ambos términos.

Nuestra hipótesis de trabajo se basa en la idea de que la humedad localmente
evapotranspirada puede ser la clave para explicar el repunte de la precipitación du-
rante los meses de Abril y Mayo en el interior de la Península Ibérica. Esto implica que
las interacciones tierra-atmósfera en general, y los mecanismos de reciclaje y ampli�-
cación en particular, pueden jugar un papel fundamental en el régimen pluviométrico
primaveral de las regiones interiores. En este primer capítulo caracterizamos detalla-
damente estos procesos tierra-atmósfera e incluimos una discusión sobre su depen-
dencia de diferentes factores, como las actividades humanas, la humedad del suelo o
la dinámica de las aguas subterráneas y de la capa freática. El doble efecto median-
te el cual los �ujos de evapotranspiración intensi�can la precipitación es asimismo
discutido: por un lado, añadiendo más humedad a la atmósfera, de forma que dicha
humedad pueda formar parte de episodios posteriores de precipitación (efecto directo
o de reciclaje); por otro lado, incrementando la inestabilidad de la columna atmos-
férica y, por lo tanto, favoreciendo la ascensión de vapor de agua y el desarrollo de
estructuras convectivas (efecto indirecto o de ampli�cación).

En el capítulo 2 se describen los detalles técnicos de los distintos métodos, he-
rramientas computacionales y bases de datos utilizadas en esta tesis. Las simulaciones
realizadas con el modelo WRF constituyen el principal material experimental utilizado
en nuestro análisis. En este capítulo describimos la con�guración de las simulaciones
realizadas con dicho modelo, explicitando los dominios geográ�cos, períodos de tiem-
po, resolución horizontal, opciones del modelo y parametrizaciones utilizadas. Además
de las simulaciones estándar con el modelo WRF, se han llevado también a cabo, para
los meses de enero y mayo de los años 2000 a 2010, once pares de simulaciones ex-
perimentales en las que se ha suprimido el �ujo de evapotranspiración sobre toda la
Península Ibérica. Este procedimiento constituye una forma óptima de explorar el
diferente efecto de la evapotranspiración terrestre en los regímenes pluviométricos de
invierno y primavera en la Península Ibérica. Dicho impacto se examina con aún más
detalle en el capítulo 5 mediante simulaciones adicionales, realizadas también con el
modelo WRF, en las que se incluye una nueva herramienta computacional: el uso
de trazadores de humedad. Esta herramienta innovadora permite seguir las trayecto-
rias descritas por las moléculas de humedad, desde que se evapotranspiran hasta que
precipitan o son advectadas hacia el exterior del dominio del modelo.

Los métodos empleados en esta tesis se pueden clasi�car en dos tipos. Por un
lado, se utilizan tres procedimientos diferentes para calcular la tasa de reciclaje: 1)
el modelo analítico de reciclaje desarrollado por Schär et al. (1999); 2) el modelo
numérico de reciclaje de Eltahir y Bras (1994); y 3) el método explícito de trazadores
de humedad. Por otro lado, se utilizan dos métodos para separar las contribuciones
directa (reciclaje) e indirecta (ampli�cación) de los �ujos de evapotranspiración al
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pico de precipitación primaveral. El primer método es también debido a Schär et
al. (1999), mientras que el segundo es original, basado en la comparación de simula-
ciones de control, con todos los �ujos tierra-atmósfera activados, con las simulaciones
experimentales antes mencionadas, en las cuales dichos �ujos son eliminados.

En el capítulo 3 calculamos la tasa de reciclaje a escala mensual, sobre la
Península Ibérica, a lo largo de un período de 18 años completos (desde enero de 1990
hasta diciembre de 2007). Las tasas de reciclaje más elevadas aparecen a �nales de
la primavera y principios del verano. Curiosamente, los valores más altos de reciclaje
se observan en el interior, coicidiendo en buena medida con aquellas áreas en las
que se observa el máximo anual de precipitación primaveral. En general, las dos
siguientes condiciones están directamente relacionadas con los valores más elevados
de reciclaje sobre la Península Ibérica: 1) la disponibilidad de su�ciente humedad
en el suelo, directamente ligada a la cantidad de lluvia caída durante la estación
anterior; y 2) la existencia de con�guraciones sinópticas adecuadas que favorezcan el
desarrollo de regímenes convectivos. La combinación de estas dos condiciones parece
explicar correctamente la magnitud de las tasas de reciclaje en cualquier período del
año para la Península Ibérica. Nuestra hipótesis es que este esquema también podría
ser válido para otras regiones del mundo con climas semiáridos. En cualquier caso,
esta investigación preliminar, que se complementa en los capítulos 4 y 5, con�rma
que los procesos de reciclaje juegan un papel crucial en la precipitación primaveral
del interior de la Península Ibérica.

En el capítulo 4 centramos nuestra atención en los meses de mayo de la última
década (2000-2010). La razón para seleccionar este mes es doble: en primer lugar,
porque es justamente en mayo cuando tiene lugar el máximo anual de precipitación
en grandes extensiones del interior, Este y Nordeste de la Península Ibérica; y en
segundo lugar, porque la actividad de las interacciones tierra-atmósfera aumenta sig-
ni�cativamente en este mes. Además, se simulan también los correspondientes meses
de enero del mismo período, como el �n de evaluar las importantes diferencias entre
los regímenes de precipitación de invierno y primavera (tardía) en la Península. A la
luz de este análisis se concluye que la supresión de la evapotranspiración terrestre en
mayo implicaría una reducción media de la precipitación total de un 37%. Además, se
concluye que las contribuciones del reciclaje y de la ampli�cación tienen un impacto
similar en la precipitación extra de primavera asociada a los �ujos tierra-aire. En
general, el término de reciclaje tiende a predominar cuando el forzamiento externo es
débil, sobre todo en la mitad norte de la Península Ibérica. Esto es esperable, puesto
que en este caso el agua evapotranspirada localmente es prácticamente la única fuente
de humedad para la precipitación. Por el contrario, cuando la circulación sinóptica es
intensa y una cantidad sustancial de humedad externa es advectada hacia la Penín-
sula, el mecanismo de ampli�cación tiende a prevalecer. Este efecto indirecto de los
�ujos de evapotranspiración es de la mayor importancia, al permitir la incorporación
de agua externa adicional al ciclo hidrológico peninsular.
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En el capítulo 5 se describen los resultados de las simulaciones regionales sobre
la Península Ibérica realizadas con el modelo WRF, a lo largo del período mayo
2000 a mayo 2010, incorporando los trazadores de humedad. Esta nueva herramienta
computacional permite calcular la tasa de reciclaje y presenta dos ventajas principales
con respecto a los métodos clásicos de estimación de la misma: 1) el método calcula
explícitamente las fracciones de precipitación con origen interno (evapotranspiración
local) y externo (advección), sin necesidad de ninguna suposición adicional; y 2) la
tasa de reciclaje puede calcularse a cualquier escala temporal, y no sólo a escalas
mensuales o superiores, tal como las limitaciones de los modelos tradicionales de
reciclaje imponen. Estas simulaciones con trazadores de humedad demuestran que
tanto la tasa de reciclaje como la contribución del término de reciclaje a la precipi-
tación adicional de primavera están distribuidas de forma bastante uniforme por el
interior de la mitad norte peninsular, con especial intensidad en la Meseta Norte, la
zona Centro, el Sistema Ibérico y los Pirineos, y no tan concentradas en las regiones
Este y Nordeste como sugiere el cálculo clásico mediante el método de Eltahir y Bras
(1994). Este último método tiende a sobreestimar sistemáticamente los valores de
reciclaje, mientras que el modelo (más sencillo) desarrollado por Schär et al. (1999)
produce valores regionales de reciclaje mucho más próximos a los más exactos y �ables
resultados obtenidos a través del método de trazadores de humedad.

Por último, las conclusiones más importantes de la presente investigación en
su conjunto se resumen en el capítulo 6. A la luz de nuestros resultados, pode-
mos a�rmar que el máximo primaveral de precipitación que tiene lugar en el interior
de la Península Ibérica no puede explicarse sin tener en cuenta el papel crucial de
las interacciones tierra-atmósfera y, en particular, de los �ujos de evapotranspiración.
Creemos �rmemente que esta tesis constituye una mejora importante en la descripción
del régimen de precipitación de las regiones interiores de la Península. Los principales
mecanismos físicos que explican el repunte de la cantidad de lluvia en primavera han
sido identi�cados, y los métodos aquí utilizados y desarrollados dan cuenta, satisfac-
toriamente, del impacto relativo de los mismos.

En los apéndices que aparecen al �nal de esta tesis se incluyen algunos materiales
adicionales. En los apéndices A, B y C se proporcionan ciertos detalles complementa-
rios sobre el cálculo de los términos del balance hídrico y la tasa de reciclaje a través
de los métodos de Schär et al. (1999) y Eltahir and Bras (1994). En el apéndice D se
explicar con detenimiento el procedimiento seguido para eliminar la evapotranspira-
ción terrestre en las simulaciones con WRF analizadas en el capítulo 4. En el apéndice
E, por último, se explora la sensibilidad del método clásico de reciclaje de Eltahir y
Bras (1994) a la resolución horizontal de los cálculos.
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Posibles aplicaciones y trabajo futuro

Las posibles aplicaciones prácticas de la investigación presentada en esta tesis podrían
clasi�carse en dos grandes bloques. Por un lado, nuestro estudio puede contribuir
a la mejora de los sistemas de predicción estacional en la Península Ibérica y, en
relación con esto, a la mejora en la gestión de los sistemas de alerta ante eventos
extremos. En esta tesis hemos demostrado que el efecto de la evapotranspiración
local en la precipitación primaveral es crucial en el interior de la Península Ibérica.
Así, si el invierno de un cierto año es muy seco, la consiguiente escasez de agua en el
suelo dará lugar a una disminución de la evapotranspiración y, en consecuencia, de la
precipitación posterior. En esta situación, la probabilidad de un verano seco es mucho
mayor, reduciéndose al mismo tiempo los riesgos de inundaciones. Por el contrario, la
probabilidad de eventos extremos de precipitación después de un invierno húmedo se
incrementa de manera signi�cativa, a pesar de que su ocurrencia o no depende en gran
medida de la con�guración sinóptica especí�ca de la primavera y verano posteriores.
Este análisis muestra que la evaluación del impacto de los �ujos tierra-aire en el
régimen de precipitaciones puede ser fundamental para estimar los riesgos de sequías
e inundaciones en la Península Ibérica.

Creemos que esta investigación puede ser también muy útil en términos de plani-
�cación hidrológica y sostenibilidad regional, como consecuencia del impacto decisivo
de las actividades humanas sobre la fracción local de la precipitación. En consecuencia,
en el interior de la Península Ibérica, donde esta contribución juega un papel funda-
mental en el régimen pluviométrico primaveral, una adecuada plani�cación del uso
de la tierra y una correcta gestión de los limitados recursos hídricos resulta esencial
para la sostenibilidad de estas áreas a medio y largo plazo.

En el futuro, la realización de simulaciones con el modelo regional WRF in-
cluyendo los trazadores de humedad, así como un esquema de super�cie totalmente
acoplado y que represente la dinámica completa de las aguas subterráneas y de la capa
freática, constituirá probablemente la mejor forma de investigar el ciclo hidrológico
y el régimen pluviométrico de la Península Ibérica. Creemos que este procedimiento
puede ser útil no sólo en las zonas interiores de la Península sino también en cualquier
otra región del mundo con características semiáridas.
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General introduction

1.1 The Iberian precipitation regime

It is widely known that the water cycle plays a prominent role on the Earth's climate
(e.g. Eltahir and Bras, 1996 [77]). As a result, exploring the precipitation regime of a
certain region becomes a central feature for describing its speci�c climate. In our study
area, the Iberian Peninsula (IP), both the European Atlantic and the Mediterranean
climates converge. Located in the extreme southwest of the European continent, and
surrounded by the Atlantic Ocean and the Mediterranean Sea, the Iberian Peninsula
presents a complex orography that is often compared to a castle, with high plateaus
in the interior bounded by mountain ranges that sometimes are close to the coast
(Millán et al., 2005 [183]). This con�guration of the relief facilitates the delimitation
of climatic sub-regions, with speci�c characteristics resulting from the topographic
insulation from the surrounding seas (Capel-Molina, 2000 [42]; Estrela et al., 2000
[83]; González-Hidalgo et al., 2001 [117]).

The Iberian Peninsula is located at mid latitudes, where precipitation falls ap-
proximately during ten per cent of the time (Trenberth, 1998 [246]). In general, and
also for the IP, the intensity and spatio-temporal distribution of rainfall is controlled
by four basic aspects (Chen and Avissar, 1994 [45]): 1) synoptic-scale wind patterns;
2) atmospheric moisture availability; 3) intensity of humidity �uxes from the land
surface; and 4) atmospheric instability favoring moisture to rise.

Roughly, the Iberian precipitation regime is controlled by the westerly circu-
lation during the winter half of the year and by the subtropical Azores anticyclone
during summer (e.g. Lana and Burgueño, 2000 [160]). As mentioned, the IP presents
an intricate orography that is largely responsible for the geographical hetereogeneity
of the rainfall patterns (Rodríguez-Puebla et al., 1998 [210]; Sumner et al., 2001 [240];
Castro et al., 2005 [44]; Millán et al., 2005 [183]; Martín-Vide and López-Bustins, 2006

1



2 1. General introduction

[174]; González-Hidalgo et al., 2009 [118]; De Luis et al., 2010 [52]), which show es-
sential di�erences from the northwestern areas to the Mediterranean coast and have
a critical impact on climate. Following the Cantabrian Mountains along the north-
ern coast, the contour of 700 mm of precipitation per year (Font-Tullot, 2000 [97])
separates the most northern and northwestern regions (humid Iberia) from the rest
of the Peninsula (Mediterranean Iberia with dry summers). South of this boundary,
the valleys of the great rivers draining into the Atlantic (Douro, Tagus, Guadiana
and Guadalquivir) facilitate the penetration inland of southwest winds bringing hu-
midity from the ocean, mainly from October to March (Capel-Molina, 2000 [42]). In
contrast, the Iberian System and the Baetic Mountains obstruct the penetration of
humid Mediterranean winds, only facilitated through the Ebro and Júcar river basins
(Font-Tullot, 2000 [97]). The predominance of the western circulation over the IP, in
accordance to the global dynamics of the atmosphere at mid-latitudes (Martín-Vide,
1991 [170]; Sendiña and Muñuzuri, 2006 [222]; Wallace and Hobbs, 2006 [260]), turns
the e�ect of this Levante wind in the interior of the Ebro catchment much less relevant
than that of the Atlantic southwestern winds over the great basins of the Atlantic
Watershed. In the areas to the north, the Galician Massif, the Cantabrian Mountains
and the Pyrenees become a natural obstacle which attenuates the advection of the cold
north, northwest and northeast winds into the North Plateau. The Mediterranean
shore, located in the rain shadow of Iberia, sees much less of the above-mentioned
oceanic moisture. The driest areas are placed in the southeast (Rodríguez-Puebla et
al., 1998 [210]; Romero et al., 1998 [212]), with less than 200 mm of precipitation per
year. Cabo de Gata, with 130 mm per year, reaches the absolute minimum of precip-
itation in Europe (Font-Tullot, 2000 [97]). In contrast, over 2500 mm of precipitation
per year are measured in the northwestern mountainous areas (Romero et al., 1998
[212]; Trigo et al., 2004 [252]).

The Iberian precipitation regime is also characterized by a strong seasonal and
interannual variability (Raso-Nadal, 1996 [208]; Esteban-Parra et al., 1998 [82]; Ser-
rano et al., 1999 [226]; Lana and Burgueño, 2000 [160]; Trigo and DaCamara, 2000
[250]; Sáenz et al., 2001 [214]; Trigo and Palutikof, 2001 [251]; García et al., 2002
[102]; Trigo et al., 2004 [252]; Gallego et al., 2006 [101]; López-Moreno et al., 2010
[166]; Vicente-Serrano et al., 2011 [259]; Cardoso et al., 2012 [43]). Only in the hu-
mid mountainous areas in the north and northwest, that interannual variability is
signi�cantly reduced (Rodríguez-Puebla et al., 1998 [210]). For Iberia as a whole, the
spatio-temporal rainfall variability is expected to be signi�cantly intensi�ed during
the next decades as a result of climate change (Galán et al., 1999 [99]; Giorgi and
Lionello, 2008 [115]).

A complete classi�cation and analysis of the di�erent Iberian climates and sub-
climates can be found in Capel-Molina (2000) [42] and Martín-Vide and Olcina-Cantos
(2001) [172]. A more detailed study of the di�erent geographical and dynamical fea-
tures a�ecting the Iberian climate is provided in the classic study by Capel-Molina
(1981) [41]. Finally, a review on the evolution of the Iberian climate and a brief
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summary of the history of meteorological and climatological research in Portugal and
Spain can be found in Font-Tullot (1988) [96] and Capel-Molina (2000) [42], respec-
tively.

The maximum of precipitation in late autumn and winter over
central and western Iberia

The Iberian Peninsula receives the largest amounts of precipitation from October to
March (Trigo et al., 2000 [249]; Paredes et al., 2006 [198]). This winter precipitation,
which mainly a�ects western and central Iberia, is originated by synoptic low pressure
systems, with their associated fronts, approaching from the Atlantic Ocean (Esteban-
Parra et al., 1998 [82]; Serrano et al., 1999 [226]; Andrés et al., 2000 [3]; Trigo et al.,
2000 [249]; Goodess and Jones, 2002 [119]; García-Herrera et al., 2005 [105]; Paredes
et al., 2006 [198]). Fig. 1.1 shows on a map the monthly mean annual evolution of
precipitation for 28 representative Iberian locations over the period 1950-2007, illus-
trating the spatial variability of the Iberian precipitation regime. At the monthly and
seasonal scales, the precipitation regime is strongly modulated by just a few large
scale modes of atmospheric circulation such as the North Atlantic Oscillation (NAO)
and, to a lesser extent, the Eastern Atlantic (EA), the Scandinavian (SCAN) pattern
(Rodríguez-Puebla et al., 2001 [211]; Goodess and Jones, 2002 [119]; Trigo et al., 2008
[254]), the Mediterranean Oscillation (MO) and the Western Mediterranean Oscilla-
tion (WeMO) (Martín-Vide and López-Bustins, 2006 [174]; González-Hidalgo et al.,
2009 [118]). Some relevant linkages between the Iberian rainfall and El Niño-Southern
Oscillation (ENSO) have also been found (Rocha, 1999 [209]; Pozo-Vázquez et al.,
2005 [205]). Over the western half of Iberia, the NAO index is strongly connected
with rainfall amounts (Martín-Vide and Fernández-Belmonte, 2001 [171]; Trigo et al.,
2004 [252]; Gallego et al., 2005 [100]; García et al., 2005 [103]; López-Moreno et al.,
2007 [165]), largely determined by the main position of the storm track. At these
latitudes, this results in high seasonality, with a maximum of precipitation in winter
and a dry period in the summer, more pronounced and long lasting in the southern
areas and less so in the north, still marginally impacted by frontal systems. As shown
in Fig. 1.1, this gradual variation from the winter maximum to the summer mini-
mum, directly related to the meridional displacement of the westerlies through the
year, dominates along the Atlantic coast (e.g. Corunna (8), Vigo (26), Lisbon (14)
Cádiz (6) and Málaga (18) in Fig. 1.1), but is also visible in all those areas under
the Atlantic in�uence, as is the case of Seville (22 in Fig. 1.1), located in the wide
valley of the Guadalquivir river, which facilitates the advection of oceanic humidity
inland by southwest winds. The description of the precipitation dataset used in Fig.
1.1 and also in Figs. 1.2, 1.3 and 1.4 is provided in section 2.8.



4 1. General introduction

Figure 1.1: Monthly mean precipitation (mm/month) over the period 1950-2007
for 28 representative Iberian locations: (1) Albacete; (2) Alacant; (3) Barcelona; (4)
Burgos; (5) Cáceres; (6) Cádiz; (7) Coimbra; (8) Coruña, A; (9) Cuenca; (10) Gijón;
(11) Girona; (12) Guadalajara; (13) León; (14) Lisboa; (15) Lleida; (16) Lugo; (17)
Madrid; (18) Málaga; (19) Salamanca; (20) San Sebastián/Donostia; (21) Segovia;
(22) Sevilla; (23) Soria; (24) Teruel; (25) València; (26) Vigo; (27) Vitoria/Gasteiz;
(28) Zaragoza. Source: Herrera et al. 2010 [123], Belo-Pereira et al. 2011 [13].

The early autumn maximum of precipitation in the Mediterranean

As mentioned above, the areas facing the Mediterranean Sea are shielded from the
humid westerlies by the Iberian mountain ranges and are in general much drier. Along
the Mediterranean shore, the maximum of rainfall takes place in early autumn (e.g.
Romero et al., 1998 [212]; Martín-Vide and Olcina-Cantos, 2001 [172]; Millán et
al., 2005 [183]; Muñoz-Díaz and Rodrigo, 2005 [186]; Martín et al., 2007 [169]), as
shown for Girona (11), Barcelona(3), València (25) and Alacant (2) in Fig. 1.1,
being related to deep convective systems strengthened by the overheated surface of
the Mediterranean Sea after the long summer. The Mediterranean region is also
characterized by the high intensity of the precipitation events there, with over 70%
of total annual rainfall corresponding to only 25% of the rainy days (Martín-Vide,
2004 [173]). This constitutes a relevant feature of the Mediterranean rainfall regime,
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Figure 1.2: Season of highest rainfall (winter, DJF; spring, MAM; summer, JJA;
autumn, SON) over the Iberian Peninsula for the period 1950-2007. Source: Herrera
et al., 2010 [123]; Belo-Pereira et al., 2011 [13].

particularly intense in the Gulf of València, that distinguishes it from that of the rest
of the IP.

The spring peak of rainfall in inland Iberia

In contrast with the western Iberia, dominated by a single winter peak, precipitation
regimes for central and eastern Iberian regions are more spread out through the year
and often characterized by two maxima occurring in spring and autumn. The spring
relative maximum of precipitation can be observed in Fig. 1.1 throughout all the
interior of the IP (e.g. León (13), Burgos (4), Vitoria/Gasteiz (27), Salamanca (19)
and Guadalajara (12)). Interestingly, it tends to become the absolute maximum of
rainfall in the annual cycle towards the interior eastern and northeastern regions (e.g.
Segovia (21), Soria (23), Teruel (24), Zaragoza (28), Lleida (15) and Albacete (1) in
the same �gure). In these areas, the amplitude of the annual cycle typical of coastal
areas is attenuated and, as a result, the spring peak becomes the dominant feature
(Rodríguez-Puebla et al., 1998 [210]; Font-Tullot, 2000 [97]; Marín-Vide and Olcina-
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Figure 1.3: Month of highest rainfall over the IP for the period 1950-2007. Source:
Herrera et al., 2010 [123]; Belo-Pereira et al., 2011 [13].

Cantos (2001) [172]; De Luis et al., 2010 [52]). The presence of an absolute maximum
of precipitation in spring can be also observed in the green area of Fig. 1.2, where the
season of maximum precipitation for the period 1950-2007 is depicted with a color
code. More speci�cally, Fig. 1.3 represents the month of highest rainfall over the IP,
with all the interior northeast showing the maximum occurring in May. Interestingly,
a shift in the maximum of rainfall is observed from the interior southeast in April (blue
region) to the interior northeast in May (region in cyan). In both Figs. 1.2 and 1.3,
one can also see that the maximum of precipitation occurs in summer in a very small
sector con�ned to the eastern Pyrenees. On the other hand, Autumn registers the
absolute maximum of seasonal rainfall over the large Iberian areas depicted in orange
in Fig. 1.2. Nevertheless, this maximum takes place in early autumn (October)
along the Mediterranean Coast and in late autumn (November) within the Atlantic
basins (Fig. 1.3), and is related to disparate physical processes, as discussed above.
Finally, Fig. 1.4 ranks the position of the month of May during the year in terms of
precipitation, highlighting again the relative importance of spring rainfall over most
of central and eastern Iberia.

We remark that Figs. 1.1, 1.2, 1.3 and 1.4 represent average values along the
period 1950-2007. Nevertheless, relevant variations in the Iberian annual cycle of
precipitation have been found in previous works, namely a remarkable reduction of
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Figure 1.4: Climatology (1950-2007) position of May in the monthly ranking of
precipitation. Source: Herrera et al., 2010 [123]; Belo-Pereira et al., 2011 [13].

the areas where spring is the main precipitation season between 1946-1975 and 1976-
2005 (Paredes et al., 2006 [198]; De Luis et al., 2010 [52]). The con�rmation of this
trend in the context of climate change is a matter of the greatest relevance for Iberia,
even though it is not addressed here as it is out of the scope of this thesis.

Arid and semiarid areas in the interior: the humidity index

Those land areas where water de�cits are permanent or frequent are referred to as arid
or semiarid regions (Martín-Vide and Olcina-Cantos, 2001 [172]). The great extension
of these water-limited zones, periodically a�ected by drought episodes (García-Herrera
et al., 2007 [106]; Gouveia et al., 2009 [121]), is a relevant characteristic of the Iberian
climate. The North Plateau, topographically insulated from the surrounding humid
and sub-humid areas, and with precipitation amounts that do not exceed 400 mm per
year, is probably the paradigm of the continental, semiarid Iberia. This topographic
insulation is less marked in the South Plateau, where the valleys of the Tagus, Gua-
diana and Guadalquivir rivers favor a higher climatic variability. Fig. 1.5, obtained
from Font-Tullot (2000) [97], classi�es the di�erent Iberian areas according to their
humidity index (HI), de�ned as (Font-Tullot, 2000 [97]):
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HI =
P

ET
(1.1)

where P stands for the mean annual precipitation and ET represents the mean
annual evapotranspiration, computed in this case through the Thornthwaite formula
(see the appendix I of Thornthwaite, 1948 [244]). In those areas where HI ≥ 1.00,
rainfall totals exceed the amounts of moisture lost by the land surface through ET. As
a result, these areas are consistently referred to as humid. In contrast, wherever HI <
1.00, rainfall is not enough to balance ET and thus some hydric stress might appear.
This is not always the case, as also groundwater �uxes (and not only precipitation),
contribute to compensate local evapotranspiration (Fan et al., 2007 [84]; Fan and
Miguez-Macho, 2010 [85]). More speci�cally, and according to Font-Tullot (2000)
[97], if 0.70 < HI ≤ 1.00 the corresponding area is designed as sub-humid, if 0.30 <
HI ≤ 0.70 the region is semiarid and �nally, if HI ≤ 0.30, the area is labeled as arid.
The representation of the humidity index for the IP (Fig. 1.5) con�rms that arid
and semiarid regions, where changes in soil moisture can potentially control ET and
precipitation regimes, cover large areas to the center, east and south (Font-Tullot,
2000 [97]; Castro et al., 2005 [44]).

Figure 1.5: Spatial distribution of the humidity index [-] over Iberia. Figure obtained
from Font-Tullot (2000) [97].
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Experimental motivation for this study

We showed in this section that the yearly absolute maximum of precipitation oc-
curs in spring over large areas to the east and northeast of Iberia. In addition, this
spring peak becomes a relevant secondary maximum of rainfall over most of the North
Plateau, South Plateau and center region. Even though the existence of this major
feature of the Iberian precipitation regime has been described in di�erent studies, as
reported above, the physical processes responsible for it have not been explored in
detail and still remain unclear. This contrasts with the rainfall peaks of late Autumn
and Winter over the Atlantic Iberia and of early Autumn along the Mediterranean
shore, which have been widely explored in the literature. The comprehensive analysis
and understanding of the physical mechanisms underlying the Iberian spring peak of
precipitation constitutes, hence, the main experimental motivation for this thesis. In
addition, we want to assess the relevance of the spring rainfall for human activities
(in particular, for agriculture), as well as its connections with extreme precipitation
events (�oods and droughts) in inland Iberia. A detailed analysis of the intensity
and distribution over the IP of such extreme rainfall events along the second half of
the Twentieth Century can be found in the studies of García et al. (2007) [104] and
Acero et al. (2011) [1]. In the framework of a changing climate, this is of the greatest
relevance for the medium and long-term sustainability and hydrological planning of
the large water-limited areas in the interior of the Iberian Peninsula.

1.2 Moisture sources for the Iberian rainfall

As stated in section 1.1, in this thesis we aim to investigate the physical processes
leading to the spring maximum of precipitation in inland Iberia. For this purpose,
we need to thoroughly explore the moisture sources for the Iberian rainfall.

Precipitation falling over a certain region results from moisture with three dif-
ferent origins (Trenberth, 1999 [247]; Burde and Zangvil, 2001a [37]; Gimeno et al.,
2012 [113]):

1. Moisture already present in the atmosphere;

2. Evapotranspiration (ET) from the considered region itself (usually referred to
as recycling); and

3. Moisture advected into the region by the winds.

This can be mathematically expressed through the following equation:

P = Ps + Pm + Pa (1.2)
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where subindex s refers to water stored within the atmospheric volume under
study, subindex m refers to water of local origin (ET) and subindex a to water of
advected origin. Over su�ciently long periods, the contribution from the �rst source
is widely assumed to be negligible. This approximation is supported by the fact of
the average residence time of a water molecule in the atmosphere being close to 8
days (Trenberth, 1998 [246]; Numaguti, 1999 [192]; Dingman, 2002 [56]; Van der
Ent and Savenije, 2011 [257]). Consequently, as the time period under consideration
increases, the probability that a molecule of rainfall had been already stored within
the same region since the beginning of the analyzed period becomes progressively
reduced. As a result, we assume that the precipitation over our region is given by
the sum of water molecules from the two major sources: evaporation and advection.
For the Iberian Peninsula, these terms essentially correspond to local (recycled) and
large-scale (oceanic) precipitation, respectively:

P ≈ Pm + Pa ≈ Plocal + Poceanic (1.3)

Gimeno et al. (2010a) [110] and Gimeno et al. (2011) [112] studied the sources
of moisture for precipitation in the IP using a back trajectory lagrangian model on
ECMWF analysis data. These studies con�rm that long distance transport is largely
dominant in the winter and autumn Iberian precipitation, but in contrast, during
spring and summer, an internal source of moisture (i.e. a recycling component)
provides most of the humidity for further precipitation. This is coherent with the
observed weakening of the intense zonal, winter-like circulation during spring and
summer, giving rise to a more active role of local and mesoscale convective mecha-
nisms (Llasat and Puigcerver, 1997 [164]; Serrano et al., 1999 [226]; Mosmann et al.,
2004 [185]; García-Herrera et al., 2005 [105]; Bisselink and Dolman, 2008 [21]; Gi-
meno et al., 2010a [110]). This also agrees with the general conclusions of e.g. Brown
and Arnold (1998) [31] or Schär et al. (1999) [221], who con�rmed that the highest
ET-precipitation coupling is related to convective processes in absence of strong syn-
optic forcings. In terms of extreme precipitation events, as pointed out by Trenberth
and Guillemot (1996) [245], these mesoscale convective systems, usually modulated
by the landscape structure (Chen and Avissar, 1994 [45]; Avissar and Liu, 1996 [8]),
are not generally su�cient to trigger extreme rainfall periods, but they can be critical
to intensify and modulate them.

To sum up, exploring the physical processes behind the spring peak of rainfall
requires a comprehensive investigation of the major moisture sources a�ecting the
Iberian Peninsula and, in particular, its interior lands. In practice, the latter means
separating the two fractions of the total rainfall (locally recycled and advected from
the Atlantic Ocean) in order to assess their relative weight. According to our analysis,
Pa is expected to constitute, by far, the main contribution to the Iberian winter
precipitation, whereas Pm might play a more relevant role as spring and summer
progress. The separation of both contributions can be done by estimating a crucial
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variable: the recycling ratio. This magnitude, of the greatest relevance to investigate
the water cycle of land areas, is introduced and carefully de�ned in section 1.4. The
estimation of the recycling ratio over the Iberian Peninsula constitutes a key step
(although not the only one, as it will be shown) to give a comprehensive answer to
our scienti�c question: why does the Iberian spring peak of precipitation take place?

1.3 Land-atmosphere interactions

As stated in the previous section, the fraction of the total precipitation with internal
origin derives from evapotranspiration (ET) within the study region (in our case,
the Iberian Peninsula). The evapotranspirative water and heat �ux, including plant
transpiration and direct evaporation from the land surface to the atmosphere (e.g.
Seneviratne et al., 2010 [225]) is mostly modulated by the following factors (Shukla
and Mintz, 1982 [228]):

1. Su�cient moisture availability in the upper, unsaturated layer of the soil, ac-
cessible for the roots of plants and trees;

2. Vegetation to transport humidity from the soil to the atmosphere;

3. Heat energy to evaporate the liquid water into vapor; and

4. Atmospheric demand (a warmer atmosphere may store a higher amount of water
vapor).

This implies that the ET �ux is simultaneously controlled by the physical char-
acteristics of both the land surface and the atmosphere, thus constituting an example
(actually, a very important example) of a land-atmosphere interaction. The intensest
ET �ux is observed when a positive coupling of these four conditions occurs. Over
most of the Iberian Peninsula, the soil is signi�cantly humid during the winter half
of the year, but in contrast the atmospheric demand is reduced during that period.
On the contrary, in summer, when the atmosphere has the higher availability to store
water vapor, the amount of moisture in the soil is limited all over the large interior,
southern and Mediterranean regions. As a result, the more intense evapotranspi-
ratopm �ux might take place in late spring and early summer, thus providing extra
humidity that might have a critical impact on the observed surplus of rainfall. In
this section, we examine the main properties of land-atmosphere interactions, such as
ET, which are directly connected to the local contribution to precipitation, as it has
been discussed, and also to a variety of physical processes as shortwave and longwave
radiation, cloud formation or water vapor convergence (Betts and Viterbo, 2005 [18];
Betts, 2007 [19]).
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In general, it is assumed that the feedbacks between the land surface and the
lower atmosphere can have a relevant impact on climate (Pielke et al., 1998 [201];
Pielke, 2001 [202]; Hohenegger et al., 2009 [125]; Jaeger et al., 2009 [135]) and are
expected to be critical to understand its evolution as a consequence of climate change
(Seneviratne et al., 2006a [223]). The investigation of land-atmopshere interactions is
a wide and complex scienti�c task that involves several major scienti�c disciplines, as
is the case of hydrology, meteorology, atmospheric sciences or soil physics (Seneviratne
et al. (2010) [225]).

Land-atmosphere interactions refer to any connection among the soil, the vege-
tation cover and the atmosphere (Wei et al., 2006 [262]). In practice, this concept is
directly related to the physical linkages among soil moisture, ET and precipitation.
As shown in Fig. 1.6, these interactions are often represented as a diminishing cascade
(Dirmeyer, 2006 [61]; Dirmeyer et al., 2009a [64]). Thereby, precipitation usually ex-
erts an intense in�uence on soil moisture, whereas soil moisture has a more moderate
impact on ET (modulated by vegetation dynamics) and ET presents a much more
reduced in�uence on precipitation. Nevertheless, even at mid latitudes, the latter
connection is intensi�ed over certain regions and periods of the year, and thus ET
may play a critical role on the regional precipitation regime.

Figure 1.6: Feedback loop in the terrestrial branch of the water cycle.

The generalization of what has been discussed above for the Iberian Peninsula
implies that in wet climates, where soils have no shortage of water, ET is mostly
controlled by atmospheric demand. In dry climates, in contrast, the amounts of ET
and precipitation are reduced and are strongly dependent on moisture availability
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(Koster et al., 2004 [156]). As a consequence, land-atmosphere interactions are the
strongest in the transition zones from wet to dry climates, where the amount of ET
is suitably high but still sensitive to soil moisture (Koster et al., 2004 [156]). Our
area of interest, the Iberian Peninsula (IP), is one of such transition zones (Giorgi
and Lionello, 2008 [115]).

As discussed in the previous section, the semiarid interior of the IP presents a
distinct precipitation regime, with a peak of rainfall in late spring that is not observed
in the Atlantic or Mediterranean coastal areas, where the annual cycle of precipitation
follows large scale forcing and moisture supply (Rodríguez-Puebla et al., 1998 [210];
Castro et al., 2005 [44]). It is important to remark that this clear di�erence in the
seasonality of precipitation with respect to the coastal areas is an indication of the
prominent role of land-atmosphere �uxes, and in particular ET �uxes, on rainfall
dynamics there.

The synthesis of the process is the following. As spring progresses, the increase
of solar radiation and plant activity accelerate the evapotranspiration of moisture
accumulated in the soil during the previous winter. In this period of the year, the
subtropical anticyclone does not control the upper Iberian atmosphere yet (Martín-
Vide and Olcina-Cantos, 2001 [172]), and thus the synoptic con�guration enhances
the development of local convective regimes throughout the interior lands of the IP. It
must be stated that for some speci�c years the intense zonal, winter-like circulation
is maintained during spring, resulting in a severe reduction of the frequency and
intensity of those mesoscale convective processes (Chen and Avissar, 1994 [45]). In
general, however, the ET �ux is suitably high in the large water-stressed interior areas
of the IP, providing �extra� humidity to the lower atmospheric levels which might
favor unstable conditions to enhance the triggering of the soil moisture - precipitation
feedback, thus increasing rainfall amounts through direct or indirect processes (Schär
et al., 1999 [221]; Jódar et al., 2010 [138]). The intensity of this ET �ux, mostly limited
by soil moisture availability in this period of the year, strengthens the hypothesis that
inland Iberia may be an area where land-air feedbacks could play an important role
on climate (Koster et al., 2004 [156]), particularly in spring and early summer, when
an important fraction of the precipitation does not derive from oceanic sources but
results from terrestrial moisture (water recycling).

Before examining other important aspects of land-atmosphere interactions, such
their sensitivity to human impacts or the role of soil moisture, we are now ready to
establish our working hypothesis, which naturally follows from the analysis above:
we suggest that the maximum of precipitation in spring is directly related to the
enhancement of the hydrological cycle through local convective mechanisms in inland
Iberia. The most general objective of this thesis is thus assessing and eventually
con�rming this scienti�c hypothesis.

Apart from the scienti�c interest itself, the comprehensive exploration of the
spring surplus of precipitation becomes critical for plant ecology and for a variety of



14 1. General introduction

human activities (among which agriculture is probably the most relevant) in the large
arid and semiarid areas in the center, east and northeast of Iberia. Consequently, a
deeper analysis of the physical mechanisms underlying this spring rainfall is of the
greatest relevance for regional hydrological planning (Gallego et al., 2006 [101]) and
for the medium and long-term sustainability of those broad water-limited regions.

The role of soil moisture and the water table

The relevant impact of land surface processes, and soil moisture in particular, on
the regional precipitation regime has been widely explored during the last decades
(e.g. Entekhabi et al., 1996 [81]; De Ridder, 1997 [54]; Findell and Eltahir, 1997
[88]; Eltahir, 1998 [79]; Zheng and Eltahir, 1998 [272]; Findell and Eltahir, 1999 [89];
Douville and Chauvin, 2000 [71]; Dirmeyer, 2001 [59]; Salvucci et al., 2002 [216];
Georgescu et al., 2003 [107]; D'Odorico and Porporato, 2004 [66]; Kochendorfer and
Ramírez, 2005 [146]; Ferranti and Viterbo, 2006 [87]; Kanae et al., 2006 [144]; Fan
et al., 2007 [84]; Lam et al., 2007 [159]; Dirmeyer et al., 2009b [65]), even though
some examples of negative soil moisture - rainfall correlation have been also reported
(Cook et al., 2006 [48]; Wei et al., 2008 [263]). In particular, soil moisture variability
seems to play a relevant role in arid and semiarid climates where convective processes
are largely responsible for precipitation (Finder and Eltahir, 2003a [90]; Finder and
Eltahir, 2003b [91]).

Soil moisture is commonly referred to as the humidity stored in the unsaturated
column of the soil, limited by the land surface at the top and by the water table (or
phreatic level) at the bottom (Seneviratne et al., 2010 [225]). In the upper soil layer,
accessible to the roots of the plant cover, the pores (that is, the spaces between the
solid particles) are �lled partially with water and partially with air. Below the water
table, in contrast, all the pores are fully saturated with liquid water, usually referred
to as groundwater (Dingman, 2002 [56]; Fitts, 2002 [94]). A simpli�ed representation
of the soil structure can be observed in Fig. 1.7, which shows the above-mentioned
soil layers and the corresponding water �uxes connecting them.

The distribution of the water content into the soil is essentially driven by gravity,
which is responsible for the percolation of moisture into deeper layers of the soil, thus
recharging the groundwater reservoir. Reversely, the hydric demand of the vegetation
roots may lead to the ascend of groundwater via capillary rise and plant uptake
(York et al., 2002 [266]; Brolsma et al., 2010 [30]; Fan and Miguez-Macho, 2010 [85]),
attenuating soil moisture and ET de�cits during the dry season. It is relevant to
mention that capillarity processes are highly sensitive to the soil type (Fan et al.,
2007 [84]; Miguez-Macho et al., 2008 [182]). For instance, capillarity e�ects are very
intense in a clay soil, where the roots can absorb groundwater even with a water table
located at around 10 m depth. In a sandy soil, in contrast, the roots are only able
to absorb groundwater if the water table is located approximately at the roots level
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Figure 1.7: Simpli�ed representation of the soil structure. Image obtained from
Gestal-Souto et al., 2010 [109].

(Fan et al., 2007 [84]; Miguez-Macho et al., 2008 [182]).

On the other hand, the water table depth is also modulated by the lateral
groundwater �ux, directly related to the orography and physically described through
Darcy's Law (Fitts, 2002 [94]). This groundwater �ux is responsible for the spatial
redistribution of the water resources of the soil, being connected with the rivers and
thus closing the terrestrial water cycle. An interesting example of the e�ects of lateral
froundwater �ux is groundwater convergence, taking place in the green and fertile
valleys and plateaus surrounded by mountain ranges, where the water table is found
to be generally shallow (Fan et al., 2007 [84]). Arid and semiarid regions with this
kind of hydrological con�gurations are typically characterized for a strong coupling
between soil moisture and groundwater, which acts as a reservoir of the water excess
during the humid season and feeds the unsaturated soil through capillarity during the
long summer, thus sustaining the subsequent land-atmosphere �uxes and precipitation
(York et al., 2002 [266]; Fan et al., 2007 [84]).

In Iberian Peninsula, a shallow water table is found to take place in large areas of
the interior (Gestal-Souto et al., 2010 [109]), as it is shown in Fig. 1.8. Interestingly,
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most of these regions are arid or semiarid, presenting relevant water limitations. In
the North Plateau, which constitutes a clear example of the hydrological con�guration
described in the paragraph above, the water table is less than 5 m depth in large areas
(Fig. 1.8). The degree of soil moisture - water table coupling is also expected to be
similarly intense in the eastern areas of the South Plateau (Fig. 1.8). In general, this
suggests that in the interior areas of the Iberian Peninsula, the water table depth,
the dynamics of the soil moisture and the groundwater supply in the dry season are
expected to play a crucial role on land-atmosphere interactions and, therefore, in the
regional rainfall regime. In contrast, in the humid northern and northwestern areas,
where precipitation is essentially controlled by large-scale circulation and favored by
orography, the potential impacts of the water table and soil moisture are expected to
be signi�cantly reduced (Anyah et al., 2008 [5]; Miguez-Macho et al., 2008 [182]).

Figure 1.8: Equilibrium water table depth, EWTD (m), for the Iberian Peninsula.
Image obtained from Gestal-Souto et al., 2010 [109].

Soil moisture and climate memory

It is well known that the atmosphere is intrinsically a non-linear and chaotic system
(e.g. Koster and Suarez, 2003 [153]). As a consequence, small variations in the initial
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conditions may lead to signi�cantly distinct evolutions of the system. This has a
direct impact on weather predictability, whose reliability decreases to an important
extent beyond the fourth or �fth day. Extending the forecasting capability of our
meteorological and climate models is hence a priority for researchers in these disci-
plines. Interestingly, unlike the atmosphere, there are some other elements of the
climatic system that are able to keep the memory of what happened during the previ-
ous months and seasons. Koster et al. (2004) [156] identi�es the three main reservoirs
of memory to be: 1) the oceans; 2) the soil moisture; and 3) the vegetation cover.
Long-term predictability depends to a large extent on a better understanding of the
interactions among these elements (Liu and Avissar, 1999 [162]; Fennessy and Shukla,
1999 [86]; Dirmeyer, 2003 [60]; Koster and Suarez, 2003 [153]; Wu and Dickinson, 2004
[265]; Dirmeyer et al., 2009a [64]). In general, however, soil moisture and vegetation
impacts on precipitation are much more relevant than ocean-atmosphere feedbacks
(Koster and Suarez, 1995 [150]; Koster et al., 2000 [151]; Koster et al., 2004 [156]). As
a result, investigating soil-atmosphere interactions over a certain region (in our case,
the Iberian Peninsula) is not only a way to assess the e�ects of local and mesoscale
processes on the regional climate and precipitation regime, but additionally provides
valuable information that may contribute to the improvement of seasonal forecasting
and longer-term climatic research (Dirmeyer, 2000 [58];Douville and Chauvin, 2000
[71]; Betts, 2004 [17]).

The persistence that soil moisture induces on climate has been explored in dif-
ferent works (e.g. Entekhabi et al., 1992 [80]; Brubaker and Entekhabi, 1996 [33];
Eltahir and Bras, 1996 [77]; Trenberth and Guillemot, 1996 [245]; Liu and Avissar,
1999 [162]; Pal and Eltahir, 2001 [196]; Koster et al., 2003 [154]; Pal and Eltahir,
2003 [197]; Koster and Suarez, 2004 [155]; Bierkens and Van der Hurk, 2007 [20];
Domínguez et al., 2008 [69]; Seneviratne et al., 2010 [225]). For instance, Eltahir and
Bras, 1996 [77] concluded that a wet (dry) year favors that the following years keep
on being wet (dry): this implies that wet (dry) cycles show a tendency to perpetuate.
Similarly, soil moisture memory and land-atmosphere interactions may have a relevant
impact on droughts, such as the well-known 2003 European summer heat wave (Trigo
et al., 2005 [253]; Ferranti and Viterbo, 2006 [87]; Zaitchik et al., 2006 [270]; Fischer
et al., 2007a [92]; Fischer et al., 2007b [93]; Vautard et al., 2007 [258]; Quesada et
al., 2012 [207]). In the North Plateau of the Iberian Peninsula, as over many other
arid and semi-arid regions, the soil has a tendency to keep dry during the summer.
Nevertheless, the groundwater convergence from the surrounding mountains, which
sustains a shallow water table and the subsequent connections between land and air,
may avoid the complete drying of the soil and reset of its memory (Bierkens and Van
der Hurk, 2007 [20]). As a result, even over water-stressed areas as the Iberian North
Plateau, groundwater may keep the memory of the system from year to year.
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Human impacts on land-atmosphere interactions

The land surface is the element of the climate system that is more sensitive to the
human activities. Nowadays, changes in land use take place incessantly all over the
world. Deforestation is probably the most aggressive among such processes, and its
e�ects on climate have been a matter of research for the last decades, particularly in
the Amazon (e.g. Nobre et al., 1991 [191]; Bastable et al., 1993 [10]; Eltahir and Pal,
1996 [78]; Gordon et al., 2005 [120]).

Land-atmosphere water and heat �uxes, principally evapotranspiration (ET), are
largely modulated by the land cover (Eltahir and Pal, 1996 [78]; Van der Ent et al.,
2010 [256]), and their intensity is intuitively di�erent over urban, forest, grassland or
farmland areas. In a recent work, Pielke et al. (2007) [203] analyze several examples of
how human changes in land cover may a�ect the regional climate. Similarly, a detailed
assessments of the impact of changes in the vegetation cover on further convective
precipitation can be found in the works by Anthes (1984) [4], Arora (2002) [7]; Dekker
et al. (2007) [51] or Jiang et al. (2009) [136].

In general, ET can be enhanced via reducing runo� (e.g. building dams) and,
reversely, can be reduced by facilitating the drainage of water into the soil (e.g. re-
ducing the extension of urban areas) (Van der Ent et al., 2010 [256]). The e�ects of
concrete human actions, as is the case with irrigation, on further convective precipita-
tion have been explored in classical studies (McDonald, 1962 [176]; Stidd et al., 1975
[235]) and also in more recent works (Eltahir and Pal, 1996 [78]; De Ridder and Gal-
lée, 1998 [55]; Boucher et al., 2004 [29]; DeAngelis et al., 2010 [49]; Jódar et al., 2010
[138]). Nevertheless, it is also widely assumed that local changes in the land use do
not necessarily lead to alterations of the precipitation regime in the same area. This
erroneous interpretation is known in the literature as the �evaporation-precipitation
fallacy� (McDonald, 1962 [176]; Stidd et al., 1975 [235]). The reason is essentially
that the water cycle typically operates at a greater scale, with water molecules trav-
eling hundreds and even thousands of kilometers (Trenberth, 1998 [246]), during time
periods ranging from 3 to 20 days (Van der Ent and Savenije, 2011 [257]). To refute
the above-referred fallacy, McDonald (1962) [176] provides the clear example of the
Caspian Sea, a large natural body of water that, being surrounded by arid regions, is
unable to relief their water scarcity.

Another anthropogenic activity which has an e�ect on land-air �uxes is ground-
water abstraction. In large areas of the Iberian South Plateau, for instance, massive
groundwater pumping for agriculture and other economical activities has led to a re-
markable depletion of the phreatic level for the last decades (Gestal-Souto et al., 2010
[109]). This evidences that the consumption of groundwater resources has taken place
at a faster rate than its natural replenishment. The alteration of these vulnerable hy-
dric equilibriums may modify land-air feedbacks at the regional scale (Sutanudjaja et
al., 2011 [241]) and even a�ect the future sustainability of these areas. Over the arid
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and semiarid Iberia, therefore, human perturbations in land-use may have an impor-
tant impact on the precipitation of local, convective origin (Millán et al., 2005 [183])
and, in general, may play a role in local-scale climate change (Brown and Arnold,
1998 [31]). As a result, the anthropogenic impact must be taken into account for an
appropriate management of the water resources in such water-stressed areas.

1.4 The recycling mechanism

In the previous section, we examined the di�erent factors controlling land-air interac-
tions and, as a result, the fraction of precipitation with a local origin. In this section,
we explore some of the procedures to e�ectively quantify this fraction, separating its
contribution from that of advective origin. This is essentially the aim of any regional
recycling study.

Let us revisit and clarify the rough estimations on the planetary water cycle pre-
sented in the initial resume. At the global scale, about 90% of the atmospheric vapor
originates from oceanic evaporation (Quante and Matthias, 2006 [206]; Gimeno et
al., 2010a [110]), and only 10% of the water evaporated from the oceans precipitates
over land (Oki, 2005 [193]; Gimeno et al., 2010b [111]). The latter water molecules,
transported by the winds from the ocean to the continents, where they precipitate,
may then evaporate and precipitate several times over land areas before going back
to the oceans, mainly as river �ow (Numaguti, 1999 [192]). This process is known as
water recycling and plays a critical role in the water cycle of the continental areas. In
fact, estimates show that 40% of the terrestrial precipitation originates from evapo-
transpiration over land, and 57% of all terrestrial evapotranspiration reverts as land
precipitation (Van der Ent et al., 2010 [256]). For a complete representation of the
terrestrial hydrology cycle and quanti�cation of the moisture �uxes involved, see Fig.
1 of Oki and Kanae (2006) [194].

As evapotranspiration, recycling is another relevant example of a physical pro-
cess controlled by both the soil and the atmosphere. Nevertheless, recycling is a
peculiar land-atmosphere interaction, since it can be regarded as a measure of the
degree of control that soil moisture and local ET dynamics exert on the regional
climate (Eltahir and Bras, 1994 [76]; Burde and Zangvil, 2001a [37]). The inten-
sity of the recycling mechanism is quanti�ed through the recycling ratio (Burde and
Zangvil, 2001b [38]). The computation of this variable provides the above-mentioned
assessment of the potential impact of land-atmosphere interactions on the regional
precipitation regime (Eltahir and Bras, 1994 [76]; Burde and Zangvil, 2001a [37]). In
other words, recycling can be seen as a measure of the connections between hydro-
logical and meteorological processes at the regional scale (Bosilovich and Schubert,
2001 [23]).

Even though the recycling ratio provides information about the current state
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of the climatic system (Eltahir and Bras, 1996 [77]), the analysis of this parameter
might be of great relevance to explore the possible e�ects of climate change at the
regional scale. Nowadays, it is widely accepted that human-induced global warming
associated with higher concentrations of greenhouse gases will amplify the water cycle,
thus increasing the global mean precipitation and evaporation rates (IPCC, 1990 [131];
IPCC, 1996 [132]; IPCC, 2001 [133]; IPCC, 2007 [134]). However, these changes will
be highly asymmetric, with semi-arid regions, such as the Mediterranean, su�ering
some of the heaviest burden when compared to other areas of the world (Giorgi,
2006 [114]; IPCC, 2007 [134]). According to Seneviratne et al. (2006a) [223], the
European climates are expected to shift northwards during the next decades as a
result of climate change, and this may critically a�ect transition regions such as the
Iberian Peninsula. In fact, most modeling studies using global and regional circulation
models (GCMs and RCMs) do suggest that the Mediterranean area, including the
Iberian Peninsula, will register a general trend towards less precipitation and increase
precipitation variability and evapotranspiration during the 21st century (Giorgi, 2006
[114]; Giorgi and Lionello, 2008 [115]; Mariotti et al., 2008 [168]). In this regard, a
recent thorough study using the CMIP3 multi-model ensemble indicates a decrease
in land surface water availability resulting from precipitation reduction and warming-
enhanced evaporation (Mariotti et al., 2008 [168]). The reduction in the available
moisture to precipitate will a�ect the rainfall averages over land (reduction of the
recycling component) and equally over the Mediterranean Sea. Interestingly, recent
studies show that there has been a tendency towards more frequent drought events
in the Mediterranean region (Sousa et al., 2011 [232]) and towards deserti�cation in
southern Iberia (Balabanis et al., 1999 [9]), with such trends being already partially
driven by climate change (Hoerling et al., 2012 [124]). As a result, apart for being
a relevant variable for the investigatation of climate change scenarios, the Iberian
recycling ratio itself is expected to su�er important variations during the next decades.

Recycling studies have focused on many di�erent regions of the world. Among
them, three areas have been historically given special attention:

1. The European part of the Russian Federation, where recycling studies have been
carried out by e.g. Budyko (1974) [35], Shiklomanov (1989) [227] or Brubaker
et al. (1993) [32].

2. North America and, in particular, the Mississippi river basin, studied by e.g.
Benton et al. (1950) [14], Koster et al. (1986) [147], Brubaker et al. (1993) [32]
or Trenberth (1999) [247].

3. The Amazon river basin, analyzed by e.g. Lettau et al. (1979) [161], Eltahir
and Bras (1994) [76], Trenberth (1999) [247] or Marengo (2006) [167].

Additionally, other regions have been also explored, to a relevant extent, in terms
of moisture recycling. This is the case of the Mackenzie river basin (e.g. Szeto, 2002
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[242], who estimated a mean annual recycling ratio of around 25% for that catchment)
or the Sahel region (e.g. Savenije, 1995a [218]; Nieto et al., 2006 [188]). In the latter
area, Savenije (1995a) [218] estimates that 90% of the (scarce) rainfall is recycled;
that is, almost all the precipitation comes from ET within the Sahel itself.

A classi�cation of recycling models

The analysis of the moisture sources for precipitation over a certain region and the
subsequent assessment of the recycling ratio has been a matter of research for decades.
The �rst studies on precipitation recycling date from the 19th century (Van der Ent
et al., 2010 [256]). However, it has not been until the 20th century when more
systematic investigations have explored this mechanism. In particular, the classical
works by Holzman (1937) [127], Benton et al. (1950) [14] and McDonald (1962) [176]
has been taken as a reference for further investigations, as well as those by Horton
(1933) [129] or McNish (1936) [177]. A complete review on these �rst recycling studies
can be found in Brubaker et al. (1993) [32] and Eltahir and Bras (1996) [77].

In the 1950s, Budyko developed an analytical model to mathematically compute
the recycling ratio (Budyko, 1974 [35]) that represented a key step for recycling re-
search. In fact, most of the recent recycling models are shown to be generalizations
and modi�cations of Budyko's model (Burde and Zangvil, 2001a [37]). Budyko's
model is classi�ed as a one-dimensional recycling model, since although it can be
applied to a real, two-dimensional region, the moisture �ux is assumed to be always
parallel to the boundaries of the region. In addition, evapotranspiration and precipita-
tion are assumed to be constant, both in space and time. This assumption, relatively
acceptable for ET, does not represent the reality of the precipitation process, which
is known to be highly non-homogeneous. As a result, the method biases towards an
underestimation of the recycling ratio (Dirmeyer and Brubaker, 1999 [57]; Bosilovich
and Schubert, 2001 [23]; Bosilovich and Chern, 2006 [28]). This underestimation may
reach 10 or even 15% with respect to more re�ned models (Dirmeyer and Brubaker,
1999 [57]).

As is the case with Budyko's model, any other analytical recycling model is
based on two equations of conservation of vapor mass for the two di�erent fractions
of moisture available in the atmosphere (advected and evapotranspired), and a third
equation assuming that these two fractions are well mixed (Burde and Zangvil, 2001a
[37]). The latter equation is referred to as the well-mixed atmosphere hypothesis and
underlies all analytical recycling models. The well-mixed atmosphere assumption is
based on the fact that most of the moisture in the air is contained within the plan-
etary boundary layer (PBL), where turbulent and convective processes, driven by
sensible heat �uxes (Bosilovich and Chern, 2006 [28]), e�ciently mix the dry air with
water vapor coming from di�erent sources (Eltahir and Bras 1996 [77]; Stull, 1988
[238]; Schär et al., 1999 [221]; Domínguez and Kumar, 2008 [68]; Domínguez et al.,
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2009 [70]). Eltahir and Bras (1994) [76] provide a detailed justi�cation of this critical
assumption and conclude that the mixing process is signi�cantly quick, taking only
15 minutes, on average, for the evapotranspired water molecules to completely mix
up with the surrounding vapor. Nevertheless, the well-mixing through the column
is not always satis�ed. For instance, locally evapotranspired humidity has a ten-
dency to remain in the lower layers of the atmosphere (Gimeno et al., 2010a [110])
and a part of it gives rise to �fast recycling� - precipitation coming from ET that
did not mix with advected moisture from further above (Stidd, 1967 [234]; Lettau et
al., 1979 [161]; Burde, 2006 [39]). Similarly, in a global study using passive tracers,
Bosilovich (2002) [24] concluded that the fraction of locally evapotranspirated mois-
ture in the precipitable water can be signi�cantly di�erent from the fraction of locally
evapotranspirated moisture in precipitation, which might have an impact on recycling
calculations (Bosilovich, 2002 [24]). Moreover, precipitation can also originate from
condensate coming from somewhere else and have very little contribution from local
ET. These and some other limitations of the well-mixed hypothesis were discussed by
Burde (2006) [39], Fitzmaurice (2007) [95] and Domínguez and Kumar (2008) [68].

In 1965, Drozdov and Grigor'eva (1965) [72] extended Budyko's model by al-
lowing ET and precipitation to vary along the streamline, so that ET = ET (x) and
P = P (x), with x standing for the �ow direction, still parallel to the boundaries. Let-
tau et al. (1979) [161] incorporate the consideration of the fast recycling mechanism
in their algorithm. The two-dimensional extension of these models was carried out
by Brubaker et al. (1993) [32], where the �ux is now allowed not to be parallel to
the region boundaries. Nevertheless, this model provides good estimates only if the
�ow is essentially parallel and does not meander to a signi�cant extent. A complete
representation of the two-dimensional structure of the �ow is incorporated to Burde
et al.'s (1996) [36] recycling model. This approach is improved in Burde and Zangvil
(2001b) [38], yielding much better recycling estimations under complex, non-parallel
moisture �uxes. Finally, in Burde (2006) [39] and Burde et al. (2006) [40], a more so-
phisticated bulk recycling model is presented. This model accounts for fast recycling
and incomplete vertical mixing, by introducing a new parameter that quanti�es the
accuracy of the well-mixed assumption in every concrete situation.

Eltahir and Bras (1994) [76] developed a numerical procedure to compute the
recycling ratio by subdividing the study region into multiple small grid cells and
applying the two equations of conservation of water mass and the well-atmosphere
condition to each of them. This model represents an important improvement on
recycling studies, as it provides not only an average regional value of recycling but
also the spatial distribution of this magnitude over the considered region. Among
the model limitations, the most relevant is the fact that calculations are performed
by using time averaged ET and horizontal moisture �uxes, which leads to highly
smooth spatial patterns that are excessively related to the prevailing wind direction.
Nevertheless, the Eltahir and Bras's (1994) [76] recycling model, hereafter referred to
as EBRM, is still widely used for recycling analysis. Generally, this numerical model
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computes higher recycling ratios than Budyko-type models (Domínguez et al., 2006
[67]), although it still seems to underestimate the intensity of the recycling mechanism
(Van der Ent et al., 2010 [256]). Our recent results with moisture tracers, presented
in chapter 5, contradict however the latter statement for the Iberian Peninsula.

A particular type of analytical recycling models are the so-called integral mois-
ture budget (IMB) recycling models, also designated as bulk recycling models. Among
them, in this thesis we make use of the model by Schär et al. (1999) [221], hereafter re-
ferred to as IMB. Interestingly, the IMB model converges technically with the EBRM
when the latter is applied in the limit case of the whole region corresponding to one
grid cell. On the other hand, Savenije developed in the mid nineties an analytical
procedure to compute the recycling ratio in terms of the runo� coe�cient (Savenije,
1995b [219] and Savenije, 1996 [220]). A variant of Brubaker et al.'s (1993) [32] and
Schär et al.'s (1999) [221] bulk recycling formulae has been developed by Zangvil et
al. (2004) [271]. In all these bulk recycling models, precipitation and ET are assumed
to be uniformly distributed in space and time (Eltahir and Bras, 1994 [76]

; Dirmeyer and Brubaker, 1999 [57]). In addition, these models do not make any
hypothesis about the direction and structure of the �ow, as they only account for the
total amounts of moisture that enter or leave the region through ET, precipitation
and moisture convergence. These makes integral moisture budget models very easy
to be applied, although their results are consequently a�ected by a remarkable degree
of uncertainty. Rather than an accurate estimation of the regional recycling ratio,
bulk recycling models are thus assumed to provide a qualitative diagnostic of the
intensity of land-atmosphere interactions (e.g. Bosilovich and Schubert, 2001 [23]).
A complete analysis of the atmospheric water budget, underlying these bulk recycling
models, can be found in Peixoto (1973) [199] and Peixoto and Oort (1992) [200].

In addition to the classical analytical recycling models, several di�erent proce-
dures have been explored to compute the recycling ratio over many areas all over the
world. The underlying idea of all these methods is to track the trajectories described
by the water molecules, in order to directly quantify the contribution of both inter-
nal and external sources of moisture to the regional precipitation. This purpose has
been implemented throught three di�erent techniques, that we brie�y discuss below:
1) studies based on isotope data; 2) lagrangian or back-trajectory methods; and 3)
numerical experiments with moisture tracers.

The �rst technique is based on the fact that water of di�erent origins has a
distinct content of certain isotopes (Domínguez et al., 2006 [67]). Several studies
have taken advantage of this property to estimate the recycling ratio, as is the case
with the works by Salati et al. (1979) [215], Rozanski et al. (1982) [213], Jouzel
and Merlivat (1984) [141], Koster et al. (1992) [148], Koster et al. (1993) [149],
Kurita et al. (2004) [158], Yu et al. (2007) [268], Froehlich et al. (2008) [98] or Liu
et al. (2008) [163]). The most relevant drawback of this approach lies in the large
uncertainty associated to the variability in the isotopic content of the water vapor
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(Kurita et al., 2004 [158]).

On the other hand, lagrangian or back-trajectory methods simulate the paths
whereby individual water molecules are transported by the equations of the at-
mospheric dynamics. The quanti�cation of the fraction of the precipitated water
molecules with their origin in regional ET allows to directly compute the recycling
ratio. A theoretical introduction to this technique can be found in Merrill et al.
(1986) [178]. The lagrangian method has been applied to di�erent regions and peri-
ods of the year in a variety of studies, as e.g. those by Joussaume et al. (1984) [139],
Dirmeyer and Brubaker (1999) [57], Brubaker et al. (2001) [34], Stohl and James
(2004) [236], Stohl and James (2005) [237], Domínguez et al. (2006) [67], Nieto et
al. (2006) [188], Dirmeyer and Brubaker (2007) [63], Domínguez et al. (2009) [70],
Gimeno et al. (2010a) [110], Drumond et al. (2011) [73] or Gimeno et al. (2011) [112].
The three last studies are focused on the Iberian Peninsula. In general, lagrangian
techniques are assumed to be a good alternative to the traditional recycling methods.
The comparison of the recycling values obtained through both procedures provides
useful information to characterize the regional precipitation regime.

Similarly, numerical tracer experiments have been also carried out for the last
decades. In such experiments, water molecules are tagged at the time of their evap-
otranspiration and followed until they precipitate. Koster et al. (1986) [147] imple-
mented this kind of passive tracers in a GCM to explore the sources and sinks of
moisture at the golbal scale. Similar methodologies have been used by Joussaume et
al. (1986) [140], Numaguti (1999) [192] Bosilovich (2002) [24], Bosilovich and Schubert
(2002) [25]), Bosilovich et al. (2003) [26] and Bosilovich et al. (2005) [27]. Recently,
at the University of Santiago de Compostela, professor Gonzalo Miguez-Macho has
implemented passive tracers in a regional numerical model (more speci�cally, in the
WRF model). The latter technique allows calculating the recycling ratio explicitly
and at high-resolution, becoming the best tool, by far, that we have nowadays to
quantify the recycling ratio at the regional scale. The main features of this innova-
tive tool, experimentally applied in chapter 5 over Iberia, are described in chapter 2
(sections 2.1 and 2.4).

In this thesis, we make use of two of the classical recycling models described
above to calculate the recycling ratio over the IP: on the one hand, the numerical,
two-dimensional model developed by Eltahir and Bras (1994) [76]; on the other, the
analytical bulk recycling model developed by Schär et al. (1999) [221]. As men-
tioned, we refer to both of them as EBRM and IMB, respectively. The theoretical
bases, analytical formulae and ranges of applicability are discussed in detail in chap-
ter 2. Additionally, as mentioned in the paragraph above, the new technique based
on moisture tracers introduced in the WRF model is experimentally used in chapter
5 to compute the Iberian recycling ratio. Moisture tracers label the water molecules
evapotranspired within our study region, which essentially corresponds to the land
area of the Iberian Peninsula, allowing to compute the recycling ratio in a direct way,
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unlike the IMB and EBRM classical models that rely on assumptions that sometimes
do not represent the reality accurately. The comparison of these results becomes very
useful to assess the ability of IMB and EBRM recycling methods to reproduce the
actual recycling patterns.

Local and regional recycling ratio

Over a certain region of area size A and shape ξ, and during a given period of time
∆t, the recycling ratio can be de�ned either locally or regionally. Considering an area
element, ∆A, inside the study region (Fig. 1.9), the local recycling ratio quanti�es
the fraction of the precipitation falling within this in�nitesimal area with its origin in
ET within the region (Burde and Zangvil, 2001a [37]). Mathematically, this can be
expressed through the equation below (Burde and Zangvil, 2001a [37]; Van der Ent
et al., 2010 [256]):

ρ(x, y,∆t|A, ξ) = lim
∆A→0

∫∫
∆A Pm(x, y,∆t|A, ξ)dxdy∫∫
∆A P (x, y,∆t|A, ξ)dxdy

(1.4)

where Pm(x, y,∆t|A, ξ) represents the fraction of precipitation falling at the area
element ∆A within the study area, centered at (x, y), with the origin in moisture
evapotranspirated at any location within the same region. Similarly, P (x, y,∆t|A, ξ)
stands for the total amount of rainfall observed at ∆A, centered at (x, y), during a
period of time ∆t. The corresponding discrete de�nition of the local recycling ratio
can be found in Domínguez et al. (2006) [67]. According to this practical approach,
the local recycling ratio for a given grid cell, centered at point (i, j) and with an area
size ∆A(i, j), is given by:

ρ(i, j,∆t|A, ξ) =
Pm(i, j,∆t|A, ξ)
P (i, j,∆t|A, ξ)

(1.5)

At the regional scale, the recycling ratio is de�ned as the total fraction of rain-
fall within the study area originated from ET inside it (Brubaker et al., 1993 [32];
Trenberth, 1999 [247]). This is expressed as:

r(∆t|A, ξ) =
〈Pm〉
〈P 〉

=

∫∫
A ρ(x, y,∆t|A, ξ)P (x, y,∆t|A, ξ)dxdy∫∫

A P (x, y,∆t|A, ξ)dxdy
(1.6)

where 〈Pm〉 and 〈P 〉 represent the spatial average of locally evapotranspired and
total precipitation, respectively. According to the grid-based approach (Eltahir and
Bras, 1994 [76]; Domínguez et al., 2006 [67]), the regional recycling ratio for a study
region of area size A and shape ξ is alternatively given by:
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Figure 1.9: Illustration of the concept of local recycling ratio.

r(∆t|A, ξ) =

∑
i,j ρ(i, j,∆t|A, ξ)P (i, j,∆t|A, ξ)∆A(i, j)∑

i,j P (i, j,∆t|A, ξ)∆A(i, j)
(1.7)

where the sums are extended to all the grid cells of the region.

The information provided by regional recycling ratios can be complemented
through the calculation of the regional evaporation recycling ratio, ε(∆t|A, ξ). This
new variable, which arises naturally from this analysis, is de�ned by Van der Ent et
al. (2010) [256] as:

ε(∆t|A, ξ) = lim
∆A→0

∫∫
∆AET

∗(x, y,∆t|A, ξ)dxdy∫∫
∆AET (x, y,∆t|A, ξ)dxdy

(1.8)

In this equation, ET ∗(x, y,∆t|A, ξ) stands for the fraction of moisture evapo-
transpired from an area element ∆A, centered at the point (x,y), which precipitates
at any location within the study region, A. Similarly, ET (x, y,∆t|A, ξ) represents
the total amount of moisture evapotranspired from that in�nitesinal area, regardless
the location where it precipitates. Speci�cally, the fraction of ET that blows out of
the region and precipitates beyond its borders is referred to as moisture export (e.g.
Domínguez et al., 2009 [70]).

Limitations of classical recycling de�nitions

The de�nition of the recycling ratio through equations (1.4) and (1.6), widely used
in the literature, presents however some relevant shortcomings. The most important
one is related to the dependence of the recycling ratio on the size and shape of the
study region (Trenberth, 1999 [247]; Van der Ent et al., 2010 [256]). Of course, the
recycling ratio tends to increase with the size of the region. Theoretically, it reaches
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the maximum value of 1 in the limit case when the study region coincides with the
whole globe. Similarly, the minimum value of 0 would be invariantly obtained if
the region was reduced to a point. The nature of the function linking the recycling
value and the region size has been a matter of intense discussion. For instance, a
logarithmic relationship was suggested by Domínguez et al. (2006) [67] and Bisselink
and Dolman (2008) [21], whereas Eltahir and Bras (1996) [77] and Dirmeyer and
Brubaker (2007) [63] propose this correlation to follow a power law. On the other
hand, the shape of the study region, and more speci�cally its orientation with respect
to the predominant direction of the atmospheric �ow, also a�ects recycling values to
a signi�cant extent (Burde and Zangvil, 2001a [37]; Van der Ent et al., 2010 [256];
Van der Ent and Savenije, 2011 [257]). This fact is illustrated in Fig. 1.10, where
an ideal zonal �ow passes over two imaginary rectangular regions with approximately
the same area size, A. If the region is too wide (that is, the perpendicular dimension
to the main �ow direction is much greater than the parallel dimension), then most of
the moisture evapotranspired within the region will be exported out of its boundaries,
thus leading to very low recycling values. On the contrary, if the region is too long (the
parallel dimension to the main �ow direction is much greater than the perpendicular
dimension), a relevant fraction of the humidity evapotranspired within the region will
precipitate inside it, and thus the local recycling ratio will be signi�cantly high on
the right side of the study area. As a result, and in order to attenuate the strong
dependence of the recycling ratio with the shape of the region, illustrated with this
simple example, most of the recycling studies at the regional scale have been carried
out over regular domains, not very far from squared shapes. This analysis con�rms
that recycling ratios alone might not be su�cient to evaluate the impact of the local
component of rainfall in the regional precipitation regime.

Figure 1.10: Illustration of the impact of the area shape of the study region on
recycling calculations.
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Continental recycling ratio

As mentioned in the previous subsection, the recycling ratio depends on the shape
and size of the region where it is calculated. In order to overcome this limitation, an
alternative magnitude has been proposed by Van der Ent et al. (2010) [256]. In the
latter study, local and regional continental recycling ratios are de�ned, respectively,
as

ρc(x, y,∆t) = lim
∆A→0

∫∫
∆A Pc(x, y,∆t|A, ξ)dxdy∫∫
∆A P (x, y,∆t|A, ξ)dxdy

(1.9)

and

rc(∆t) =
〈Pc〉
〈P 〉

=

∫∫
A Pc(x, y)dxdy∫∫
A P (x, y)dxdy

=

∫∫
A ρc(x, y)P (x, y)dxdy∫∫

A P (x, y)dxdy
(1.10)

In equations (1.9) and (1.10), Pc(x, y,∆t|A, ξ) stands for the fraction of precip-
itation falling within an area element ∆A, centered at the point (x, y), originated
from moisture evapotranspirated at any continental area over the world. Similarly,
P (x, y,∆t|A, ξ) represents the total amount of rainfall observed at ∆A, centered at
(x, y), during a period of time ∆t. 〈Pc〉 and 〈P 〉 represent the corresponding area-
averaged quantities over the study region, A. Unlike standard regional recycling ratios,
continental recycling ratios are scale- and shape-independent (Van der Ent et al., 2010
[256]; Van der Ent and Savenije, 2011 [257]).

Nevertheless, over the Iberian Peninsula, mainly a�ected by the westerly cir-
culation, the computation of the classical regional recycling ratio is expected not to
di�er signi�cantly from the continental recycling estimations, since the fraction of
the Iberian precipitation originated in ET over the Americas can be negligible (Van
der Ent et al., 2010 [256]). Similarly, the moisture supply from western Europe or
northern Africa is very reduced. On the other hand, unlike continental recycling ra-
tios, which need global simulations to be obtained, the standard local and regional
recycling ratios present the advantage that they can be computed from regional cli-
mate simulations. As a result, the higher resolution of the regional runs may facilitate
a more detailed assessment of the speci�c characteristics of the Iberian hydrological
cycle.

The role of topography on recycling patterns

As it naturally follows from the analysis above, recycling patterns are expected to
present a strong connection with the prevailing direction of the wind and moisture



1.4 The recycling mechanism 29

�ux. Moreover, they are also very sensible to topography. In fact, mountain ranges are
natural obstacles that may sometimes retain the advected moisture, thus modulating
the local intensity of recycling (Van der Ent et al., 2010 [256]). An interesting illustra-
tion of this mechanism is analyzed, for the Amazon river basin, by Eltahir and Bras
(1994) [76]. Surrounded by mountain chains to the north, west and south, the Ama-
zon basin is predominantly in�uenced by the prevailing easterly winds that transport
humidity from the Atlantic Ocean. To a great extent, this orographic con�guration
blocks the exit of the water vapor advected into the region by the easterly �ux. Ide-
ally, that moisture can only leave the region after precipitating within the river basin,
through surface and groundwater runo�. Similarly, nearly all the moisture evapotran-
spired within the basin is unable to �ow out, being forced to precipitate as recycled
water. According to this rough approximation, one can consider that Pm ≈ ET and
therefore the regional recycling ratio can be simply estimated as r = ET/P . More
re�ned calculations showed that the Amazon river basin is not such a close system,
and therefore the actual recycling ratio at the basin scale is signi�cantly reduced with
respect to the initial approach discussed above. Regardless, the topography of the
region plays in this case a crucial role, enhancing the recycling of internal moisture.

Previous recycling estimates over the Iberian Peninsula

As described at the begining of this section, recycling studies have essentially focused
on a few regions of the world. For the Iberian Peninsula, only a limited number of
previous works has evaluated the sources of moisture and the recycling ratio at the
regional scale. For an area including most of the IP, Schär et al. (1999) [221] es-
timated a monthly, regional recycling value close to 0.06 for both July of 1990 and
July of 1993, providing an analysis of the sensitivity of the summer recycling ratio
to di�erent initializations of soil moisture over Iberia. This study concludes that a
wet (dry) initialization of soil conditions leads to a signi�cant increase (decrease) of
both recycling ratio and precipitation e�ciency in the Iberian summer. Bisselink and
Dolman (2008) [21] estimated, for a similar region, the average summer (June-July-
August, JJA) regional recycling ratio over the period 1979-2001, with results ranging
from 0.1 to 0.2. In a recent work, Dirmeyer et al. (2009b) [65] provide absolute val-
ues of mean recycling ratio over the period 1979-2003 for Spain (0.13) and Portugal
(0.04). The corresponding area-scaled recycling ratios (for a reference area of 105km2)
were found to be 0.06 for Spain and 0.04 for Portugal. In a global study including
the IP, Trenberth (1999) [247] found an average annual recycling ratio ranging from
0.05 to 0.10, for a 500 km length scale, for the period 1979-1995, by using the Cli-
mate Prediction Center Merged Analysis of Precipitation (CMAP) and the National
Centers for Environmental Prediction (NCEP) reanalysis data (see Trenberth, 1999
[247] for details). These values vary from 0.04 to 0.08 in winter and from 0.10 to
0.12 in spring, when the highest recycling values are obtaind (in summer, recycling
ratios remain below 0.10). For a 1000 km length scale, the mean annual recycling
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ratio ranged from 0.14 to 0.16 throughout Iberia. Also in a global context, Van der
Ent et al. (2010) [256] obtained annual continental recycling ratios (measuring the
fraction of the Iberian precipitation originated in ET from any continental area in
the world), between nearly 0 and 0.2 over the IP. Additionally, other authors have
examined the sources of moisture a�ecting Iberia, assessing the relevance of oceanic
moisture sources vs. recycling. The most relevant contribution is that of Gimeno et
al. (2010a) [110], who studied the sources of moisture for precipitation in the IP using
a back trajectory lagrangian model on ECMWF analysis data, concluding that long
distance transport is largely dominant in winter and autumn, but that in spring and
particularly in summer, an internal source of moisture, i.e. a recycling component,
is more relevant (Gimeno et al., 2010a [110]; Gimeno et al., 2011 [112]). Gimeno et
al., (2010a) [110] also con�rmed that atlantic baroclinic systems and convective pro-
cesses have a similar impact on the mean annual totals of precipitation in the interior
and eastern regions, where recycling mechanisms are of high relevance, in contrast to
the northern and Atlantic sides of the IP. Finally, Jódar et al. (2010) [138] provide
an assessment of the impact of irrigation on further precipitation in southern Spain
during summer, showing that for two semiarid areas of study, a signi�cant increase in
rainfall occurs in the mountains downwind from the irrigated zones. Altogether, these
studies su�er from di�erent caveats, related to several key factors: a) low resolution
data available, b) short period of data available, c) often concentrated in annual or
seasonal values, thus lacking a complete assessment of the recycling at the monthly
scale, and d) reliance on just one method to compute the recycling ratio. In this
thesis we intend to overcome these shortcomings and provide a more comprehensive
evaluation of the recycling ratio over Iberia at high resolution, at the monthly scale,
covering a longer period of time and relying on three di�erent methods, which are
explained in detailed in chapter 2, appendix B and appendix C.

1.5 The ampli�cation mechanism: impact on the Iberian
precipitation

As stated in the previous section, assessing the intensity of the recycling mechanism,
through the computation of the recycling ratio, may not be su�cient to completely
investigate the impact of the locally evapotranspired moisture on the regional precip-
itation regime. Interestingly, this is not only due to the above-discussed dependence
of the recycling ratio with the size and shape of the study region. On the contrary,
the main reason lies in the following critical fact: apart from moistening the lower
atmosphere, the evapotranspired humidity increases its thermodynamic instability
(e.g. Stidd, 1967 [234]), thus favoring the development of convective cells and the
subsequent precipitation of convective nature. This indirect e�ect of the ET �uxes
is known in the literature as the ampli�cation mechanism (Schär et al., 1999 [221]).
In this section, we revise and discuss the physical features underlying this process,
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whose e�ects on the Iberian spring peak of precipitation are analyzed in chapter 4.

The soil moisture - precipitation feedback refers, in the words of Seneviratne et
al. (2010) [225], to the �retroaction of soil moisture on itself through the combination
of its impact on precipitation�. This soil moisture-precipitation feedback is imple-
mented via two main physical mechanisms: recycling and ampli�cation (Schär et al.,
1999 [221]). Their simpli�ed representation is illustrated in Fig. 1.11.

Figure 1.11: Illustration of the two mechanisms for the soil-precipitation feedback:
(a) recycling and (b) ampli�cation. Adapted from Schär et al. (1999) [221].

As mentioned, ET �uxes are not only a source of water for more precipitation.
In addition, they also a�ect the thermodynamic structure of the lower atmosphere,
enhancing convection and potentially altering the regional circulation to produce more
rainfall (Beljaars et al., 1996 [11]; Paegle et al., 1996 [195]; Dirmeyer and Brubaker,
1999 [57]; Schär et al., 1999 [221]; Goessling and Reick, 2011 [116]). In contrast to the
direct or recycled contribution, the latter intensi�cation of the precipitation amounts
is said to occur via indirect or ampli�cation processes.

The main consequence of the indirect e�ect of ET is that a fraction of the
advected moisture, which otherwise would be simply blown across the region, can be
retained and added to the precipitation totals (Schär et al., 1999 [221]), thus becoming
a source of extra precipitation induced by land-atmosphere interactions, in addition
to local ET. Actually, the higher extraction of moisture from the large-scale �ow
attributable to the e�ect of ET �uxes can be as relevant as the direct impact of ET
�uxes alone as mere suppliers of water (Betts et al., 1996 [16]; Eltahir, 1998 [79]; Schär
et al., 1999 [221]; Findell and Eltahir, 2003a [90]; Findell and Eltahir, 2003b [91]; Ek
and Holtslag, 2004 [75]; Al�eri et al., 2008 [2]; Seneviratne et al., 2010 [225]). This
is somehow expected, since vertical motions in the atmosphere constitute a necessary
condition to trigger precipitation. In other words, an increase in the amount of water
vapor in the lower levels is not always su�cient to enhance rainfall (Brubaker et al.,
1993 [32]), and the ascend of water vapor favored by the atmospheric instability is
also required. ET �uxes can critically modulate the large-scale environment, locally
or at a regional scale (Koster and Suarez, 2001 [152]; Goessling and Reick, 2011 [116]),
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to trigger precipitation that otherwise would not have occurred at all.

Separating the pure recycling (direct) contribution from the indirect e�ect of
ET �uxes on precipitation is not straightforward, since both processes occur simulta-
neously and a�ect one another. As it is known, recycling ratios can be obtained from
a data set of atmospheric analysis or a single model simulation. Similarly, from any
of these sources, the relative contribution of both direct and indirect mechanisms in
increasing rainfall can be also assessed through an analytical method developed by
Schär et al. (1999) [221]. This procedure is described in detail in section 2.6. Fur-
thermore, in this thesis we introduce a new procedure to separate both contributions,
based on the comparison between control model simulations (with all land-air �uxes
normally set up) and experiments where water vapor from terrestrial ET is removed.
This procedure, fully explained in section 2.7, is inspired in the numerous examples
in the literature where ET is modi�ed (either directly or by changing soil moisture in
the model) to study the potential impact of land-surface interactions on precipitation
(see the review by Seneviratne et al. 2010 [225] for an extensive list of references).
Results may vary with season and place, and even if convection is parameterized or
resolved by the model, depending on the horizontal resolution of the computations
(Hohenegger et al., 2009 [125]). Nevertheless, it is generally accepted that there are
potent land surface-precipitation feedbacks that can alter signi�cantly the regional
atmospheric circulation and the associated precipitation patterns.

1.6 Objectives and possible applications of this thesis

As discussed in section 1.1, the need to understand why a maximum of precipitation
occurs in spring over the broad interior of Iberia constitutes the main experimental
motivation for this thesis. Consequently, a comprehensive analysis of the physical
mechanisms underlying this relevant feature of the Iberian rainfall regime becomes
our principal objective. More in detail, the questions that we want to address along the
next chapters are: �rst, to what extent and through which mechanisms land surface
�uxes, in particular ET, might control the rainfall amounts in the spring in the vast
semiarid plateaus in the core of the IP; and second, how much of this precipitation
is new moisture added into the region and not recycled water. This requires a deep
investigation of the sources of moisture for the Iberian precipitation. As discussed,
the humidity that precipitates over the Iberian Peninsula is originated either within
(through land surface ET) or derives from outside (mostly from the Atlantic Ocean).
The latter contribution is largely responsible for the October-to-March precipitation,
whereas the internal source plays a more relevant in spring and summer. Investigating
the above-mentioned spring peak of precipitation implies quantifying the relative
contribution of those main moisture sources to the Iberian rainfall (local and oceanic).
For this purpose, the impact of recycling and ampli�cation mechanisms over the
interior lands of the IP must be assessed over a long enough period of time. Results
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have important implications to understand the potential in�uence of anthropogenic
changes in land surface conditions and hydrology on the region's climate.

Possible applications

As mentioned, apart from the scienti�c interest of the present investigation, it might
have some relevant practical applications, which may be classi�ed into two major
blocks:

1. Improvement of seasonal forecasting and alert management. As discussed in
this section, the soil keeps the memory of the precipitation falling over a re-
gion during the previous season. This fact has a critical impact on arid and
semiarid regions where the recycling contribution is relevant, as is the case of
most interior lands of the Iberian Peninsula in spring. After a dry winter, for
instance, the scarcity of soil moisture to fuel the ET �uxes will enhance the
probability of a dry summer, with �ood risks being simultaneously reduced.
On the contrary, the availability of soil moisture after a humid winter increases
the probability of the following summer being more humid than average, even
though that probability is strongly modulated by the synoptic con�guration. In
this case, the likelihood of extreme rainfall events is also increased, mostly in
those areas where convective precipitation contributes critically to spring and
early summer rainfall. As a result, the comprehensive knowledge of the spatio-
temporal patterns of recycling over the Iberia, combined with the analysis of
the dry or wet nature of a given period, may lead to a signi�cant improvement
of the forecasts for the subsequent seasons, also modulating the probability of
extreme events to take place.

2. Hydrological planning and regional sustainability. As mentioned, human activ-
ities have a critical impact on the local fraction of precipitation. Therefore, in
those areas where this contribution plays a relevant role in the regional rainfall
regime, an appropriate plannig of the land use and a responsible management of
the water resources (very limited e.g. in large interior Iberian lands), becomes
essential for a sustainable preservation of the local sources for precipitation.
Processes like an uncontrolled abstraction of groundwater or the transforma-
tion of forest areas into farmlands or urban areas may have an impact on this
locally originated precipitation that must be comprehensively assessed, as a way
to preserve the hydrological equilibrium. In a context of climate change, with
precipitation amounts over Iberia being expected to decrease during the next
decades (Giorgi and Lionello, 2008 [115]; Mariotti et al., 2008 [168]), the investi-
gation of soil moisture - atmopshere feedbaks requires particular attention, since
apart from being a key player for climate change, land-atmosphere connections
are expected to be signi�cantly a�ected by this global process (Seneviratne et
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al., 2006a [223]), with especial emphasis in all the Mediterranean region, includ-
ing the Iberian Peninsula.

Structure of this thesis

Along this introductory section, and according to the working hypothesis formu-
lated in section 1.3, we essentially focused on the physical mechanisms that modulate
the local fraction of precipitation: soil moisture and groundwater dynamics, land-
atmosphere interactions, including ET �uxes, as well as recycling and ampli�cation
processes.

In chapter 2, the di�erent methods used in this work are carefully described.
First, we provide a brief introduction to the WRF model, presenting the con�guration
used to perform our numerical simulations. Then, we analyze the procedures to
compute the recycling ratio and to separate the recycling contribution from that
related to ampli�cation processes. At this point, we present a new approach, based
on model experiments where the land ET is suppressed over the Iberian Peninsula,
to more accurately carry out this calculation. Finally, we describe an innovative
computational tool, consisting in the implementation of moisture tracers in the WRF
model, which is used to explore the moisture sources of the Iberian precipitation and
compute the local recycling ratio in a direct and more realistic way.

We develope our analysis by computing monthly recycling ratios over the Iberian
Peninsula, along a period of 18 complete annual cycles, from January 1990 to De-
cember 2007. In this work, based on WRF model simulations, we �nd the Iberian
recycling ratio to be the highest during late spring and early summer and precisely
over those areas where the spring maximum of precipitation corresponds to the actual
absolute maximum along the yearly cycle. This preliminary investigation, suggesting
a critical role of recycling processes in the spring precipitation over the interior areas
of the IP, is presented in chapter 3. In large parts, it corresponds to the article Pre-
cipitation recycling in the Iberian Peninsula: spatial patterns and temporal variability
(see the List of Publications for the complete reference), submitted to the Interna-
tional Journal of Climatology on August 2nd 2013 and under review at the moment
of the presentation of this thesis.

In chapter 4, we focus our attention on the months of May along the last decade
(2000-2010). As mentioned, it is in May when the annual maximum of rainfall takes
place in large areas of the interior, east and northeast of Iberia. In addition, the
activity of land-atmosphere interactions is enhanced in this month, as we learn from
the analysis developed in chapter 3. In this study, which mostly corresponds to the
article Moisture recycling and the maximum of precipitation in spring in the Iberian
Peninsula, accepted for publication in Climate Dynamics on October 9 th 2013 (DOI:
10.1007/s00382-013-1971-x), we explore the relative contributions of recycling and
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ampli�cation mechanisms to the observed surplus of precipitation in May. For this
purpose, high-resolution WRF model simulations (with all land-air interactions nor-
mally activated) are compared to experimental runs where ET is suppressed over
the land areas of the Iberian Peninsula. In addition, the months of January along
the same period are simulated, as a manner to assess the essential di�erences in the
Iberian recycling regime between winter and late spring.

Finally, in chapter 5, regional WRF model simulations incorporating moisture
tracers are carried out over the Iberian Peninsula along the period May 2000 - May
2010. The use of numerical moisture tracers is of the greatest interest, as it constitutes
a mean to directly compute the recycling ratio, avoiding the assumptions imposed
by the classical recycling models that sometimes do not represent the reality with
accuracy. This method provides useful information to complete the characterization
of the spring peak of precipitation and, at the same time, constitutes a way to assess
the accuracy of the classical procedures to estimate recycling. The material included
in this chapter will be part of the article �Regional climate simulations with moisture
tracers to investigate land-atmosphere interactions in the terrestrial water cycle over
the Iberian Peninsula�, which is now in preparation. A �nal outlook, together with
the critical review of the most relevant conclusions of this research is provided in
chapter 6.
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Data and methods

In this chapter, we provide a detailed description of the di�erent methods, datasets
and computational tools used in this thesis. Among them, we highlight the develop-
ment of a new method to separate the recycling and ampli�cation contributions, based
on WRF model experiments where the evapotranspitation �ux is not incorporated to
the atmosphere. This procedure is presented in section 2.7. On the other hand, an in-
novative computational tool, consisting in the implementation of numerical moisture
tracers in the WRF model, allows a realistic identi�cation of the Iberian humidity
sources and an accurate calculation of the recycling ratio. Both aspects are critical
to correctly identify the physical processes that modulate the Iberian precipitation
regime, with the focus in the springtime and in the interior regions.

2.1 The Weather Research and Forecasting Model
(WRF). Con�guration

The Weather Research and Forecasting (WRF) model is used to carry out the sim-
ulations for this thesis. Apart from being a regional, numerical tool for weather
forecasting, analysis of real and ideal meteorological events and climatic research, the
WRF model constitutes an open platform for the development of more accurate codes
and algorithms that better serve these objectives. Consequently, the WRF model is
periodically updated with new options, tools and parameterizations that expand its
applicability and improve the accuracy and reliability of its results.

The mathematical analysis of the atmospheric dynamics is essentially based
on the application of classical mechanics and thermodynamics to the atmosphere
(Sendiña and Muñuzuri, 2006 [222]) through three fundamental conservation laws
(Holton, 1972 [126]): 1) the continuity equation (conservation of mass); 2) the equa-
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tion of conservation of momentum (Navier-Stokes equation); and 3) the equation of
conservation of energy. Numerical meteorological models solve these basic equations
in a discrete number of points, homogeneously distributed over a three-dimensional
grid whose base is projected over the spheroidal surface of the Earth. In addition,
these basic equations are solved at discrete time steps in order to track the evolution
of the system. Such spatio-temporal discretization of the equations of the atmosphere
is intrinsically required by their non-linear nature.

Numerical models can either simulate the atmospheric dynamics at the global
scale (in this case they are referred to as Global Circulation Models or GCMs) or
focus on a certain region of the planet. In the latter type of models (referred to as
Regional Climate Model or RCMs), the lateral boundaries that limitate the study
region receive information from GCMs to drive the atmospheric dynamics at the
regional scale according to the global circulation. RCMs such as the WRF model
were initially used only for numerical prediction, taking advantadge of their higher
horizontal resolution (tipically in the range from 10 to 1 km) with respect to GCMs.
Nowadays, however, regional models, which are able to better reproduce the speci�c
climatic details of a concrete region, are widely used for meteorological and climate
studies all over the world (Jiménez, 2010 [137]). Further technical information about
the WRF model can be found in Skamarock et al. (2005) [229] and Skamarock et
al. (2008) [230]). Additionally, a very interesting overview on the WRF model is
provided in the Ph.D. thesis by Jiménez (2010) [137].

WRF simulation 1 (WRFS-1)

The recycling computations described in chapter 3 were performed by using a cli-
mate simulation of 18 years, from January 1990 to December 2007, developed at the
Instituto Dom Luiz (CGUL, Universidade de Lisboa) by professor Dr. Pedro M. M.
Soares, professor Dr. Rita M. Cardoso and other coauthors, who gently provided us
with that material and colaborated in the developement of this study. The simulation
was carried out with the WRF (Weather Research and Forecasting) model, version
3.1.1 (Skamarock et al., 2008 [230]), using a 27 km horizontal resolution outer domain
with a nested 9 km domain, both centered in the Iberian Peninsula (Figs. 2.1a and
2.1b). Initial and lateral boundary conditions were obtained from the ERA-Interim
pressure-level reanalysis and updated every 6 h. Further technical speci�cations about
the WRF runs tuned for the Iberian Peninsula region can be found in Cardoso et al.
(2012) [43] and Soares et al. (2012) [231]. Hereafter, this simulation is referred to as
WRFS-1.
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(a)

(b)

Figure 2.1: Parent (a) and nested (b) domains used in WRF simulation 1 (WRFS-1),
analyzed in chapter 3. In panel (b), the region selected for the computation of the
recycling ratio is also shown. The terrain height above the sea level is expressed in
(m).
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Set of WRF simulations 2 (WRFS-2)

To carry out the analysis described in chapter 4, we perform simulations for eleven
months of May (from May 2000 to May 2010) with version 3.0.1.1 of the WRF model
(Skamarock et al., 2005 [229]). For comparison, eleven months of January (from
January 2000 to January 2010) were also run. For each of these months, we perform
two simulations: on the one hand, a control run with all land-atmosphere �uxes
normally set up; on the other, an experimental run where ET over land is suppressed.
We conducted the above-mentioned 22 pairs of simulations by using a parent grid of
225 x 225 points at 20 km resolution (Fig. 2.2a) and a 1500 x 1500 km2 nested grid
that covers the IP at 5 km horizontal resolution (Fig. 2.2b). Hereafter, this whole set
of WRF runs is referred to as WRFS-2.

It is important to remark that, in the no-ET runs, the evapotranspiration �ux is
only removed from the land areas within the nested domain, as a way to bring out the
e�ect of the Iberian ET and more explicitly assess the impact of local water �uxes on
precipitation dynamics. In these sensitivity experiments, the energy absorbed at the
surface is still converted into latent heat �ux, although the corresponding water vapor
�ux is not incorporated into the atmospheric boundary layer, being simply removed
from the system. With this procedure, the surface is still cooled by evapotranspiration
and therefore the thermal e�ects on atmospheric stability of a signi�cantly warmer
soil are prevented, allowing us to focus on the e�ect of the moisture �ux. Hence,
our experiments partially uncouple the land surface from the atmosphere, exploring
the subsequent e�ects on the regional climate with respect to the control runs. The
procedure to modify the WRF model code in order to remove land ET from the model
simulations is described in detail in appendix D.

This technique of altering the ET �uxes has been used by several authors, either
directly or via changes in soil moisture con�gurations, as a way to assess their impact
on the regional water cycle. For instance, Shukla and Mintz (1982) [228] investigated
the role of ET by comparing a model experiment in which ET had been suppressed to
a control run where ET was set equal to the potential evapotranspiration calculated
by the model. Similarly, Delworth and Manabe (1989) [53] compared global control
simulations to sensitivity experiments where land-atmosphere interactions were in-
hibited. A similar experiment, in this case through regional climate simulations, was
carried out by Fischer et al. (2007a) [92] to assess the impact of land-air connec-
tions on the four major recent European summer heat weaves (1976, 1994, 2003 and
2005). Schär et al. (1999) [221] explored the e�ects of di�erent initializations of the
soil moisture content on fundamental climatic variables as precipitation, precipitation
e�ciency, ET and recycling ratio. Cook et al. (2006) [48] compared control model
simulations with experimental runs where the availability of soil moisture for further
ET is set to be unlimited. In this work, a surprising negative ET-precipitation feed-
back is found over South Africa. In a more systematic study (the GLACE project:
see Koster et al., 2004 [156]; Koster et al., 2006 [157], Dirmeyer et al., 2006 [62];
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Guo et al., 2006 [122]; Seneviratne et al., 2006b [224]), an ensemble of Atmospheric
General Circulation Models (AGCMs) was run under di�erent soil moisture initial-
izations to asses the degree of control of surface water and heat �uxes on further
atmospheric processes and determine the hot spots of land-atmosphere coupling in
the world, which are found to be located in the Great Plains of the USA, the Sahel
region and equatorial Africa, India, central Asia and China (Koster et al., 2004 [156];
Wang et al., 2007 [261]). Recently, Seneviratne et al. (2006a) [223] investigated the
e�ects of climate change over Europe by comparing regional simulations with and
without land-atmosphere feedbacks. In our case, the actual ET is routinely calcu-
lated by the model in the control runs, according to atmospheric demand and soil
moisture availability.

The parameterizations used include spectral nudging for the parent grid, in order
to avoid the distortion of the large-scale circulation caused by the interaction of the
modeled �ow with the lateral boundaries (Miguez-Macho et al., 2004 [179]; Miguez-
Macho et al., 2005 [180]) and the Kain-Fritsch convection scheme (Kain and Fritsch,
1990 [142]; Kain and Fritsch, 1993 [143]). For the nested grid, we assume convection
is resolved and hence the convective parameterization is turned o�, and so is spectral
nudging. This decision is widely supported by previous literature (e.g. Weisman
et al., 1997 [264]; Arakawa, 2004 [6]; Gerard, 2007 [108]; Yu and Lee, 2010 [267]),
even though the use of convective parameterizations in the grey-zone resolution (2 to
10 km), where convective processes are partly resolved and partly subgrid (Yu and
Lee, 2010 [267]) is still a matter of debate. Both parent and nested grids use the
WSM6 cloud microphysics scheme (Hong and Lim, 2006 [128]), the RRTM scheme
for long wave radiation (Mlawer et al., 1997 [184]) and Dudhia scheme (Dudhia, 1989
[74]) for short wave radiation; the Monin-Obukhov surface layer parameterization,
the YSU scheme for turbulence in the PBL and the Noah land-surface model (Chen
and Dudhia, 2001a [46]; Chen and Dudhia, 2001b [47]). A detailed explanation of
the above-mentioned parameterizations can be found in Stensrud (2007) [233]. In
addition, a thorough assessment of the e�ects of horizontal resolution and cloud and
convective parameterizations on simulating precipitation can be found in Iorio et
al. (2004) [130]. Control and no-ET experiments are driven by the same initial
and lateral boundary conditions, taken from the National Centers for Environmental
Prediction (NCEP) Global Forecast System (GFS) and available at the resolution of
1°x 1°(http://rda.ucar.edu/datasets/ds083.2). The nesting is one-way interacting.
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(a)

(b)

Figure 2.2: Terrain height above the sea level (m) for (a) parent and (b) nested
domains used in the WRFS-2 simulations, together with the boxes considered within
(IP, Iberian Peninsula; NW, Northwest; WE, West; NP, North Plateau; CE, Center;
SP, South Plateau; NE, Northeast; and EA, East).
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Set of WRF simulations 3 (WRFS-3)

For the work described in chapter 5, the WRF model (version 3.4.1) is used to simu-
late eleven months of May, from May 2000 to May 2010. In order to carry out these
simulations, hereafter referred to as WRFS-3, a new capability of moisture tracers was
experimentally incorporated to the WRF model by professor Dr. Gonzalo Miguez-
Macho. This tool allows to explicitly investigate the sources, pathways and sinks
of humidity in the terrestrial water cycle and thus explicitly calculate the recycling
ratio. Six new prognostic variables are added in the WRF model, corresponding to
tracers for water vapor and other moisture species (cloud water, ice, snow, rain and
graupel) originating from moisture evapotranspired in a selected region (in our case,
this region essentially corresponds with the land mass of the Iberian Peninsula). The
new moisture variables are advected, di�used, and convectively and turbulently mixed
identically to the full moisture species including all humidity sources (terrestrial, mar-
itime and lateral boundaries). In addition, the convective scheme (Kain-Fritsch) and
the microphysics scheme (WSM6) need to be modi�ed, in order to account for gener-
ation and depletion among the di�erent tracer species. It is important to remark the
assumption that, within one model layer and in a grid cell, moisture of all origins is as-
sumed to be well mixed. With these modi�cations, the terrestrial hydrology cycle can
be explicitly tracked and thus the contribution of locally evapotranspired moisture to
rainfall can be exactly measured with high resolution within our region of interest. To
facilitate the comparison of results, the parent and nested domains used in WRFS-3
simulations including moisture tracers correspond exactly with those de�ned for the
above-mentioned WRFS-2 simulations (Figs. 2.2a and 2.2b). Furthermore, horizontal
resolution, initial and lateral boundary conditions and all the selected model options
and parameterizations are the same as those used in WRFS-2 simulations, so that
results can be compared. Note that, even though these model domains are not iden-
tical to the ones used in WRFS-1, the region where the recycling ratio is computed
is always the same along this thesis, corresponding to the area bounded in black in
Fig. 2.1b and the corresponding area bounded in blue in Fig. 2.2b.

2.2 The Schär et al.'s (1999) Integral Moisture Budget
Recycling Model

In section 1.4, we brie�y discussed the most relevant characteristics and limitations
of a variety of recycling models developed during the last decades. Among them,
analytic Integral Moisture Budget (IMB) models are probably the easiest manner to
compute the regional recycling ratio over a certain area (Goessling and Reick, 2011
[116]). In this thesis, we make use of the formula due to Schär et al. (1999) [221],
whose derivation is presented next.
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As in all bulk recycling models, the equation of conservation of water over a
certain region,

∂N

∂t
= IN + ET −OUT − P (2.1)

constitutes the base of the method. In this equation, N stands for the amount of
water stored in the atmosphere (also referred to as precipitable water), IN represents
the input of moisture into the region, ET is the evapotranspiration, OUT stands
for the moisture blown outside the region and P is the precipitation per unit time.
Usually, the di�erence between IN and OUT is called moisture convergence (MC ≡
IN − OUT ). Fig. 2.3 illustrates the above-mentioned water budget terms. The
explicit procedure to calculate them is described in detail in appendix A.

Figure 2.3: Representation of the water budget terms: precipitation, evapotranspi-
ration, moisture convergence and precipitable water.

Water molecules contained within the considered atmospheric volume may have
been evapotranspirated either inside or outside it. According to this, the equation of
conservation (2.1) can be split in two for each of these components:

∂Nm

∂t
= ET −OUTm − Pm (2.2a)
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∂Na

∂t
= IN −OUTa − Pa (2.2b)

where subindex m refers to water molecules evapotranspirated within the study
region and subindex a refers to molecules advected from outside. Assuming that the
atmosphere is well-mixed (a discussion on the accuracy of this hypothesis is given in
section 1.4) and that the recycling ratio keeps constant over the region, one can say
that

r ≡ Pm
P

=
OUTm
OUT

=
Nm

N
=

∂Nm
∂t
∂N
∂t

(2.3)

As it can be observed, the complete mixing of the atmospheric water vapor
becomes a major assumption for the IMB (and in general for all traditional recycling
models), as it allows writing the recycling ratio as a ratio of moisture �uxes, instead
of as a precipitation fraction. From equations (2.2a) and (2.3) we obtain:

ET = r(OUT + P +
∂N

∂t
) (2.4)

Similarly, from (2.2b) and (2.3):

IN = (1− r)(OUT + P +
∂N

∂t
) (2.5)

By dividing (2.4) over (2.5) and rearranging, we deduce an analytical formula
to compute the regional recycling ratio (Schär et al., 1999 [221]):

r =
ET

IN + ET
(2.6)

In equation (2.6), ET and IN represent the accumulated evapotranspiration and
the total input of moisture entering the boundaries of the region during the considered
period (in all the cases considered within this thesis, this period corresponds to one
month). Both ET and IN are obtained from WRF model output. This means that,
in reality, equation (2.1) results from the rearrangement of the empirical equation of
conservation of water,

∂N

∂t
= IN0 + ET −OUT0 − P + α (2.7)
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where α stands for the experimental residual. This term is commonly added to
the water budget equation in order to account for di�erent sources of error, as is the
case with biases derived from model parameterizations (Domínguez et al., 2006 [67]).
Although α can be of the same order of magnitude as the other terms in equation (2.7)
(Kanamitsu and Saha, 1996 [145]; Domínguez et al., 2006 [67]), it has been shown
not to a�ect the recycling patterns strongly (Domínguez et al., 2006 [67]; Bisselink
and Dolman, 2009 [22]). In accordance with Schär et al. (1999) [221], the connection
between equations (2.1) and (2.7) is given by

IN = IN0 +
α

2
(2.8a)

OUT = OUT0 −
α

2
(2.8b)

As mentioned in section 1.4, a relevant limitation of analytical recycling methods,
such as the IMB, is related to its strong dependence on the dimensions and shape
of the selected region. In the recycling literature, analytical recycling ratios like the
one presented here are computed for areas with length scales over 500 km. This can
be easily justi�ed by considering equation (2.6). For very small regions, the recycling
ratio diminishes rapidly, given that the base area of the selected box is reduced but
not its height, which is the top of the atmosphere and remains always the same, and
therefore the ET term (water in�ux from the base) diminishes much quicker than
the IN term (water in�ux from the sides). Additionally, the IMB has the drawback
that it does not consider the spatial distribution of moisture within the region, since
the terms used for calculations are area-averaged quantities (Burde et al., 1996 [36];
Burde and Zangvil, 2001a [37]). As a result of this, the IMB recycling model shows
a tendency to underestimate the recycling ratio, as all Budyko-type models, mostly
under complex, non-parallel �ow con�gurations (Burde et al., 1996 [36]; Burde and
Zangvil, 2001a [37]), as it does not consider the direction of the moisture �ux with
respect to the geometry of the region (van der Ent et al. 2010 [256]). Nevertheless, as
mentioned in section 1.4, this method becomes a very simple way to get a qualitative
diagnose of precipitation recycling over our region.

On the other hand, the region inside the nested domain where the IMB was
applied is shown in Fig. 2.2b. To facilitate comparison between recycling methods,
the EBRM model (explained in section 2.3) and the tracers method (section 2.4) are
also applied over the same area. The interested reader can �nd further details on the
IMB computation method in appendix B.
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2.3 The Eltahir and Bras's (1994) Recycling Model

A more detailed procedure to compute the recycling ratio was developed by Eltahir
and Bras (1994) [76]. According to this procedure, the region is subdivided into
multiple cells, providing not only a regional value, as is the case with the IMB recycling
model, but also a spatial pattern of recycling, thus allowing to account for the spatial
variability of recycling over the study area. Similarly, the base of this method (referred
to as EBRM) is the equation of conservation of water, which must be satis�ed now
for each grid cell:

∂N(x, y)

∂t
= IN∗(x, y) + ET (x, y)−OUT ∗(x, y)− P (x, y) (2.9)

In (2.9), N(x, y) stands for amount of water stored in an atmospheric column
limited by the grid cell centered at (x, y), IN∗ (OUT ∗) represents the average in-
ward (outward) moisture �uxes into (from) the considered atmospheric column, which
equals the outward (inward) �uxes from (to) the neighboring cell. ET (x, y) stands for
the evapotranspiration and P (x, y) is the precipitation over the considered grid cell
per unit time. It is important to note the need to use di�erent symbols to represent
the moisture input and output terms in both recycling methods, EBRM and IMB,
since the computation procedure is not exactly the same in both cases (see appendix
B for a detailed explanation of this question).

In a similar way as it was described for the IMB, equation (2.9) is split into two,
thus expressing the simultaneous conservation of water from internal and external
origin. These two new conservation laws must hold for every grid cell in the EBRM;
as a result of this, they are slightly di�erent to equations (2.2a) and (2.2b):

∂Nm(x, y)

∂t
= IN∗m(x, y) + ET (x, y)−OUT ∗m(x, y)− Pm(x, y) (2.10a)

∂Na(x, y)

∂t
= IN∗a (x, y)−OUT ∗a (x, y)− Pa(x, y) (2.10b)

The EBRM requires the time frame to be su�ciently large (e.g. one month,
as is the case along this thesis), so that the variation of the storage term for each
cell is much smaller than all of the other contributions and thus can be neglected
(Eltahir and Bras, 1994 [76]). By introducing this approximation, equations (2.10a)
and (2.10b) can be expressed as:

IN∗m(x, y) + ET (x, y) ≈ OUT ∗m(x, y) + Pm(x, y) (2.11a)
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IN∗a (x, y) ≈ OUT ∗a (x, y) + Pa(x, y) (2.11b)

The well-mixed atmosphere assumption, (see section 1.4 for a discussion of its
validity) must hold now for every atmospheric column over the corresponding grid
cell. This can be expressed as:

ρ(x, y) ≡ Pm(x, y)

P (x, y)
=
IN∗m(x, y)

IN∗(x, y)
=
OUT ∗m(x, y)

OUT ∗(x, y)
(2.12)

The combination of equations (2.11a) and (2.12) leads to:

IN∗m(x, y) + ET (x, y) = ρ(x, y) (OUT ∗(x, y) + P (x, y)) (2.13)

and similarly, from (2.11b) and (2.12):

IN∗a (x, y) = (1− ρ(x, y)) (OUT ∗(x, y) + P (x, y)) (2.14)

By dividing (2.13) over (2.14) and rearranging, we �nally obtain an expression
for the local recycling ratio (Eltahir and Bras, 1994 [76]):

ρ(x, y) =
IN∗m(x, y) + ET (x, y)

IN∗m(x, y) + IN∗a (x, y) + ET (x, y)
(2.15)

An initial guess for ρ(x, y) = ρ0(x, y) is required to split IN∗(x, y) into IN∗m(x, y)
plus IN∗a (x, y). Then, an iterative procedure is used to �nd ρ(x, y) satisfying both
equation (2.15) and the well-mixed atmosphere assumption, expressed in equation
(2.12). This numerical computation is found to converge quickly (Eltahir and Bras,
1994 [76]). In appendix C, the interested reader can �nd a detailed explanation of
the computation method. Note that equation (2.15) yields the local recycling ratio at
any cell in the region as the fraction of precipitation coming from ET from anywhere
within the same region, and not just in the small subdivision considered. For the
calculations, we used as subdivisions the cells of the model themselves, so that the
horizontal resolution is 9k for the WRFS-1 simulation, analyzed in chapter 3, and 5
km for the WRFS-2 runs, used in chapter 4.

Burde and Zangvil (2001a) [37] and Fitzmaurice (2007) [95] sum up the three
major issues of this method: 1) Moisture �uxes are time-averaged quantities; 2)
Changes in atmospheric storage are neglected; and 3) The well-mixed atmosphere
assumption is invoked. Limitations 1 and 3 also hold for the IMB, whereas assumption
2 is not required in that method. A detailed discussion on the impact of the above-
mentioned assumptions on recycling calculations is provided in Fitzmaurice (2007)
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[95]. In particular, the role of the storage term on precipitation recycling computations
is assessed by Domínguez et al. (2006) [67]. In this study, this impact is shown to be
small at the monthly or larger time scales, even though it might not be negligible at
daily or lower time scales.

From the local recycling ratio, the corresponding regional value is given by

r =

∫∫
A ρ(x, y)P (x, y)dxdy∫∫

A P (x, y)dxdy
(2.16)

where A stands for the area size of the study region.

2.4 The method of moisture tracers to compute the
recycling ratio

During the last decades, many studies have explored the sources and sinks of mois-
ture contributing to precipitation over land (Trenberth et al., 2003 [248]). As it has
been discussed, the fundamental goal of any regional recycling calculation is sepa-
rating the precipitation due to advected moisture from that precipitation related to
evapotranspiration within the study region. As a result, the ideal method to carry
out an accurate computation of the recycling ratio would consist on �labeling� one of
these two moisture species and count its relative contribution to the regional precip-
itation. Of course, the drawback of this strategy is that we are not able to tag the
water molecules in Nature. Nevertheless, tracers labeling the water molecules can be
implemented on numerical meteorological models, which are nowadays the best tool
that we have for describing the climatic system and for predicting its evolution. As
stated in section 1.4, passive tracers have been implemented on GCMs in recent stud-
ies. However, GCMs are not able to reproduce the climate system at high resolution,
which becomes critical to explore the speci�c features of the hydrological cycle at the
regional scale. This suggests that the implementation of this capability on regional
models (RCMs) is of the greatest scienti�c interest. In this thesis, we perform exper-
imental simulations including moisture tracers in a widely used regional model: the
Weather Research and Forecasting (WRF) model. The technical details about this
innovative simulations have been stated in section 2.1.

As mentioned, the implementation of moisture tracers in a regional meteorolog-
ical model allows tracking the pathways followed by the water molecules, from their
sources as ET to their sinks as precipitation. This means that, if our numerical model
was able to accurately describe the climate system, then the recycling ratio computed
through the tracers technique would correspond exactly to reality. As a result, the
capability of moisture tracers on the WRF model constitutes, nowadays, the more
precise procedure to estimate the recycling ratio. Of course, numerical climate mod-
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els still have relevant limitations (namely in some concrete but crucial issues as it is
the case of the representation of cloud microphysics), and thus the reliability of the
information provided by the moisture tracers is directly linked to the evolution and
improvement of the climate models.

From this argumentation, it naturally follows that the recycling ratio computed
through moisture tracers represents the truth in the framework of regional numerical
models (which does not mean that it corresponds to the actual truth, as discussed).
As a result, the comparison of these results to those provided by the classical recycling
models becomes a manner to assess the validity of the latter and the impact of their
assumptions on an accurate representation of the recycling mechanisms.

In the WRFS-3 set of simulations, all the water molecules evapotranspired within
our study region (corresponding to the area bounded in black in Fig. 2.1b and to the
area bounded in blue in Fig. 2.2b) are tagged and followed until the moment they
precipitate or are transported out of the model's domain. Hence, at every grid cell
precipitation of internal origin, Pm(i, j), is explicitly distinguished from precipitation
derived from moisture advected into the region, Pa(i, j). Therefore, the method of
moisture tracers (hereafter, MMTR) allows computing the local and regional recycling
ratios by directly applying equations (1.5) and (1.7). That is,

ρ(i, j,∆t|A, ξ) =
Pm(i, j,∆t|A, ξ)
P (i, j,∆t|A, ξ)

=
Ptr(i, j,∆t|A, ξ)
P (i, j,∆t|A, ξ)

(2.17a)

r(∆t|A, ξ) =

∑
i,j Ptr(i, j,∆t|A, ξ)∆A(i, j)∑
i,j P (i, j,∆t|A, ξ)∆A(i, j)

(2.17b)

where subindex tr refers to rainfall molecules that have been tagged with mois-
ture tracers.

2.5 No-ET experiments: the experimental relative
change in precipitation

In addition to the recycling ratios calculated through IMB and EBRM from equa-
tions (2.6) and (2.15), which can be obtained from just a single model simulation,
in chapter 4 we also compute a relative change in precipitation by comparison of
control simulations, with all the land-atmosphere �uxes normally activated, to model
experiments where ET is disabled over the land areas of the nested domain (no-ET
experiments). The most relevant characteristics of these experiments are described
in section 2.1. This new magnitude provides further information to characterize the
regional (in this case, the Iberian) rainfall regime.
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For each of the cells within our domain, which we assume to be centered at a
point (x, y), we de�ne:

∆P (x, y) = Pcontrol(x, y)− Pno-ET(x, y) (2.18)

In this equation, Pcontrol stands for the total precipitation in the control runs,
whereas Pno-ET represents the precipitation simulated in the no-ET experiments.
The de�nition of a local, experimental relative change in precipitation attributable to
evapotranspired water follows naturally from this analysis and is de�ned as:

ρ∗(x, y) =
∆P (x, y)

Pcontrol(x, y)
(2.19)

This parameter, ρ∗(x, y) is computed for each grid point from both control and
experimental model outputs. The corresponding regional magnitude, referred to as
the regional relative change in precipitation, is given by:

r∗ =

∫∫
A ∆P (x, y)dxdy∫∫

A Pcontrol(x, y)dxdy
(2.20)

The calculations presented in chapter 4 are performed over the whole IP and
also over the smaller boxes de�ned within (Fig. 2.2b). In all the cases, we used
the same experiment setting with ET suppressed over the whole land area of the IP,
and not just over each examined box. Thus, it is possible that the divergence in
precipitation values between the control and the experiment in a particular box arise
not from the di�erence in ET within that same box but from di�erences elsewhere
within Iberia. These experimental rate can be directly compared to the recycling
ratio calculated through the EBRM, since this method also provides values for each
grid cell, representing the fraction of precipitation with origin in ET from anywhere
within the land area of all of the Iberian Peninsula.

2.6 Separation of the recycling and ampli�cation
contributions: the Schär et al.'s (1999) method

As indicated in section 1.5, the ET �uxes, apart from moistening the lower layers of
the atmosphere, contribute to increase its instability, thus favoring the ascend and
subsequent condensation and precipitation of atmospheric moisture. The latter indi-
rect e�ect of the ET �uxes on precipitation is commonly referred to as ampli�cation,
as discussed in section 1.5. As a result of their critical contribution, ampli�cation
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mechanisms must be taken into account to describe the regional hydrology cycle
(Schär et al., 1999 [221]).

In chapter 4, we assess the increase of precipitation occurring in monthly WRF
simulations with respect to the corresponding experiments where evapotranspiration
is suppressed. In addition, the relative contribution of direct and indirect processes to
the observed increase of precipitation is estimated. For this purpose, two methods are
used. One of them is original (see section 2.7 for a complete description), whereas the
second is due to Schär et al. (1999) [221]. The latter procedure, that we name Schär
et al.'s (1999) Separation Method and refer to as SSM, is based on the concept of
precipitation e�ciency (χ), which essentially represents the ratio of the accumulated
precipitation over the sum of moisture entering a study region (Trenberth, 1998 [246];
Schär et al. (1999) [221]; Sui et al., 2007 [239]) over a certain period of time. The
precipitation e�ciency is a measure of the capability of the atmospheric system to
transform the moisture available in the region into precipitation. In our case, it can
be easily computed for both the control simulation and the no-ET experiments as:

χcontrol =
Pcontrol

INcontrol + ETcontrol
(2.21a)

χno-ET =
Pno-ET

INno-ET + ETno-ET
=

Pno-ET
INno-ET

(2.21b)

where subscripts control and no-ET refer to control runs and experiments, re-
spectively, P stands for precipitation, ET for evapotranspiration and IN represents
the inward moisture �ux through the lateral boundaries of the region. By construc-
tion of the experiments, ETno-ET = 0. Note that all the variables in this method
represent area-averaged quantities. Moreover, note that according to equation (2.6),
rIMB = ET/(IN + ET ), and thus the IMB regional recycling ratio and the precipi-
tation e�ciency are linked by the following equation (Schär et al. (1999) [221]):

χ

rIMB

=
P

ET
(2.22)

Let us now de�ne the following di�erences between control and no-ET simula-
tions:

∆P = Pcontrol − Pno-ET (2.23a)

∆χ = χcontrol − χno-ET (2.23b)



2.6 The SSM separation method 53

∆IN = INcontrol − INno-ET (2.23c)

∆ET = ETcontrol − ETno-ET = ETcontrol (2.23d)

Substitution of (2.21a) and (2.21b) into (2.23a) leads to:

∆P = χcontrol(INcontrol + ETcontrol)− χno-ETINno-ET (2.24)

By adding and substracting χcontrol · INno-ET and rearranging according to
(2.23b), (2.23c) and (2.23d), we obtain the following expression:

∆P = χcontrol(∆IN + ∆ET )︸ ︷︷ ︸
(1)

+ ∆χINno-ET︸ ︷︷ ︸
(2)

(2.25)

As stated by Schär et al. (1999) [221], the �rst term of equation (2.25) depends
only on changes in the �uxes entering the considered atmospheric box, and not in
variations in the precipitation e�ciency. As a result, this term quanti�es to what
extent changes in the moisture �uxes modify precipitation, but assuming that these
variations do not alter the e�ciency of the system in transforming moisture into
rainfall. Therefore, the �rst term of ∆P , represents the direct contribution to the
increased precipitation. On the contrary, the second term of (2.25) measures the
complementary e�ect that a variation in the moisture �uxes exerts on the precipitation
e�ciency of the system; whereby it represents the indirect contribution to ∆P . Schär
et al. (1999) [221] identify the direct contribution with the recycling term, and the
indirect contribution with the ampli�cation term:

∆Prec ≡ ∆Pdir = χcontrol(∆IN + ∆ET ) (2.26a)

∆Pamp ≡ ∆Pind = ∆χINno-ET (2.26b)

where subscripts dir, ind, rec and amp stand for direct, indirect, recycling and
ampli�cation. As a result, equation(2.25) can be written as:

∆P = ∆Prec + ∆Pamp (2.27)

This equation constitutes the mathematical expression of the qualitative argu-
mentation above, related to the double mechanism (direct and indirect) whereby ET
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�uxes can intensify precipitation. Note that equation (2.25) is only meaningful if the
following double condition is veri�ed:

∆IN + ∆ET ≥ 0 (2.28a)

∆χ ≥ 0 (2.28b)

since both ∆Prec and ∆Pamp have to be greater (or at least equal) than zero.

Discussion of the method

The above-described method constitutes a useful analytic tool to easily separate both
direct and indirect contributions to the increased precipitation, ∆P (the surplus of
rainfall observed in the control simulations with respect to the no-ET runs). Never-
theless, this procedure presents an important limitation, which is directly related to
the identi�cation of the direct contribution with a recycling term. This identi�cation
(expressed in equation 2.26a) remains unclear, and this is somehow admitted by the
authors themselves, when they a�rm that the �rst summand in (2.25) essentially
corresponds to the recycling contribution (Schär et al., 1999 [221]). Let us analyze
this assumption.

We say that an alteration in ET has an indirect (direct) e�ect on rainfall if it
does (does not) modify the precipitation e�ciency of the system; that is, if it does
(does not) alter the thermodynamical structure of the atmospheric column. According
to this, let us rewrite equation (2.25) as:

∆P = χcontrol∆IN︸ ︷︷ ︸
(1)

+χcontrol∆ET︸ ︷︷ ︸
(2)

+ ∆χINno-ET︸ ︷︷ ︸
(3)

(2.29)

According to Schär et al. (1999) [221], the two �rst summands of (2.29) cor-
respond to the direct contribution, while the third summand represents the indirect
contribution to ∆P . This is exactly true and we completely agree with that inter-
pretation. Nevertheless, we note the �rst term in (2.29) is clearly not related to
recycling processes at all, as it depends on ∆IN . Actually, it quanti�es a direct
impact (χ remains constant) on precipitation due to the variation of moisture input
values. Hence, this term must not be associated with a recycling contribution; on the
contrary, we rather suggest its identi�cation with a change in precipitation related to
direct advection:

∆Pda ≡ χcontrol∆IN (2.30)
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where subscript da stands for direct advection. As far as the second term in
(2.29) is concerned, we do agree with the analysis by Schär et al. (1999) [221], since
this term quanti�es the direct e�ect of a variation in the ET �uxes on precipitation,
thus corresponding clearly to a recycling contribution:

∆Prec ≡ χcontrol∆ET (2.31)

Finally, the third term in equation (2.29), depending on ∆χ, corresponds to the
ampli�cation contribution, as stated by Schär et al. (1999) [221]. This means that
equation (2.26b) is correct:

∆Pamp ≡ ∆χINno-ET (2.32)

As a result, equation (2.27) should be more accurately written as:

∆P = ∆Prec + ∆Pamp + ∆Pda (2.33)

From the analysis of the SSM method, we conclude that a third term, apart
from the recycling and ampli�cation contributions, must be taken into account in
order to accurately represent the increased precipitation in the control runs. Only
if we assume that the direct advection term is much lower than the recycling and
ampli�cation contributions to ∆P , equation (2.27) can be rewritten as:

∆P ≈ ∆Prec + ∆Pamp (2.34)

2.7 A new method to separate recycling and
ampli�cation terms

In this thesis, we propose a di�erent approach to estimate both recycling and ampli-
�cation contributions to the upturn of rainfall totals observed in the interior areas of
Iberia in spring. Results obtained through this new procedure can be compared to
those given by the Schär et al.'s (1999) Separation Method (SSM), described in the
previous section.

As discussed in section 1.2 and as expressed in equation (1.2), precipitation
falling in a region results from moisture with three di�erent origins. However, over
su�ciently long periods, the contribution from moisture already present in the atmo-
sphere at the beginning of the calculation period is negligible. This leads to the widely
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used approximation expressed in equation (1.3). Further splitting the advection term
in (1.3) into two components leads to

Pa = P̃da + P̃ia (2.35)

where P̃da stands for the fraction of precipitation coming directly from advection
and, in contrast, P̃ia represents the fraction of the advected moisture that is indirectly
retained and transformed into rainfall as a result of the e�ect of land-air interactions
on the thermodynamic structure of the atmosphere.

In the experiments included in the WRFS-2 set of simulations, we disable the ET
�uxes (Pm = 0) and subsequently their indirect capacity to modify the atmospheric
pro�le favoring precipitation-generating processes (hence, P̃ia = 0). This implies that,
whereas in the control runs we measure all the contributions to the total precipitation:

Pcontrol = Pm + P̃da + P̃ia (2.36)

in the no-ET experiments we only register the contribution from direct advec-
tion:

Pno-ET = P̃ ′da (2.37)

In general, this term must be allowed to di�er in the experiments with respect
to that of the control runs. This makes sense, since the mere presence of the ET
�ux may have an impact on the advective component. The di�erence in precipitation
between control and experiments can thus be expressed as:

∆P = Pcontrol − Pno-ET = Pm + Pia +
(
P̃da − P̃ ′da

)
(2.38)

Let us carry out the following identi�cations:

∆Prec ≡ Pm (2.39a)

∆Pamp ≡ Pia (2.39b)

∆Pda ≡ P̃da − P̃ ′da (2.39c)
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By considering these equations (2.39a, 2.39b and 2.39c) we can rewrite the
change in precipitation in terms of three components: recycling (subindex rec), am-
pli�cation (subindex amp) and direct advection (subindex da):

∆P = ∆Prec + ∆Pamp + ∆Pda (2.40)

This equation is identical to (2.33), showing that the correction proposed on
the SSM turns it compatible with our separation method. According to our results,
however, the direct advection contribution tends to be much smaller than the recycling
and ampli�cation terms, so that equation (2.40) can be approximated by equation
(2.34).

If we consider the de�nitions of the local recycling ratio and the local relative
change in precipitation, that can be expressed as:

ρ(x, y) =
Pm(x, y)

P (x, y)
=

∆Prec(x, y)

Pcontrol(x, y)
(2.41)

and

ρ∗(x, y) =
Pcontrol(x, y)− Pno−ET (x, y)

Pcontrol(x, y)
=

∆P (x, y)

Pcontrol(x, y)
(2.42)

we �nd out that the rate ρ(x,y)
ρ∗(x,y) , which can be computed for each grid cell of our

domain, equals the fraction of recycled precipitation in ∆P ; that is:

ρ(x, y)

ρ∗(x, y)
=

∆Prec(x, y)

∆P (x, y)
=

∆Prec(x, y)

∆Prec(x, y) + ∆Pamp(x, y)
(2.43)

As a result,

∆Prec(x, y) =
ρ(x, y)

ρ∗(x, y)
·∆P (x, y) (2.44)

Similarly, the fraction of the extra precipitation due to ampli�cation processes
will be given by:

∆Pamp(x, y) =

[
1− ρ(x, y)

ρ∗(x, y)

]
·∆P (x, y) (2.45)

For the whole region, we similarly have
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r

r∗
=

∫∫
A Pm(x, y)dxdy∫∫

A [Pcontrol(x, y)− Pno−ET (x, y)] dxdy
=

〈Pm〉
〈Pcontrol〉 − 〈Pno−ET 〉

=
〈∆Prec〉
〈∆P 〉

(2.46)

And therefore,

〈∆Prec〉 =
r

r∗
· 〈∆P 〉 (2.47)

and

〈∆Pamp〉 =
(

1− r

r∗

)
· 〈∆P 〉 (2.48)

The computation of the local relative change in precipitation from the compar-
ison of control and no-ET simulations, together with the calculation of the recycling
ratio, allows estimating the relative contribution of recycling and ampli�cation terms,
thus satisfying our goal.

2.8 Data used in this thesis

Observational precipitation data used in Figs. 1.1, 1.2, 1.3 and 1.4 were obtained
from a 0.2°-resolution daily precipitation analysis produced by the Universidad de
Cantabria (UC), the Agencia Estatal de Meteorología (Spanish Meteorological O�ce,
AEMET) and the Instituto Português do Mar e da Atmosfera (Portuguese Meteoro-
logical Institute, IPMA), originally available for the period 1950-2002 (Herrera et al.,
2010 [123]; Belo-Pereira et al., 2011 [13]), and recently updated until March of 2008
(Spain02 dataset, http://www.meteo.unican.es/datasets/spain02; PT02 gridded pre-
cipitation dataset). This dataset is used, in section 4.1, to validate the precipitation
obtained from the WRF model. For this purpose, grid point mean absolute errors
(MAE) and mean normalized errors (MAPE) are computed, at the daily, 5-days and
monthly scales, according to the standard de�nitions (e.g. Cardoso et al., 2012 [43]):

MAE(i, j) =
1

n

n∑
k=1

|Pk(i, j)−Ok(i, j)| (2.49a)

MAPE(i, j)(%) =

∑n
k=1 |Pk(i, j)−Ok(i, j)|∑n

k=1Ok(i, j)
· 100 =

MAE
1
n

∑n
k=1Ok(i, j)

· 100 (2.49b)
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where n corresponds to the number of days, periods of 5 days or months while
the comparison is performed, Pk(i, j) represents the model precipitation at the grid
point (i, j) and Ok(i, j) stands for the corresponding UC-AEMET/IPMA analysis
value. Note that an interpolation of the analysis data from the original grid, at
0.2°resolution, to the same grid used in the WRF simulations is required for the grid
point validation to be carried out.

In section 3.3, we make use of monthly NAO index data, downloadable from the
following site:

http://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/nao.shtml
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Precipitation recycling in the
Iberian Peninsula: spatial patterns
and temporal variability

Abstract. In this chapter, we explore the spatio-temporal links between the recy-
cling mechanism and the Iberian rainfall regime. We use a 9-km resolution WRF
simulation of 18 years (1990-2007) to compute local and regional recycling ratios over
Iberia, at the monthly scale, through both an analytical and a numerical recycling
model. In contrast to coastal areas, it is known that the interior of Iberia experiences
a relative maximum of precipitation in spring. This suggests a prominent role of land-
atmosphere interactions on the inland precipitation regime during this period of the
year. Local recycling ratios are found to be the highest in spring and early summer,
coinciding with those areas where this non-winter peak of rainfall represents the ab-
solute maximum in the annual cycle. This results con�rm that recycling processes are
crucial to explain the Iberian spring precipitation, particularly over the eastern and
northeastern sectors. On average, Iberian monthly recycling values range from 0.04
(0.03) in December to 0.14 (0.07) in June (May), according to the numerical (analyti-
cal) model. Our analysis shows that the highest values of recycling are limited by the
coexistence of two necessary mechanisms: 1) the availability of su�cient soil mois-
ture resulting from previous months and 2) the occurrence of appropriate synoptic
con�gurations favoring the development of convective regimes. The analyzed surplus
of rainfall in spring has a critical impact on agriculture over large semiarid interior
areas, and thus a comprehensive assessment of the physical mechanisms behind it is
of the greatest relevance in the context of a changing climate. Finally, we evaluate
the strong intra and interannual variability of recycling considering three case studies
associated with extreme climatic events (1997, 2001 and 2005), con�rming that early
spring recycling values for these extreme events depend crucially on the observed
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precipitation during winter but also on the regional circulation patterns during early
spring itself. This chapter corresponds in large parts to the article Precipitation recy-
cling in the Iberian Peninsula: spatial patterns and temporal variability (see the List
of Publications for the complete reference).

*****

The spatial variability of the Iberian precipitation regime (described in section
1.1) and the di�erent physical processes responsible for it suggest an examination of
the relationship between the annual cycles of recycling ratio and precipitation over
the Iberian Peninsula (IP) (Gimeno et al., 2010a [110]). As discussed in section
1.3, the working hypothesis for this thesis is that this connection can be critical to
understand the spring peak of rainfall observed in inland Iberia. The study described
in this chapter focuses on a detailed analysis of the spatial and temporal relations
between precipitation and the local recycling ratio, as well as on the analysis of
its interannual variability. The aim is, therefore, exploring to what extent land-
atmosphere interactions may play a key role on the Iberian climate. The evaluation
of the entire annual cycle of recycling during nearly a climatological period (18 annual
cycles), including several extreme years, allows a comprehensive assessment of the
main physical mechanisms driving recycling in the IP, as well as a deep investigation
of the importance of these interactions on the present Iberian climate in a context of
climate change.

Along this chapter, two methods are used to compute the recycling ratio every
month along the period January 1990 - December 2007:

1. The Integral Moisture Budget analytical model due to Schär et al. (1999) [221]
(IMB), thoroughly described in section 2.2 and appendix B.

2. The numerical recycling model due to Eltahir and Bras (1994) [76] (EBRM),
examined in detail in section 2.3 and appendix C.

Both recycling methods are applied over the region shown in Fig. 2.1b, from
WRF precipitation, evapotranspiration and moisture input values. A complementary
description of the procedure to compute this water budget terms is given in appendix
A.

The model con�guration and setup of simulations is described in section 2.1. As
mentioned, an explanation of the methods used to compute the recycling ratio (IMB
and EBRM) and the connections between them is provided in sections 2.2 and 2.3.
Results of this study are discussed in sections 3.1 and 3.2 of the present chapter. In
addition, section 3.3 explores three case studies selected to complement the general
discussion. Finally, a summary of the main conclusions of this work are presented in
section 3.4.
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3.1 Iberian regional recycling ratio

The monthly averaged values of the regional recycling ratio, following both IMB and
EBRM methods, are shown in Fig. 3.1, providing a representation of the mean annual
cycle (and interannual variability) of recycling over the considered period (1990-2007).
In the winter half of the year, which spans from October to February and when the
zonal circulation is more intense over Iberia, recycling values are coherently low, sug-
gesting a very limited impact of land-atmosphere interactions on the rainfall regime,
as expected. During this period, IMB and EBRM present the lowest values and sim-
ilar magnitudes. The minima values of recycling (rEBRM = 3.9% and rIMB = 2.9%)
are reached in December for both methods. In contrast, recycling ratios are signi�-
cantly higher in spring and summer, although results provided by both methods show
signi�cant di�erences. According to the EBRM, the yearly maximum of recycling oc-
curs in June (rEBRM = 13.9%), whereas according to the IMB the peak takes place
in May, reaching a value that does not exceed half of that of EBRM (rIMB = 6.5%).
It is important to emphasize the larger interannual variability of the results provided
by EBRM. Even though the regional EBRM recycling ratio is computed as an area
average via equation (2.16), the latter method takes into account the heterogeneity of
the orography and the moisture �uxes, thus capturing the natural variability of the
physical processes. On the contrary, this is not re�ected in IMB, probably as a con-
sequence of its simplicity; however from a qualitatively perspective, the IMB is also
capable to describe the mean annual pro�le of recycling. (For a detailed discussion
on the limitations of both IMB and EBRM, see section 1.4 and appendices B and C).
These results are in agreement with the discussion about the spatiotemporal patterns
of circulation over Iberia and the physical mechanisms involved (section 1.1), with re-
cycling reaching the highest values during spring and summer, when local convective
processes play a more relevant role in the Iberian precipitation regime (Llasat and
Puigcerver, 1997 [164]; Serrano et al., 1999 [226]; García-Herrera et al., 2005 [105];
Bisselink and Dolman, 2008 [21]; Gimeno et al., 2010a [110]).

The complete monthly series, for the period 1990-2007, is displayed in Fig. 3.2.
Once again the remarkable di�erences in amplitude obtained by the two methods are
apparent. As discussed above, EBRM values tend to converge to those computed
via IMB in autumn and winter. On the contrary, in spring and early summer, even
though EBRM ratios are signi�cantly higher than those of IMB, the latter method
still captures the qualitative evolution of the monthly series. As a result, a signi�cant
level of monthly correlation between IMB and EBRM recycling ratios is observed,
varying seasonally from 0.65 to 0.70 (Table 3.1). The corresponding dispersion plot
and regression lines are shown in Fig. 3.3, with data classi�ed according to seasons:
Winter (DJF), Spring (MAM), Summer (JJA) and Autumn (SON). We observe the
lowest values of recycling and the highest degree of correlation between both methods
taking place in autumn, with a linear correlation coe�cient of RSON = 0.70 (Table
3.1). In winter, this con�guration of low recycling values and high correlation coef-
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Figure 3.1: Mean annual cycle and interannual variability of the regional recycling
ratio (%), according to EBRM (red) and IMB (blue).

�cients between IMB and EBRM is a�ected by the higher intraseasonal variability,
mostly as a consequence of some anomalously high values of recycling in January,
which will be discussed below. This month-to-month variability, re�ected in the un-
certainty bars of Fig. 3.1, is maintained in spring and reduced in late summer, when
the correlation coe�cient shows a similar value to that of autumn. Despite the rel-
atively good temporal correlation between both methods, we must note again the
much higher values obtained with the EBRM method and the reduced interannual
variability shown by the IMB method. This suggests that the EBRM provides a
more accurate representation of the recycling mechanism and thus it is preferably
considered for the remaining of the analysis presented in this chapter. As expected,
recycling values obtained for July 1990 and July 1993 through IMB (0.05 in both
cases) are very close to those obtained with the same method by Schär et al. (1999)
[221] (0.06 for both months, as referred in section 1.4). In general, however, EBRM
recycling values appear to be in better agreement with those obtained previously in
more re�ned studies, as e.g. Bisselink and Dolman (2008) [21] and Dirmeyer et al.
(2009b) [65].
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Figure 3.2: Monthly series of regional recycling ratio (%) for the period 1990-2007,
computed via EBRM (red) and IMB (blue).

Season Winter (DJF) Spring (MAM) Summer (JJA) Autumn (SON)
R [-] 0.65 0.65 0.69 0.70

Table 3.1: Seasonal correlation coe�cients [-] (EBRM vs IMB).

Regarding the EBRM time series (Fig. 3.2), we observe that the absolute max-
imum of recycling occurs predominantly during spring and early summer months.
More in detail, that maximum takes place in April (1991, 1995, 1997, 2002, 2006 and
2007), May (1990, 1998, 2001, 2003, 2004), or June (1993, 1994, 1996, 1999 and 2005),
re�ecting the above-mentioned large interannual but also intraseasonal variability. For
the remaining years, the annual maximum of recycling occurs in November (2005),
December (1991) and January (1992, 2000). Interestingly, these years coincide or
are temporally adjacent to the driest years (1991, 1999 and 2005) over the IP within
the studied period (García-Herrera et al., 2007 [106]). Among the complete EBRM
time series, only for the latter three years regional recycling ratios remain below 15%
during the whole annual cycle. This link between the driest conditions over the IP
with the lowest recycling ratios and anomalous recycling annual cycles is expected
for two reasons. Firstly, the lack of soil moisture inhibits the triggering of the land-
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Figure 3.3: Monthly correlation between EBRM and IMB regional recycling ratios
(%) for the period 1990-2007. Results are classi�ed according to the corresponding
season: Winter (DJF), Spring (MAM), Summer (JJA) and Autumn (SON).

atmosphere interactions (there is limited fuel available for recycling). Secondly, these
atypical precipitation and soil moisture patterns are related to exceptional synoptic
con�gurations, which might facilitate the activation of land-air feedbacks in unusual
periods. This is the case of the peak of recycling of January 1992, when a high pres-
sure located in the surroundings of the British Islands and Western Europe blocked
the zonal circulation during most of the month. This peak took place after a normal
previous autumn in terms of precipitation, thus ensuring a certain availability of soil
moisture to support ET.

Finally, a secondary peak of recycling can be also observed, in the EBRM series,
in September-October for several years (1991, 1994, 1997, 2001, 2003, 2004, 2005,
2006 and 2007). This is not so evident in the mean annual cycle of IMB (Fig. 3.1)
and might be related to the enhancement of convective regimes in the speci�c area of
the Mediterranean coast in late summer and early autumn.
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3.2 Iberian local recycling ratio

Monthly mean recycling patterns for the Iberian Peninsula (obtained with EBRM),
over the period 1990-2007, are represented in Fig. 3.4a, along with the average verti-
cally integrated moisture �ux. Fig. 3.4b shows the maps of the corresponding monthly
standard deviation of recycling. Because the monthly evolution of the recycling pat-
terns depends to a large extent on the availability of water in the soil, which is in
turn conditioned by the rainfall amounts during the previous months (as discussed
in section 1.3), we present in Fig. 3.4c the corresponding monthly average rainfall
patterns, also computed from WRF model output over the same period. It should be
stressed that the overall capacity of the WRF model to reproduce the temporal and
spatial characteristics of the Iberian precipitation regime has been attained in the
previous works by Cardoso et al., 2012 [43] and Soares et al., 2012 [231], where the
simulations used for this study are described in detail. This guarantees the suitability
of using WRF precipitation �elds for other diagnostic calculations.

From October to February, low recycling values overlap with the highest amounts
of precipitation, mainly in the northwest quadrant of the IP. During this period
of the year, recycling patterns over Iberia are closely connected to the dominant
zonal �ow, with recycling tending to increase from western to eastern Iberia. This is
expected, since the atmosphere over the eastern area has a higher load of moisture
originating from terrestrial ET in the western and central sectors. This process is also
responsible for the persistence of a local recycling minimum in the southwest area of
the IP throughout the year (Fig. 3.4a). From March onwards, and linked to the
weakening of the winter circulation, recycling patterns show a greater heterogeneity
and, what is more important within the context of this work, a greater connection
with precipitation patterns. The maximum strength in this connection takes place
in April and May (Figs. 3.4a and 3.4c), even though small patches with similar high
values of recycling are found in March and June. In particular, a recycling maximum
shift is observed from the southeast, in April, to the northeast region, in May. This
is likely related to the change in the prevailing direction of the moisture �ux, from
west-northwest to west-southwest (Fig. 3.4a), and presents a clear connection with
the analogous shift in the monthly maximum of rainfall described in section 1.1 (Fig.
1.3b). In general, a large variability can be found locally throughout the annual
cycle of recycling (Fig. 3.4b). This can be observed, e.g., in the high standard
deviation values found over the northwest quadrant in January, March, September
and December, but especially in April when a large extent of Iberia is a�ected by a
remarkable variability (Fig. 3.4b), mostly related to the high recycling values observed
in 1995, 1997 and 2007. As it is well known, in April there is a secondary maximum in
the monthly precipitation in the western Iberia (e.g. Soares et al., 2012 [231]). This
feature is related to the low amounts of rainfall persistently recorded in March in the
recent decades, associated to a more northern mean trajectory of the Atlantic fronts
in March (Paredes et al., 2006 [198]; Soares et al., 2012 [231]). Similarly, the large
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variability observed for January (when the average recycling value is relatively low)
is in�uenced by some extreme events such as those mentioned in the previous section
relative to the years of 1992 and 2000. In March, May and June, in contrast, the
areas where the recycling ratio is the highest (Fig. 3.4a) are a�ected by a relatively
reduced variability (Fig. 3.4b), thus revealing the stability of the spring recycling
patterns in eastern and northeastern Iberia.

Overall, most of the IP experiences recycling ratios above 10% from March to
June, which con�rms that, not only in the east and northeast but also throughout
the interior of Iberia, an important fraction of the total amount of rainfall is related
to land-atmosphere feedbacks. As mentioned in section 1.1, large interior extensions
present arid or semiarid characteristics and attain the maximum of precipitation in
spring, turning the recycling contribution essential to describe the precipitation regime
locally. On the contrary, the lack of a clear link between recycling and precipitation
from October to February con�rms that land-atmosphere mechanisms do not play a
relevant role on rainfall in the winter half of the year.

3.3 Selected case studies

As discussed previously, high values of the recycling ratio only occur when the syn-
optic, westerly circulation weakens allowing local processes to gain relevance, thus
playing an important role on inland Iberia rainfall. The absence of strong zonal
winds constitutes therefore a required condition for high values of recycling to hap-
pen over the IP, although such pre-requisite is often not su�cient. The availability of
moisture in the soil is also a critical issue, as it represents the fuel for the recycling
mechanisms. In this regard, the amount of precipitation that falls during the previ-
ous season becomes a signi�cant variable to better understand the e�ects of land-air
feedbacks. This was addressed in section 1.3 and more precisely in section 3.1, when
an explanation including this limiting factor was proposed to account for the anoma-
lously low recycling ratios obtained in 1991, 1999 and 2005. In this section here,
our goal is to evaluate this hypothesis more systematically, exploring in what extent
the recycling ratios are dependent on the recent (previous months) historical water
balance in the area under study.
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(a)

(b)

(c)

Figure 3.4: (a) Mean annual cycle of recycling ratio [-] and vertically integrated
moisture �ux; (b) Monthly standard deviation of recycling ratio [-] with respect to the
average maps represented in (a); and (c) average precipitation (mm/month) over the
period 1990-2007.



70 3. Recycling in Iberia: spatio-temporal analysis

Early spring is the most appropriate period to focus this analysis, since it
presents a higher variability with respect to the previous months. This feature, al-
ready corroborated by Paredes et al. (2006) [198], can be as well observed in Fig. 3.1).
In this sense, March can be seen as a transition month, presenting a winter-like be-
havior for some years and clearly spring-like characteristics for others. Furthermore,
the previous months (December, January and February; DJF) represent the standard
de�nition of winter in climatological studies and correspond to the period of highest
precipitation over large sectors of the IP, as described in section 1.1. The impact of
a very humid or dry previous winter season can be assessed in a simpli�ed way by
looking at the recycling and precipitation patterns in March. Therefore, we focus on
three representative case studies (1997, 2001 and 2005), where the recycling patterns
in March are analyzed and connected to the spatial distributions of precipitation for
that speci�c month but also relative to the previous season (DJF). All the results
obtained for the three case studies are shown in Table 3.2, including the winter and
March precipitation, the recycling values obtained with both methods and the value
of the large scale pattern index that controls winter precipitation over the IP, the
North Atlantic Oscillation (NAO). March of 2006 is also considered, to complete the
possible combinations between dry and humid DJF and March in Table 3.2.

Precipitation NAO index Recycling (March)
Year DJF March (March) rEBRM [-] rIMB [-] RDEBRM(%) RDIMB(%)

1997 H D 1.46 12.33 8.19 +26.8 +50.0
2001 H H -1.26 1.87 3.11 -80.5 -43.0
2005 D D -1.83 6.02 4.87 -37.1 -10.8
2006 D H -1.28 3.28 3.92 -65.7 -28.2

Table 3.2: Precipitation (humid, H, or dry, D), NAO index, regional recycling ratio
and relative deviation (RD) of recycling (see equation 3.1) for the period DJF-M during
the years of 1997, 2001, 2005 and 2006.

March of 2005 can be qualitatively classi�ed as a dry (D) month (Fig. 3.5).
It occurred after an especially dry winter (Fig. 3.5, right column), when the IP
su�ered one of the most intense droughts ever recorded (García-Herrera et al., 2007
[106]; Gouveia et al., 2009 [121]). March of 1997 was even drier, but in contrast the
previous winter may be qualitatively labeled as humid (H ). November of 1996 (not
shown), December of 1996 and January of 1997 (Fig. 3.5, left column) registered
above-average amounts of rainfall, whereas this trend reversed in February, showing
a dry character which was intensi�ed in March. A very di�erent situation took place
in 2001, when the whole winter (with the exception of a normal February) and the
following month of March were signi�cantly humid (Fig. 3.5, mid column).
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Figure 3.5: Relative precipitation anomalies (%) and EBRM recycling maps [-],
together with the vertically integrated moisture �ux, for the selected case studies
(1997, 2001 and 2005).
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The analysis of the 1990-2007 time series of recycling (Fig. 3.2) and the compar-
ison with the 1950-2007 monthly anomalies of precipitation (computed through the
AEMET/UC-IPMA dataset described in section 2.8) shows that humid months of
March generally present low values of recycling. This is the case with 2001 and 2006,
as shown in Table 3.2, where the relative deviations with respect to the mean regional
recycling ratio in March along the 1990-2007 time series are computed according to:

RD =
r − 〈r〉
〈r〉

(%) (3.1)

The NAO index is found to be consistently negative for these months, and this
con�rms that recycling is very limited under this large scale atmospheric circulation
con�guration that steers storms from the Atlantic towards the IP (Trigo et al., 2004
[252]). March of 2001 is preceded by a humid winter, whereas the three previous
months to March of 2006 were in general dry (not shown). Despite this relevant dif-
ferences, the observed recycling ratios were similar and signi�cantly below average in
both cases (−80.5% in 2001 and −65.7% in 2006 according to the EBRM), suggesting
that the impact of a dry or wet previous winter on March recycling patterns is very
limited when the wet winter-like circulation is predominant during this month (nega-
tive NAO). This is illustrated in Fig. 3.5 for March of 2001, when a clear west-to-east
pattern with low values of recycling can be observed.

In contrast, dry months of March present a much higher variability in terms
of recycling, with the amount of rainfall accumulated during the previous months
playing a critical role on its recycling patterns. To illustrate this, we next compare
the dry March of 2005 preceded by a very dry winter, with the dry March of 1997
preceded by a humid winter.

Generally, below-average rainfall totals in March are connected to positive values
of the NAO index (Trigo et al., 2004 [252]), as it was the case in 1990 (1.46), 1993
(0.67), 1994 (1.26), 1995 (1.25), 1997 (1.46), 1998 (0.87) or 2000 (0.77). In this
regard, the strong anomalous negative NAO index observed in March of 2005 (-
1.83) corresponds to an outlier event since that month was dry over Iberia, and
not wet as the consideration of the NAO index alone would suggest. This example
emphasizes the need to look beyond the state of the NAO in order to explain the
precipitation regime in Iberia (Trigo et al., 2008 [254]). In this case there was an
unusual incapacity for the large number of mid-latitude systems passing over the
Azores to reach the IP, which was related to the persistence of a stationary blocking
anticyclonic structure, especially during the �rst fortnight of the month, leading to
positive pressure anomalies in the surroundings of Iceland and very dry conditions
over the IP (see García-Herrera et al., 2007 [106] for a detailed discussion).

In March of 1997, a high pressure center was located in the vicinity of the IP
during most of the month, enhancing easterly and northeasterly wind �ows (Fig. 3.5).
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This synoptic con�guration, cumulatively with the availability of moisture in the soil
after the wet winter, is responsible for the high values of recycling observed in the
IP (+26.8% and +50.0% above average, according to EBRM and IMB, respectively).
This is most relevant in the western and northwestern areas, as shown in Fig. 3.5. In
this sense, March of 1997 was an unusual and thus interesting example of anomalous
moisture transport inside Iberia, in contrast with the predominant zonal circulation,
represented in Fig. 3.1a. In March of 2005, the synoptic con�guration was also
suitable to trigger land-atmosphere interactions; however, the lack of moisture in the
soil, as a result of one of the driest winters ever observed over Iberia, explains the
below-average recycling values (−37.1% and −10.8% according to EBRM and IMB,
respectively), as shown in Table 3.2.

This analysis con�rms our preliminary hypothesis, i.e. that two conditions are
necessary for recycling to play a relevant role on precipitation over the IP: �rst, the
synoptic con�guration must favor the development of local and mesoscale convective
regimes; and second, there must be su�cient availability of moisture in the soil to trig-
ger the recycling mechanism. The coupling of these conditions can be easily assessed
in early spring, reaching the highest degree of intensity in the period that extends
from April to June. We suggest that this scheme might be useful for understanding
any other period of the year. In particular, the limited availability of soil moisture in
inland Iberia during summer, precisely when convective processes are more intense,
may explain the attenuation of recycling values in this period of the year with respect
to the spring maximum.

3.4 Conclusions of this chapter

The work presented in this chapter investigates the spatial and temporal links be-
tween the recycling processes and the precipitation regime over Iberia. From a 9-km
resolution WRF model simulation, carried out for a period of 18 years (from Jan-
uary 1990 to December 2007), local and regional recycling ratios are computed, at
the monthly scale, with two di�erent methods: 1) the numerical recycling model due
to Eltahir and Bras (1994) [76], referred to as EBRM, and 2) the integral moisture
budget (IMB) procedure developed by Schär et al. (1999) [221]. Both recycling mod-
els, EBRM and IMB, rely on hypotheses that allow calculating the recycling ratio in
terms of moisture �uxes. This is the case of the well-mixed atmosphere assumption,
whereby turbulence processes are supposed to e�ectively mix the water vapor of two
di�erent origins (advected and evapotranspired) along the atmospheric column. This
hypothesis plays a major role in the classical analytical and numerical recycling mod-
els, and its limitations have been a matter of discussion in the recycling literature
(see section 1.4 for a more detailed analysis of the limitations of this assumption).

Previous studies, described in section 1.1, highlight the noticeable seasonal and
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interannual variability of the Iberian precipitation regime. Interestingly, a relative
maximum of precipitation is observed in spring all over the interior of Iberia. This
peak of rainfall, coexisting in central Iberia with the one of late autumn and winter,
and with that of early autumn along the Mediterranean coast, corresponds to the
yearly maximum of precipitation for large areas in the east and northeast. Most
of these areas, where agriculture has been traditionally the mainstay of the local
economy, present arid or semiarid characteristics, often su�ering from water shortage.
Therefore, in the context of a changing climate, whose impacts are believed to involve
less mean precipitation and more extreme rainfall events in the Mediterranean region,
and speci�cally in Iberia (IPCC, 2001 [133]; Tapiador et al., 2007 [243]; Hoerling
et al., 2012 [124]), a comprehensive assessment of the relative contribution of the
major moisture sources (oceanic and recycled) a�ecting these areas is crucial for their
medium and long term sustainability.

Over a certain study region, the recycling ratio measures the fraction of the total
precipitation originated in moisture evapotranspired within the same region. This
parameter is commonly used to quantify the impact of land-atmosphere feedbacks on
the regional rainfall regime. Monthly mean recycling values for the Iberian Peninsula
are found to range from 0.04 (0.03), in December, to 0.14 (0.07) in June (May),
according to EBRM (IMB). Both methods, EBRM and IMB, show the lowest recycling
ratios, with similar magnitudes, from October to February, coinciding with the highest
amounts of rainfall over the Atlantic basin. From March to June, in contrast, EBRM
recycling ratios are signi�cantly higher, presenting also a larger interannual variability
with respect to those obtained with the IMB method. This is expected, since the
EBRM explores the spatial heterogeneity of the moisture �uxes, thus providing a
more realistic description of the recycling process. According to the latter method,
average local recycling ratios exceed 10% in most central and eastern Iberia, reaching
values above 20% in some speci�c areas in the east and northeast. During spring
and early summer, and in contrast with the winter half of the year, local recycling
maximums overlap with the areas where the highest amount of rainfall is registered.
This connection, reaching its peak of intensity in April and May, con�rms that the
recycling contribution is critical to describe the spring peak of precipitation observed
throughout most of the continental Iberia.

The above-mentioned intensi�cation of land-atmosphere interactions in spring is
related to the debilitation of the winter-like circulation. The subsequent enhancement
of local and mesoscale convective regimes in the interior regions represents a necessary
(but not su�cient) condition for high recycling values to take place. The availability
of soil moisture constitutes the second requirement, since it is the fuel to trigger the
recycling mechanism. As a result, the amount of precipitation accumulated during
the previous season must be also taken into account for a complete analysis. In Iberia,
both conditions (that is, a synoptic con�guration favoring convection and su�cient
soil moisture availability) reach their maximum coupling in spring and early summer,
and can be e�ectively assessed in early spring (March).
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Three representative case studies (1997, 2001 and 2005) were selected to explore
the intensity of recycling in March and the associated spatial patterns of precipitation
for March and previous season. This analysis shows that humid months of March,
generally occurring under an intense westerly circulation, present consistently low
recycling values. Under this con�guration, the impact of a dry or wet previous winter
on March recycling is reduced, suggesting a limited role of land-atmosphere feedbacks
on precipitation. In contrast, for dry months of March, a previous wet (dry) winter
enhances (attenuates) signi�cantly the magnitude of recycling and its impact on early
spring precipitation. This analysis con�rms that recycling patterns depend not only
in the present synoptic con�guration but also in the memory of the precipitation
falling during the previous season within the study region. We suggest that this
double mechanism hypothesis, here assessed in detail for early spring, might be useful
to understand the relevance of the recycling contribution for any other period of the
year in Iberia and other regions of the world with semi-arid types of climate.

The computation of the recycling ratio through two di�erent methods, at the
monthly scale, at high resolution and covering a period of 18 annual cycles provides
a detailed spatio-temporal assessment of the potential impact of land-atmosphere
interactions on the Iberian precipitation regime. This study is complemented, in
chapter 4, with a more detailed analysis of land-atmosphere connections in May. For
this purpose, experimental simulations where land ET is suppresed are carried out
for eleven months of May (2000-2010). It is relevant to note that, among the spring
and early summer months, when recycling values are found the be the highest along
the yearly cycle, the month of May is selected because it coincides with the annual
maximum of rainfall in large areas in the interior, east and northeast of the Iberian
Peninsula, and thus the e�ects of land-air interactions on precipitation can be better
assessed. This study is also complemented with simulations incorporating moisture
tracers (chapter 5), as a way to analyze the regional sources of moisture with more
accuracy and compute the recycling patterns in a direct way, thus overcoming the
limitations of the classical recycling models. The method of tracers, however, would
not be applicable to a variety of simulations and analyses already available. This
constitutes a relevant advantage of the methodology proposed in this chapter.
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4

The maximum of precipitation in
spring in the Iberian Peninsula:
recycling and ampli�cation
contributions

Abstract. In the semiarid interior of the Iberian Peninsula, the topographic insu-
lation from the surrounding seas promotes the role of internal sources of moisture
and water recycling in the rainfall regime. In inland Iberia, the annual cycle of pre-
cipitation often has a distinctive peak in the springtime, when evapotranspiration
(ET) is the highest, in contrast to the coastal areas, where it follows more external
moisture availability and synoptic forcing, with a maximum in winter-autumn and
a pronounced minimum in the summer. In this chapter we investigate the role of
land surface water �uxes in the intensi�cation of the hydrological cycle in the Iberian
Peninsula, focusing our attention in spring. We use data from 5 km resolution WRF-
ARW model simulations over the Iberian Peninsula for eleven months of May (from
May 2000 to May 2010). To bring out the e�ect of ET �uxes, we conduct experiments
where ET water over land is removed from the system. Our �ndings indicate that the
impact of ET on precipitation is on average very large (37% increase), particularly in
the interior north and northeast areas where the observed annual rainfall cycle has a
peak in May, suggesting that the role of surface water �uxes is substantial to explain
it. To investigate whether this role is as a water source or to amplify precipitation
dynamics, we compute the recycling ratio analytically from the model data and, in
addition, we use an original procedure to quantify the ampli�cation impact by com-
paring the recycling ratio and the relative change in precipitation between control and
experiments with ET removed. Results show that the role of surface water �uxes on
precipitation depends on large-scale forcing and moisture advection. When the syn-
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optic forcing and moisture advection is strong, such as in fronts associated to Atlantic
storms, the impact of ET �uxes is small. On the contrary, when there is potential
for convection, as is commonly the case of late spring in the Iberian Peninsula, ET
�uxes have a higher impact. Surface moisture �uxes moisten the boundary layer and
increase moist static energy, strengthening convective processes, and their role goes
from being a primary water source for precipitation (recycling) to have mostly an am-
pli�cation e�ect, as external moisture availability increases. Our �ndings show that
for the eleven simulated May cases over the Iberian Peninsula, the role of ET �uxes
in activating recycling is very relevant and goes from explaining 27% to 58% of their
total impact on precipitation, depending on the method used to calculate the recy-
cling ratio. This indicates that the complementary e�ect on amplifying rainfall from
external sources of moisture is comparable in magnitude to the recycling mechanism
and important as well. This chapter corresponds in large parts to the article Moisture
recycling and the maximum of precipitation in spring in the Iberian Peninsula (see
the List of Publications for the complete reference).

*****

In the previous chapter, the analysis of EBRM and IMB recycling ratios con-
�rmed that an intensi�cation of land-atmosphere interactions takes places in spring
and early summer over Iberia. In that period of the year, the land surface becomes a
relevant source of moisture to the atmosphere, modifying the winter-like equilibrium
between locally evapotranspired and advected precipitation and therefore the recy-
cling ratio (Brubaker et al., 1993 [32]). In this chapter, high-resolution (5 km) WRF
model simulations for the period 2000-2010 are used to compute recycling ratios us-
ing both the IMB and EBRM recycling models. We compare control simulations to
experiments with ET disabled, in order to quantify the experimental relative change
in precipitation de�ned in section 2.5 and the relative contributions of recycling and
ampli�cation mechanisms to the spring peak of precipitation. The latter is carried
out by using the analytical method by Schär et al. (1999) [221], as well as a new
formulation proposed in section 2.7.

Signi�cantly high average recycling values have been obtained in the previous
chapter during spring and early summer months, mostly in eastern and northeast-
ern Iberia. In addition to this, as discussed in section 1.1, a relative maximum of
precipitation is observed in spring over most of inland Iberia (Fig. 1.1). This peak
may correspond to the absolute maximum of precipitation (eastern and northeastern
areas) or to a secondary peak in the annual cycle (e.g. North Plateau and central
Iberia), tending to occur in May for a vast majority of inland locations (Fig. 1.3).
This suggest that it is precisely in May when the impact of recycling processes on the
annual rainfall regime is maximized and thus it is the most appropriate month to ex-
plore in more detail the role of land-atmosphere feedbacks over the Iberian Peninsula
(IP). For comparison, we consider winter situations as well, represented by January, a
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typical winter month, in order to test the model response and sensitivity to di�erent
synoptic forcing. The simulated decade (January 2000 to January 2010, May 2000 to
May 2010) includes the driest hydrological year (2004-2005) on record for the Iberian
Peninsula (García-Herrera et al. 2007 [106], Santos et al. 2007 [217]) and also the
wettest spring ever registered in many locations inland (2008). The main goal of
the study presented in this chapter is thus assessing the intensity of land-atmosphere
coupling over the IP, and in particular the direct and indirect impact of local ET on
precipitation dynamics through both precipitation recycling and ampli�cation mech-
anisms.

The model con�guration and setup of simulations, as well as the di�erent pro-
cedures to compute the recycling ratio and to separate the recycling and the am-
pli�cation contributions to the extra rainfall attributable to land-air interactions are
described in sections 2.1, 2.2, 2.3, 2.6 and 2.7. A validation of precipitation results is
given in section 4.1. The central results of this study are presented and discussed in
sections 4.2, 4.3 and 4.4. Special attention is given to the ET - precipitation coupling
mechanisms during May of 2008, one of the wettest Mays ever registered in the IP,
and also during May of 2004, in the second position in terms of total precipitation
along the simulated decade (section 4.5). A brief summary of the main conclusions
of this chapter is provided in section 4.6.

4.1 Validation of precipitation

The comparison of the results obtained from numerical simulations with observational
or analysis data is usually referred to as validation (Jiménez, 2010 [137]). We next
describe the process of validation of the precipitation obtained from the WRFS-2 set
of simulations.

As described in section 2.8, an analysis of precipitation over the IP was performed
by the Universidad de Cantabria (UC), the Agencia Estatal de Meteorología (Spanish
Meteorological O�ce, AEMET) and the Instituto Português do Mar e da Atmosfera
(Portuguese Meteorological Institute, IPMA) by using all stations from the climatic
monitoring network of both AEMET and IPMA (Herrera et al., 2010 [123]; Belo-
Pereira et al., 2011 [13]) for a period ending in March of 2008. Fig. 4.1 shows
the mean precipitation for the period January 2000 to January 2008 from (a) WRF
model simulations and (b) UC/AEMET-IPMA analysis. Panels (c) and (d) show
the corresponding results for the period May 2000 to May 2007. For both January
and May, the observed patterns are well captured by the WRF simulations, which
show more �ne scale structure associated with their horizontal resolution of 5 km
(versus 20 km in the UC/AEMET-IPMA analysis). Amounts are somewhat higher
in the WRF results, particularly in January in the mountains directly facing the
Atlantic in the northwest of Iberia, but this discrepancy can be attributed, at least
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partially, to the lack of density of observations in those mountainous areas. In fact,
stations from the independent network of MeteoGalicia in the Galician mountains, just
behind the northwestern Iberian coast, indicate that average precipitation totals for
January of the period 2000-2008 do exceed 300 mm/month as in the model simulations
(http://www.meteogalicia.es/observacion/informesclima
/informesIndex.action?request_locale=gl), thus providing observational evidence that
these high values are indeed realistic.

On the other hand, we further compare WRF model precipitation values with
the UC/AEMET-IPMA analysis by examining grid point statistics. Figs. 4.2a and
4.2g show the daily mean absolute error (MAE) and the daily mean normalized error
(MAPE) for the period January 2000 to January 2008, computed via the standard
de�nitions expressed in equations (2.49a) and (2.49b). Figs. 4.2d and 4.2j represent
the corresponding results for the period May 2000 to May 2007. In accordance with
the previous discussion, daily MAE values are the highest in the mountainous areas
of the northwest, corresponding to MAPE results that do not exceed 150% for most
of the IP. The corresponding 5-day and monthly MAE and MAPE values, shown in
panels b, c, e, f, h, i, k and l, are progressively lower. This is expected, since daily
di�erences tend to compensate when a longer period of time is considered.

Analyzed precipitation observations for validating model results are not readily
available for the most recent years of the experiments. From March of 2008 onwards,
the UC/AEMET-IPMA analysis is not available yet, and only area averaged monthly
precipitation values for Spain are provided by AEMET. Fig. 4.3 shows the time series
(2002-2010) for (a) January and (b) May of those AEMET estimations (red) together
with model results (blue). The agreement among observations and model results is
very good for May of all years for overall precipitation amounts over Spain. In January,
values are higher in the model for some years, but as discussed above, this is likely
due to the lack of observations in mountain ranges, where orographically enhanced
precipitation can reach very large amounts. Since spatial patterns of the simulated
precipitation are close to the observation analysis of UC/AEMET-IPMA for years
2000-2007/08 (Figs. 4.1a, 4.1b, 4.1e, 4.1f), we assume that they likely are as well
for the more recent period 2008-2010. If the WRF model simulates the precipitation
�elds with accuracy, we also assume that it may represent the other variables properly.
Note that the validation of other relevant magnitudes, as soil moisture or ET, is not
strainghtforward, since observations of such land surface variables are, nowadays, still
very limited (Dominguez et al., 2009 [70]).

4.2 Water budget and moisture �uxes

Figs. 4.4 and 4.5 show the four terms of the water budget (P, ET, MC = IN −OUT
and change in storage ∆N ; see equation 2.1), together with the experimental relative
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Figure 4.1: Average precipitation (mm/month) for January 2000-2008 according
to: (a) WRF model; (b) UC/AEMET-IPMA analysis. Panels (c) and (d) show the
analogous results in May for the period 2000-2007.

change in precipitation (r∗, de�ned through equation 2.20) in May and January for
the whole IP (Figs. 4.4a and 4.4b) and for the sub-domains de�ned within (NE, NP
and CE in Fig. 4.4 and EA, NW, WE and SP in Fig. 4.5). These small boxes are
represented in Fig. 2.2b.

As it can be observed, average precipitation is higher in January than in May
only in the west and northwest boxes, directly facing the fronts coming from the
Atlantic, which bring moisture from the ocean and dominate the winter circulation
at these mid-latitudes. Nevertheless, on average for the whole IP, January is only
marginally wetter than May (2.7 vs 2.3 mm/day) and this is mostly due to the high
winter precipitation values in the northwest, which more than double those of the
springtime (4.4 mm/day vs 2.0 mm/day). For most of the interior, particularly in
the North Plateau and in the areas to the east and northeast, May has on average
signi�cantly more precipitation than January. Similarly, the experimental relative
change in precipitation is signi�cantly higher in May, in accordance with the discussion
below.
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Figure 4.2: Daily, 5-days and monthly MAE (mm/day) and MAPE (%) values (see
equations 2.49a and 2.49b) for the periods January 2000-2008 and May 2000-2007.

On the other hand, over the IP and in all the sub-domains considered within,
there is a net in�ow of moisture from adjacent areas in January (the moisture conver-
gence term is positive). In contrast, in May, for 7 out of the 11 years simulated (Table
4.1) and also for the multiannual average (Table 4.1 and Fig. 4.6a) the monthly mois-
ture convergence is negative, meaning that there is a net export of moisture to the
surroundings. Thus, despite May being climatologically the period of highest rainfall
in many locations inland, the precipitated water cannot compensate ET, and there-
fore some of the moisture stored into the soil during the winter is lost and transported
elsewhere by the atmospheric �ow. The examination of the moisture convergence val-
ues for the di�erent subareas indicates that the regions to the south and particularly
to the west tend to be net water vapor exporters in this springtime period, while
the regions to the east and northeast are net importers. The North Plateau and
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(a)

(b)

Figure 4.3: Time series for January (a) and May (b) from 2002 to 2010 area-averaged
monthly precipitation (mm/month) over Spain from observational analysis by AEMET
(red) and from model results (blue).

the Center region have on average a very small water imbalance, with precipitation
nearly equaling ET. The average net divergence for the whole IP is also small (-0.14
mm/day), in part due to the high positive value of 2008 (2.49 mm/day, as shown in
Table 4.1).
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Figure 4.4: Terms of the water budget in mm/day (P in blue, ET in green, MC in
brown and change in N in purple), together with the experimental relative change in
precipitation (line with red dots, in %) for the whole Iberian Peninsula (pannels a and
b) and for three of the selected sub-domains within: NE (c, d), NP (e, f ) and CE
(g, h). Pannels a, c, e and g correspond to the period January 2000 - January 2010,
whereas pannels b, d, f and h correspond to May 2000 - May 2010.
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Figure 4.5: (Continuation of Fig. 4.4) Terms of the water budget in mm/day (P in
blue, ET in green, MC in brown and change in N in purple), together with the exper-
imental relative change in precipitation (line with red dots, in %) for the remaining
sub-domains within the IP: EA (a,b), NW (c, d), WE (e, f ) and SP (g, h). Pannels
a, c, e and g correspond to the period January 2000 - January 2010, whereas pannels
b, d, f and h correspond to May 2000 - May 2010.
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Control run No-ET experiment
(mm/day) May May May January May May May January

2008 2004 2000-10 2000-10 2008 2004 2000-10 2000-10
Lower atmopshere 2.06 0.57 0.81 -0.46 1.88 0.61 0.85 -0.22
Upper atmosphere 0.43 -0.18 -0.95 2.06 0.62 0.65 0.31 2.15

Total 2.49 0.39 -0.14 1.60 2.50 1.26 1.16 1.93

Table 4.1: Average moisture �ux (mm/day) in the lower atmosphere (below 700 mb)
and in the upper atmosphere (above 700 mb) for May of 2004, May of 2008 and also
for the periods May 2000-2010 and January 2000-2010. Results are shown for both
control runs and experiments with no ET.

Fig. 4.7 shows the mean moisture �ux patterns at 850 hPa and 500 hPa for
January and May, averaged over the 11 years of simulation. In winter, the in�ux of
moisture is at all levels mostly determined by the prevailing westerlies that derive
from the Atlantic Ocean. This oceanic moisture is discharged as precipitation on the
Iberian Peninsula, particularly on the orographically favorable areas of the north and
west, and the exiting �uxes o� the Mediterranean coast are signi�cantly drier. The
net input of moisture in the mid and upper levels (above 700 hPa) is 2.06 mm/day,
whereas there is a net small water content loss at low levels (below 700 hPa) of 0.46
mm/day along the eastern coast. These values, shown in Table 4.1, can be easily
visualized in Figs. 4.6a and 4.6b (Fig. 4.6c is analogous to panel 4.6a, but referred
to the no-ET experiment). The intense moisture convergence at mid and upper
levels and small divergence below is consistent with convection not being the driving
mechanism for precipitation, but rather large-scale forcing associated to passing fronts
within the storm systems moving along in the prevailing zonal circulation.

In May, in contrast, the moisture in�ux from the Atlantic is considerably weaker,
particularly at low levels, where it has more of a northwesterly component. Associated
to easterly winds, there is a reversal of the moisture �ux on the lee side of Iberia, with
weak net on-shore in�uxes of moisture resulting along the Mediterranean coast (Fig.
4.7b). This pattern of low-level moisture �ux presents a larger year-to-year variability
and it is not very well organized, in general, for most areas. When averaged over the
11 simulated months of May, it does however correspond to a positive value of mois-
ture convergence below 700 hPa of 0.81 mm/day (Table 4.1). At 500 hPa the �ux is
still clearly zonal (Fig. 4.7c and 4.7d), but in contrast with the situation in winter,
it has considerable lower values when entering the IP than when exiting toward the
Mediterranean, so that for the layers above 700 hPa, the multiyear average value of
moisture convergence is -0.95 mm/day (Table 4.1). When considering the total air
columns, the result for May is the aforementioned net moisture divergence or loss of
water vapor to the surrounding area of -0.14mm/day (Fig. 4.6a). The similar values
of moisture convergence at low levels and divergence aloft is an indication that mois-
ture is lifted through convection from the interior of Iberia and transported elsewhere
by the prevailing westerlies in the mid and upper atmosphere. This con�guration,
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opposite to that of January, can be observed in Fig. 4.6b. Convective precipitation as-
sociated with the low level convergence is much higher than the moisture convergence
term, suggesting that local ET is an important source for rainfall.

As discussed in chapter 1, the di�erence in large-scale moisture transport is
related to the general circulation changes with season. As the summer approaches,
the prevailing zonal circulation and moisture advection is displaced northward and
weakened. In addition, the main westerly �ow tends to meander and form cut o�
lows in the vicinity or over the IP, one of the areas in the Northern Hemisphere
with a higher frequency of these features forming during the spring (Bell and Bosart,
1989 [12]; Nieto et al., 2005 [187]; Nieto et al., 2007a [189]). Cut-o� lows favor
locally generated circulations and low level moisture convergence to the center, as
re�ected in Fig. 4.7b. The upper level cold core associated to these systems cre-
ates instability, which enhances convection and leads to an increase in the potential
impact of land-surface �uxes on precipitation (Nieto et al., 2005 [187]), which can
be measured through the analysis of the recycling ratio. Convection, related or not
to cut-o� lows, is most frequent in the spring in the IP, and a majority of inland
and eastern stations of the Spanish Meteorological O�ce (AEMET) network report a
peak in the monthly number of thunderstorm days in May (1971-2000 means available
at http://aemet.es/en/serviciosclimaticos/datosclimatologicos/valoresclimatologicos).
In winter, in contrast, the frequency of occurrence of cut-o� lows is much lower (Nieto
et al., 2007a [189]; Nieto et al., 2007b [190]) and the intensity of large-scale moisture
advection and baroclinic forcing is enhanced.

4.3 Moisture recycling and spring rainfall

IMB recycling ratio

The regional recycling ratios computed for the di�erent years and the multiannual
mean are presented in Table 4.2. Schär's (IMB) formula yields an average value
for January of 0.04. It is a small number, as expected, given the reduced ET and
the strong large-scale forcing and external moisture advection in this winter period.
For May, in contrast, with much larger ET and an enhanced convective activity,
the multiannual mean value is still only 0.10 (varying from 0.08 in 2008 to 0.13 in
2010). These low values of the IMB recycling ratios are consistent with our previous
discusion on the fact that this method tends to underestimate the recycling ratio
if precipitation is unevenly distributed in the considered region, which is the case
for the IP. Consequently, assuming that both precipitation and recycling ratio are
uniformly distributed across the whole box, as it is considered in the IMB, leads to
the underestimation of the latter magnitude.
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Figure 4.6: Average moisture �ux (mm/day) in the lower atmosphere (below 700
mb) and in the upper atmosphere (above 700 mb) for the periods May 2000-2010 and
January 2000-2010. Results are shown for both control runs and no-ET experiments.
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Figure 4.7: Average moisture �ux patterns (g kg-1 m s-1) at 850 hPa (a, b) and 500
hPa (c, d) for January 2000-2010 (a, c) and May 2000-2010 (b, d).

EBRM recycling ratio

The regional EBRM recycling ratios are higher than those from IMB, not so much
for January as for May, when the mean value of 0.22 (varying from 0.14 in 2002 to
0.35 in 2009) is about twice the obtained via Schär's method. According to EBRM,
this means that on average 22% of the total rainwater derives from local ET, and
therefore that the main source of precipitation in spring is still advected moisture.
This method also accounts for the spatial variability of the recycling ratio within the
considered box. The pattern of the multiannual average of this �local� recycling ratio,
together with the mean moisture �ux integrated over the column is displayed in Fig.
4.8. Both EBRM recycling ratio and moisture �ux patterns are highly related, with
ρEBRM tending to have higher values on the eastern and northeastern parts of Iberia
(ρEBRM > 30% in large areas there), where the �ow, predominantly from west to east,
has been over land for a longer time and has a higher load of moisture with origin in
terrestrial ET. The smoothness of the spatial patterns of the EBRM recycling ratios
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Month rIMB rEBRM r∗ Month rIMB rEBRM r∗

Jan 2000 0.07 0.23 0.13 May 2000 0.10 0.21 0.31
Jan 2001 0.03 0.02 0.04 May 2001 0.12 0.31 0.43
Jan 2002 0.04 0.05 0.05 May 2002 0.09 0.14 0.03
Jan 2003 0.05 0.05 0.05 May 2003 0.11 0.31 0.39
Jan 2004 0.03 0.02 0.04 May 2004 0.11 0.31 0.41
Jan 2005 0.06 0.08 0.05 May 2005 0.09 0.15 0.48
Jan 2006 0.05 0.12 0.00 May 2006 0.10 0.16 0.53
Jan 2007 0.05 0.06 0.02 May 2007 0.09 0.17 0.34
Jan 2008 0.03 0.03 0.03 May 2008 0.08 0.13 0.42
Jan 2009 0.04 0.03 0.05 May 2009 0.11 0.35 0.47
Jan 2010 0.04 0.04 0.04 May 2010 0.13 0.20 0.30
Average 0.04 0.07 0.05 Average 0.10 0.22 0.37

Table 4.2: Recycling ratio [-] (computed via both EBRM and IMB), and experimental
relative changes in precipitation [-] for the periods May 2000 - 2010 and January 2000
- 2010.

is related to their high correlation with the integrated mean moisture �ux, since the
assumption here is that the recycling ratio, even though variable in space, is constant
throughout the month and the mean moisture �uxes are used in the computation (see
section 2.3 and appendix C for further details on the computation method). The large
spatial variability of the precipitation �eld in our 5 km resolution simulations (and
also in reality), together with the varied genesis of precipitation (convective or not)
throughout the considered months, makes it very unlikely that the recycling ratio
has such smooth spatial distribution. This is explored in more detail in chapter 5 by
incorporating moisture tracers to the WRF simulations.

Figure 4.8: Spatial distribution of the multiannual average of EBRM recycling ratio
[-] (May 2000 to May 2010), together with the average pattern of vertically integrated
moisture �ux (kgvap m-1 s-1) for the same period.
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Figure 4.9: Spatial distribution of the local EBRM recycling ratio [-] during the
period May 2000 (panel a) to May 2010 (panel k), together with the corresponding
average pattern of vertically integrated moisture �ux (kgvap m-1 s-1), computed with
WRF outputs for the nested domain. The multiannual average is also included (panel
l) for comparison with Fig. 4.10.

The above-mentioned connection between moisture �uxes and EBRM recycling
ratio is also apparent in Fig. 4.9, where the spatial patterns of recycling are shown
from May 2000 (panel a) to May 2010 (panel k). These maps re�ect the strong
variability in the spring rainfall regime of the IP, discussed in section 1.1. For instance,
the recycling map observed in May of 2002 (panel c) is related to an intense, winter-
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like zonal �ow, leading to a pattern of low values that gradually increase from western
to eastern Iberia. On the contrary, May of 2001 or May of 2004 (panels b and e)
present higher recycling values organized in a more complex spatial pattern. The
latter is directly related to the weaker zonal circulation observed, which facilitates
the triggering of convective mechanisms.

Figure 4.10: Spatial distribution of the local EBRM recycling ratio [-] during the
period May 2000 (panel a) to May 2010 (panel k), together with the corresponding
average pattern of vertically integrated moisture �ux (kgvap m-1 s-1), computed with
WRF outputs for the parent domain. The multiannual average is also included (panel
l) for comparison with Fig. 4.9.
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Recycling maps of Fig. 4.9 are computed from nested domain WRF output �les.
This implies that these spatial patterns are computed at 5 km horizontal resolution.
Fig. 4.10 shows the corresponding maps computed from parent domain WRF output
�les, thus at 20 km resolution. Both �gures include the average May 2000-2010
recycling patterns (panel l of both 4.9 and 4.10). The remarkable correspondence
among the maps constitutes a �rst assessment of the robustness of the EBRM method
and its reduced dependence on the spatial resolution of the simulation. This sensitivity
of the EBRM recycling ratio to the spatial resolution is further discussed in appendix
E.

Representation of the Iberian water budget

On the other hand, the average water budgets for January and May are summarized
in Fig. 4.11, where the regional EBRM recycling ratios are used for the computations.
The diagrams represent the hydrological cycle with arrows for �uxes and their relative
importance re�ected in the numbers. As in Elthair and Bras (1994) [76] the values
are normalized by the total precipitation for each month, which is set to 100 units.
The total moisture convergence (MC ) is separated into its positive component associ-
ated with the in�ow of moisture and its negative component related to the out�ow of
humidity from the considered box covering the IP (Fig. 2.2b). Evapotranspired mois-
ture is also split into the component that contributes to precipitation (the recycling
ratio times the total precipitation) and the component that is transported away by
the �ow. Subtracting the latter from the total out�ow of moisture yields the portion
of the total out�ow that derives from moisture advected into the box from somewhere
else. Precipitation minus ET gives the net �ux into the soil plus surface runo�.

The di�erences in the hydrological cycle between winter and spring are appar-
ent in the diagrams of Fig. 4.11. Even though precipitation totals are comparable
(〈P 〉January2000−2010 = 79.5 mm month-1 and 〈P 〉May

2000−2010 = 60.7 mm month-1), the high
ET in May leads to a negative total water budget in this month, with a net loss of
moisture to the surroundings and a net �ux of moisture from the land surface to the
atmosphere. In January, in contrast, the water balance is largely positive, with the
soil gaining humidity that derives from the atmosphere. As it can be observed, ET
has a much larger relative contribution to precipitated water in May than in January.
As discussed earlier, this di�erence is related to the nature of the precipitation pro-
cesses in the season. Note that, from Fig. 4.11, it follows that INMay = 9.55 · PMay,
INJan = 7.70 ·PJan, ETMay = 1.09 ·PMay and ETJan = 0.34 ·PJan and thus making
use of equation (2.6) we obtain:

rJanIMB =
0.34 · PMay

7.70 · PMay + 0.34 · PMay

= 0.04 (4.1a)
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Figure 4.11: Representation of the average Iberian hydrological cycle for (a) January
2000-2010 (〈P 〉January

2000−2010 = 79.5 mm month-1, taken as 100 units); and (b) May 2000-

2010 (〈P 〉May
2000−2010 = 60.7 mm month-1, taken as 100 units.

rMay
IMB =

1.09 · PMay

9.55 · PMay + 1.09 · PMay

= 0.10 (4.1b)

which of course corresponds to the average 2000-2010 regional IMB values pre-
sented in the �rst paragraph of this section. In the next section, we investigate more
on the contribution of ET to precipitation by analyzing results from the experiments
where we suppress those land-air �uxes.
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Comparison to recycling values obtained in chapter 3

In the present chapter, WRFS-2 model simulations carried out for the months of Jan-
uary 2000 - 2010 and May 2000 - 2010 are analyzed. Within this period, the months
of January 2000 - 2007 and May 2000 - 2007 had been already run in the WRFS-1
simulation explored in chapter 3. In both cases, EBRM and IMB recycling ratios are
computed and a thus comparison of the results is necessary. These EBRM and IMB
recycling values are indeed comparable, as they are calculated over the same region
(Figs. 2.1b and 2.2b), and time periods. Nevertheless, WRFS-2 simulations show
some relevant di�erences with respect to WRFS-1, as mentioned in section 2.1. The
most relevant divergence lies on the fact that the WRFS-1 simulation is continous
(that is, the period 1990-2007 is simulated �without stopping�), whereas simulations
for the months of January and May in this chapter (WRFS-2) are initialized at the
begining of each month and last only 31 days. In addition, other important discrep-
ancies are the use of di�erent model parameterizations, di�erent horizontal resolution
and model domains, di�erent initial and lateral boundary conditions and the use or
not of the spectral nudging technique. As a result, relevant di�erences between both
recycling calculations are expected to emerge.

Fig. 4.12 shows the regional recycling ratio computed through both IMB and
EBRM fromWRF outputs at 9 and 5 km horizontal resolution, corresponding WRFS-
1 and WRFS-2 simulations, respectively. Once again, we observe higher values of
recycling in May with respect to January (with the exception of the year of 2000,
already discussed in section 3.1). In addition, the 5 km computation provides signi�-
cantly higher recycling ratios than the 9 km one, even though the horizontal resolution
of the calculations is not the only reason, as discussed above and explored in more
detail in appendix E. Despite the di�erences observed in Fig. 4.12, it is important to
mention the good correlation among the data series. This can be observed in Table
4.3, where the corresponding correlation coe�cients are found to be signi�cantly high.

Correlation coe�cient EBRM 5 km EBRM 9 km IMB 5 km IMB 9 km
EBRM 5 km - - - -
EBRM 9 km 0.93 - - -
IMB 5 km 0.90 0.76 - -
IMB 9 km 0.94 0.85 0.94 -

Table 4.3: Correlation coe�cient among the data series represented in Fig. 4.12.
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Figure 4.12: Regional EBRM and IMB recycling ratios [-] computed at 5 km (WRFS-
2 simulations) and 9 km (WRFS-1 simulation) during the months of January 2000 -
2007 and May 2000 - 2007.

4.4 Precipitation ampli�cation and spring rainfall

Experimental relative change in precipitation

In addition to the analytical recycling ratios, discussed above, the local fractional
change in precipitation in the control runs with respect to the no-ET experiments
(ρ∗), de�ned in section 2.5, is shown in Fig. 4.13a. On average, it presents higher
values than the regional recycling ratio computed from the control simulations alone.
This is expected, since according to the discussion of section 1.5, eliminating the
ET �ux not only reduces the amount of moisture available for rainfall, but also its
capacity to increase the atmospheric instability giving rise to extra precipitation. On
average for the 11 years of simulation, disabling the ET �uxes reduces rainfall by
37% in May, with this value exceeding 45% for several years. In January, the impact
is only a 5% decrease, about the same as for the EBRM and IMB recycling ratios.
This indicates that, in winter, ET has only a direct contribution to precipitation by
supplying more moisture to the precipitation genesis mechanism and that it has a
limited in�uence on the genesis mechanism itself. This is consistent with the previous
discussion about the main source of moisture and the nature of the forcing for winter
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precipitation being large-scale, baroclinic systems. In May, on the contrary, the large
di�erence between ρ and ρ∗ suggests that the input of moisture at lower levels has
a signi�cant e�ect on precipitation dynamics and not just in total amounts. This
con�rms that regional recycling ratios alone are not su�cient to assess the impact of
the land-atmosphere interactions on the spring rainfall regime and therefore indirect
(ampli�cation) mechanisms must be taken into consideration.

(a)

(b)

Figure 4.13: Spatial distribution of the relative change in precipitation [-], averaged
over the period May 2000-2010 (a) and spatial distribution of ρ/ρ∗ [-], equaling the
fraction of ∆P deriving from direct recycling, for the same period (b).

As mentioned, the spatial pattern of the relative change in precipitation, ρ∗,
represented in Fig. 4.13a, shows large values exceeding 60% towards the east and
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northeast of the Iberian Peninsula and lesser values towards the west and southwest.
It is very di�cult, if not impossible, to verify with observations that the e�ect of ET
�uxes on precipitation is as large as shown in Fig. 4.13a. Nevertheless, a comparison
to the observational analyses of Figs. 1.1, 1.2, 1.3 and 1.4 supports that qualitatively
this may be the case. The pattern of ρ∗ (Fig. 4.13a), revealing the regions where
ET �uxes have a large impact on May precipitation, is very similar to the patterns
in Figs. 1.3 and 1.4 showing the areas with a maximum of precipitation in May. The
latter makes the precipitation regime of those regions distinct from the rest of the IP
and suggests some sort of local control on precipitation processes there.

Separation of recycling and ampli�cation contributions

The bar diagrams in Figs. 4.14a and 4.14b show the relative change in precipitation
between control and no-ET experiments (∆P = Pcontrol − Pno-ET) for the years con-
sidered and for the multiannual mean. Each bar is divided in two colored sections,
representing the contribution of recycling (blue) and ampli�cation (red) calculated via
the two di�erent approaches described in chapter 2 (sections 2.6 and 2.7): Schär et
al.'s (1999) Separation Method (SSM, Fig. 4.14a) and the new procedure derived here
(equations 2.47 and 2.48; Fig. 4.14b), where the regional recycling ratios computed
via EBRM are used. According to SSM (Fig. 4.14a), 62% of the extra precipitation
(∆P ) derives on average from ampli�cation and therefore this process is dominant
over direct recycling (the remaining 38%). This behavior holds for almost all of the
analyzed months of May, with the exception of years 2001 and 2010 when the recycling
component is larger than the indirect term. May 2002 is not represented in Fig. 4.14
because the change in precipitation e�ciency ∆χ between control and experiment
has a negative value and, as a result, equation (2.28b) is not satis�ed and the SSM
method cannot be applied. As it has been mentioned, the month of May of 2002 is
an outlier in the set, with a strong synoptic forcing that is similar to a winter situa-
tion. This intense westerly �ow (and passing fronts associated to Atlantic baroclinic
systems) is responsible for the low value of the relative change in precipitation (r∗ is
only 3%), which corresponds to one order of magnitude less than the average for May
and is similar to the January cases. ∆χ has also an anomalous small value, one order
of magnitude less than average and negative. The average precipitation e�ciencies
during the period May 2000 - May 2010 are χcontrol = 10.7% and χno-ET = 7.7%
for control and no-ET experiment, respectively, meaning that the system is about
40% more e�cient in producing precipitation when moisture coming from ET �uxes
is considered (control runs) than when it is removed (experiments).

In general, the partition between recycling and ampli�cation contributions esti-
mated through our method (Fig. 4.14b) shows a good agreement with that of SSM,
even though relevant di�erences occur for some particular years, as is the case with
2000, 2003, 2004 and 2009. On average, according to our method, ampli�cation ex-
plains 41% of the e�ect of ET �uxes on precipitation, while recycling is associated to
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(a)

(b)

Figure 4.14: Fraction of the change in precipitation (∆P = Pcontrol−Pno-ET, in mm
month-1) deriving from direct recycling (blue) and from indirect ampli�cation (red)
according to (a) SSM and (b) New experimental method, for the period May 2000 -
May 2010 (with the exception of May 2002, where condition 2.28b does not hold), and
average values for the complete time series.

the remaining 59%. The discrepancy between the results obtained through our proce-
dure and via SSM is likely linked to the dependency of our estimation on the method
used to calculate the recycling ratio. In Table 4.4, the results obtained via SSM are
compared with those provided by our new separation method, using the two di�erent
regional recycling ratios, IMB and EBRM (new method I and II, respectively, in the
Table). As discussed, recycling ratios computed via EBRM are higher than those
obtained via IMB, which explains why, in general, we �nd:

rIMB

r∗
<
〈∆Prec〉
〈∆P 〉

|SSM <
rEBRM
r∗

(4.2)

On average we obtain rIMB

r∗ = 0.27 (new method I), rEBRMr∗ = 0.58 (new method
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II) and 〈∆Prec〉
〈∆P 〉 |SSM = 0.38. This analysis suggests that the rate r

r∗ might be inter-
preted in this case not only as an additional manner to calculate the fraction of ∆P
deriving from recycling, but also as a means to estimate an uncertainty range for
those values. Regardless, our results con�rm that indirect ampli�cation of precipita-
tion generating mechanisms related to land-surface interactions plays an important
role on the Iberian rainfall regime in the spring, even though computations of r via
EBRM suggest that direct recycling might still be the main responsible for the in-
crease of precipitation.

∆Prec/∆P ∆Prec/∆P ∆Prec/∆P
Month (SSM) (New Method, I) (New Method, II)

May 2000 0.19 0.33 0.68
May 2001 0.52 0.28 0.71
May 2003 0.45 0.29 0.79
May 2004 0.32 0.26 0.76
May 2005 0.29 0.19 0.32
May 2006 0.24 0.18 0.31
May 2007 0.39 0.27 0.50
May 2008 0.38 0.19 0.31
May 2009 0.41 0.23 0.76
May 2010 0.64 0.44 0.67
Average 0.38 0.27 0.58

Table 4.4: Fraction of the extra precipitation in May [-] coming from direct recycling
(∆Prec), estimated via SSM and through our new approach based on the rate r/r∗.
In the latter, the computation of r is done through both IMB method (New method I)
and EBRM method (New method II). May 2002 is not represented as condition (2.28b)
does not hold for this month, and thus it is not possible to compute ∆Prec/∆P through
SSM.

The average fraction of local recycling ratio ρ (computed via EBRM) to the
total relative change in precipitation ρ∗ is depicted in Fig. 4.13b. The impact of
suppressing the water vapor �uxes, measured by ρ∗ (Fig. 4.13a), is similar in pattern
to the recycling ratio (Fig. 4.8) with higher values towards the east and northeast.
The fraction ρ/ρ∗ (Fig. 4.13b) is found to be maximized also over this area, yielding
a regional value of rEBRM/r∗ = 0.58 when averaged for the whole Iberian Peninsula.
The corresponding values of rEBRM/r∗ over the di�erent small boxes de�ned in Fig.
2.2b are shown in Table 4.5. rEBRM/r

∗ is consistently found to increase from the
relative low values in the Atlantic regions (e.g. 0.23 for the northwest [NW] and
0.39 for the west [WE] boxes) to the high values toward the interior and northeast
areas (0.65 for the northeast [NE], 0.66 in the east [EA] and 0.71 in the center [CE]).
Notwithstanding, r∗ is much larger that the recycling ratio calculated via EBRM or
with any analytical method, and therefore our experiments and calculations indicate
that the impact of ET �uxes on precipitation is not just related to recycling, but has
a signi�cant contribution from ampli�cation mechanisms.



4.5 Analysis of May 2004 and May 2008 101

It is widely known that the impact of ET �uxes on precipitation and the recycling
ratio depend strongly on the synoptic forcing (e.g. Brown and Arnold, 1998 [31];
Schär et al., 1999 [221]). The evidence comes from the case of May of 2002, when
the circulating pattern, similar to a winter situation, leads to a very small r∗ (3%)
and recycling ratios, even though precipitation is abundant and, unlike in the winter,
evaporation is as well (Fig. 4.4). When r∗ is indeed high, our separation method
shows that the contributions of recycling and ampli�cation processes can vary from
year to year. To investigate the mechanisms whereby ET �uxes a�ect precipitation
and how they might diverge when there is predominantly recycling or ampli�cation,
we focus in the next section on two representative examples: May of 2004 and May
of 2008. To examine each month, we use an ensemble of three control and three
experimental (no-ET ) simulations beginning at 00Z on May 1st, April 30th and April
29th, respectively. May of 2004 and May of 2008 are the two cases with the highest
absolute precipitation di�erences between control and experiments and with a similar
relative change r∗ (47% and 46%), signi�cantly above the 37% average. According
to our separation method (Fig. 4.14b), both cases have a very di�erent relative
importance of recycling and ampli�cation, with the impact of ET �uxes being mostly
associated to recycling in 2004, whereas ampli�cation dominates in 2008.

May 2000-2010
Region rEBRM r∗ rEBRM/r

∗

NW 0.11 0.49 0.23
WE 0.13 0.33 0.39
NP 0.25 0.47 0.53
CE 0.30 0.42 0.71
SP 0.29 0.39 0.77
NE 0.32 0.49 0.65
EA 0.32 0.49 0.66

Table 4.5: Average May 2000-2010 regional EBRM recycling ratio [-], relative change
in precipitation [-] and quotient of both magnitudes [-] calculated for the small boxes
de�ned in Fig. 2.2b within the IP.

4.5 ET-Precipitation coupling mechanisms in May of
2004 and May of 2008

Synoptic con�guration and precipitation

The synoptic setting for May of 2004 and 2008 is illustrated in Fig. 4.15 and brie�y
summarized next, highlighting the di�erences between both periods. Fig. 4.15a
shows the average geopotential height at 850 hPa over the North Atlantic and Western
Europe, obtained from ERA-Interim (Berrisford et al., 2011 [15]; Dee et al., 2011 [50]),
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for May of 2004; the corresponding anomaly with respect to the average geopotential
for the period May 1957 to May 2002 (from ERA-40; Uppala et al., 2005 [255]) is
shown in Fig. 4.15c. During this period, the Azores high was further north than
average, displacing the storm track poleward and favoring the �ow with easterly
or northeasterly component over Iberia. In the �rst half of the month, Atlantic
low pressure systems still made their way south and a�ected the IP. In the second
half of the month, with the high centered around the British Isles, only short wave
disturbances in the easterly �ow along the south �ank of the anticyclone created
conditions favorable for precipitation (of convective origin), mostly on the eastern
side of Iberia. The modeled total rainfall is shown in Fig. 4.16a. As a consequence of
the general circulation patterns, in May of 2004 precipitation was above the mean for
the IP as a whole, however mostly concentrated on the north and eastern half, where
it was frequently of convective origin, as it will be discussed below. The precipitation
was anomalously high in the interior south and in the east, about average in the
north, and only the northwest saw below average rainfall.

Figure 4.15: Mean geopotential height (m) at 850hPa for May of 2004 (a) and 2008
(b) from ERA-Interim dataset; geopotential anomaly (m) for May 2004 (c) and 2008
(d) with respect to the period May 1958 - May 2002 (ERA-40 dataset).
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Figure 4.16: Ensemble total precipitation (mm/month) in the control simulation (a)
and ensemble relative change in precipitation [-] for May of 2004 (c) and the same for
May of 2008 (b, d). Ensemble recycling ratio [-] computed through the EBRM and
vertically integrated moisture �ux (kgvap m-1 s-1) for May of 2004 (e) and 2008 (f ).

Fig. 4.15b depicts the average geopotential height at 850 hPa and Fig. 4.15d
its anomaly for May of 2008. During this month, the synoptic setting was charac-
terized by a persistent blocking high in the Norwegian Sea, with the south branch of
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the split jet going right over the Iberian Peninsula. Storms followed a path across
Spain and Portugal, becoming cut o� from the main circulation and lingering around
the IP for several days. The cold core of the cut o� lows provides favorable condi-
tions for building instability and convection over land, in particular late in the spring
when solar heating is already quite signi�cant at these mid-latitudes. The persis-
tence of the situation is exceptional for May of 2008, but the presence of cut o� low
systems in the spring in the vicinity of the IP is not (Nieto et al., 2005 [187]; Ni-
eto et al., 2007a [189]), and they were also observed in the �rst half of the month
of May of 2004, also discussed here. May of 2008 was one of the wettest Mays on
record, with largely above average or all-time-high rainfall totals in many locations
in the interior, most of them in the North Plateau (León, 146.6 mm/month; Val-
ladolid, 162.7 mm/month; Soria, 164.5 mm/month; Burgos, 194 mm/month; Segovia,
150 mm/month and Ávila, 152.5 mm/month) and northeast areas (Vitoria, 201.3
mm/month; Logroño, 199.4 mm/month; Zaragoza, 141.9 mm/month, Teruel, 125.9
mm/month) (http://www.aemet.es/documentos/es/elclima/datos_climat/
resumenes_climat/mensuales/2008/res__mens_clim_2008_05.pdf). Vigorous con-
vection and abundant moisture supply were responsible for most of these large precip-
itation amounts, with the instability favored by the cold air aloft associated to the cut
o� low systems in the area, so frequent during this particular month. The model pro-
duces realistic results, with rainfall amounts that agree well with the aforementioned
station values (Fig. 4.16b).

Recycling and r∗ values

Figs. 4.16c and 4.16d depict ρ∗, the ensemble average relative change in precipitation
in the control runs with respect to the experiments where ET �uxes are removed
over land, for May of 2004 and May of 2008, respectively. Despite the very di�erent
synoptic patterns, in both cases the relative change in precipitation is high in all
regions, in areas with large and low precipitation amounts alike. The mean numbers
for the whole Iberian box are almost identical, with r∗ = 0.47 for 2004 and r∗ = 0.46
for 2008, indicating that ET �uxes have a sizeable impact on precipitation during
these periods. The key feature that in our analyses separates both cases is the value
of the recycling ratio, shown for EBRM together with the mean, vertically integrated
moisture �ux in Figs. 4.16e and 4.16f for 2004 and 2008, respectively. For May of 2004,
rEBRM = 0.28 , which is signi�cantly large, representing 27% above the 0.22 average;
in contrast, for May of 2008, rEBRM = 0.14, about half of that of 2004 and considerably
below average. Using the IMB to calculate r, the same reasoning applies, but there
is much less spread in the values, with the multi-year average being rIMB = 0.10 and,
for 2004 and 2008, rIMB = 0.11 and rIMB = 0.08, respectively. As it was discussed
before, EBRM recycling ratios are strongly linked to the mean moisture �ux, thus the
di�erence in contribution of recycling and ampli�cation processes toward the impact
of ET �uxes on precipitation should be also related to it. In 2004, when recycling is
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the main process whereby ET �uxes a�ect precipitation, the mean moisture �ux with
a general westward direction is much weaker than normal, indicating the large-scale
moisture supply, from the Atlantic Ocean for the most part, is much diminished. The
reason for this is the predominant easterly �ow from the Mediterranean for part of
the month (Fig. 4.16a), which is drier, particularly at upper levels. The contrary
happens in May 2008: recycling has a reduced importance, and this is likely due to
the stronger than normal moisture �ux from the Atlantic, as a consequence of the
synoptic pattern discussed earlier.

Water budget, CAPE and convective events

The daily time series of the water budget terms for the IP is shown for May of 2004 in
Figs. 4.17a and 4.17c (control and no-ET experiment) and likewise for May of 2008
in Figs. 4.17b and 4.17d. ET is drawn for the no-ET experiment only for reference,
as it is removed from the system and not incorporated into the atmosphere, following
the experiment's design. The spread of the three ensemble members for each case is
re�ected in the error bars in each term. In addition, Figs. 4.17e (2004) and 4.17f
(2008) display, for control (red dotted line) and experiment (purple dotted line), the
daily area average of CAPE at 12Z (noon, 2pm local time) weighted by the total
precipitation for the day n:

〈CAPE〉12Z
n =

∫
ACAPE

12Z
n (x, y)Pn(x, y)dxdy∫
A Pn(x, y)dxdy

(4.3)

The convective available potential energy, CAPE, is an indicator of the convec-
tive nature of the precipitation process, increasing with warmer and moister condi-
tions at the low levels of the atmosphere (DeAngelis et al., 2010 [49]). Note that
high values of CAPE alone might not be su�cient for intense convection to occur,
since this magnitude accounts for the potential capability of the system to trigger
convection. Therefore, as shown by DeAngelis et al. (2010) [49], a favorable synoptic
con�guration is also a necessary requirement.

When the ET �uxes are not considered (Figs. 4.17c and 4.17d), major rain
events coincide very clearly with moisture convergence peaks, even though not always
that there is convergence of moisture there is precipitation (for example the last week
of May 2004 or the �rst week of May of 2008). Rainfall amounts also match very
closely the external supply of humidity, as expected, for there cannot be recycling
with ET �uxes disabled. In these no-ET experiments, CAPE (purple line in Figs.
4.17e and 4.17f) is in general small for both years. In 2004 only the second half
of the month shows CAPE amounts indicative of signi�cant convective activity, but
precipitation totals are not very important beyond the local scale. In 2008, only the
largest precipitation event, around the 22nd of the month, has some CAPE associated.
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Figure 4.17: Daily time series of the ensemble mean water budget terms (mm/day)
in the Iberian Peninsula for control simulation (May of 2004, a; May of 2008, b) and
no-ET experiment (May of 2004, c; May of 2008, d) (note that precipitation values
are displayed as if they were negative, only to help the eye). Daily values of ensemble
mean CAPE (J/kg) in control (red line) and experiments (purple line) and r∗ [-] (blue
bars) for May of 2004 (e) and 2008 (f ) are also shown.

The impact of the surface moisture �uxes is noticeable when comparing the no-
ET experiments results (Figs. 4.17c and 4.17d) to the respective panels for the control
simulations (Figs. 4.17a and 4.17b). The events in the no-ET experiments for both
years, which re�ect only external forcing and moisture supply, have a correspondence
in each control run. In May 2004 there are two distinct periods: the �rst half of the
month, where the impact of surface moisture �uxes on precipitation is relatively small
and the second half, when there is little precipitation in the experiment with no ET
over land, but a major and long-lasting rain event in the control run, with a very large



4.5 Analysis of May 2004 and May 2008 107

relative di�erence in precipitation between both runs (see the high values of r∗, bars
in Fig. 4.17e). Recalling the discussion on the synoptic setting for this month, the
�rst part of the month is a period of precipitation caused by Atlantic storm systems,
while the second one has precipitation caused by short wave disturbances on easterly
�ow, much drier, particularly at upper levels. When the synoptic forcing and moisture
supply are strong (the �rst half of the month), ET �uxes have a limited impact on
rainfall; however when the large-scale forcing is weaker and the advection of moisture
is not very large, the e�ect of the surface �uxes is maximized. Fig. 4.17e shows a
very large increase in CAPE (purple line) and precipitation during this latter part of
the month and our calculations of the recycling ratio indicate that the land surface
supply of moisture is a very signi�cant source for the precipitated water in this case.

In May of 2008 the situation is more homogeneous during the whole month. In
general, ET �uxes increase the moist static energy at low levels and CAPE, as shown
in Fig. 4.17f, but the increase is not as dramatic as in the second half of May of 2004.
The time series of r∗ (bars in Fig. 4.17f) indicate that the impact of surface moisture
�uxes is small (low r∗) when the large-scale forcing and precipitation are the highest
around the 10th and the 24th, and bigger (higher r∗) when the forcing is not so strong
at the onset of those main rainfall episodes and as they fade out. This coincides
in general with the previous discussion for May of 2004: the e�ect of ET �uxes
is important in convective prone situations (added low level moisture can increase
CAPE) and when the synoptic forcing is weaker; however, the in�ux of external
moisture seems to be the factor determining whether recycling or ampli�cation e�ects
are more relevant. As it is also shown in Table 4.1, the advection term is signi�cantly
higher in May of 2008 than in May of 2004 and therefore the importance of the local
source of moisture for precipitation (i.e. recycling) is enhanced in the latter month,
for there is not enough external moisture supply to support any signi�cant rainfall.
The large-scale environment favors precipitation, but ET provides a �nal �push� by
increasing CAPE and moisture to produce the rain. In contrast, the positive value of
moisture convergence (principally at low levels) in May of 2008 suggests that, when
the external moisture supply is signi�cant, the role of surface moisture �uxes is less
decisive in those convective favorable situations, and it is mostly directed to increase
the e�ciency of the precipitation mechanism, that is, the ampli�cation term becomes
predominant.

The connection between external moisture supply and the ampli�cation or re-
cycling role of land surface moisture �uxes is illustrated in Fig. 4.18, showing (for all
the years in our experiments) the fraction of the di�erence in precipitation between
control and no-ET experiment (∆P ) that our method attributes to ampli�cation (the
complimentary would be the recycling fraction) versus the monthly total in�ux of wa-
ter in the Iberian box. The positive correlation between the monthly inward moisture
�ux and the fraction of ∆P related to ampli�cation is apparent, or inversely, the
more external moisture advection, the less recycling. These results depend as well
on the type of precipitation (convective or not) and the strength of the large-scale
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forcing, as discussed previously, but in general they show that the role of the surface
moisture �uxes turns from being mostly the moisture source (recycling) to enhance
the e�ciency of the precipitation process as the external moisture supply increases.

Figure 4.18: Relationship between the average inward moisture �ux (IN, mm/month)
and the fraction of ∆P originating from ampli�cation [-], for the period May 2000 -
May 2010 (with the exception of May 2002). The correlation coe�cient is R = 0.66.

The e�ect of ET �uxes in enhancing CAPE and thus the likelihood of convection
is also apparent in Fig. 4.19, which represents the monthly ensemble CAPE at 12Z
for May of 2004 (panel a) and May of 2008 (panel b), as well as the corresponding
ensemble CAPE di�erence between control and no-ET simulations (panels c and d).
In general, the areas with highest CAPE tend to overlap with those regions where
CAPE di�erence between control and experiment is more relevant, thus con�rming
the relevant role of ET in enhancing unstable atmospheric conditions.

The connection between high CAPE values and increased precipitation is further
explored in Fig. 4.20, showing two selected rainfall events in May of 2008. Panels
a and c show the ensemble map of CAPE di�erence (control minus experiment) at
12Z for two speci�c days (8th and 31st May 2008), whereas panels b and d represent
the associated precipitation, accumulated during the subsequent six hours (that is,
from 12Z to 18Z). These examples provide further evidence of the critical role of local
ET �uxes (and land-atmosphere interactions, in general) on increasing the convective
activity. This results in a surplus of precipitation which becomes essential for the
sustainability of large interior, semiarid regions.
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Figure 4.19: Monthly ensemble CAPE (J/kg) at 12Z for May of 2004 (a) and May
of 2008 (b). Panels c and d show the corresponding CAPE di�erences (J/kg) between
control and no-ET simulations.

4.6 Conclusions of this chapter

The objective of the study presented in this chapter is to investigate the role of ET
�uxes on the precipitation regime of the interior of Iberia. Shielded from maritime
in�uence by the con�guration of the relief, the semiarid interior lands present a peak
of precipitation in late spring, in contrast with the Atlantic coastal areas, with one
rainfall maximum in autumn-winter, and the Mediterranean shore, with the maximum
in early autumn. The coastal areas follow mostly large-scale forcing and moisture
supply, whereas the interior diverges in some cases very markedly from this trend.
We investigate the role of land-surface interactions in precipitation processes in the
latter region.

We used data from high-resolution (5 km) simulations with the WRF-ARW
model, for eleven months of May (from 2000 to 2010). To test the model response
and sensitivity to seasonal di�erences in synoptic con�guration, we also carried out
model runs for the eleven months of January of the same years. For each month, we
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Figure 4.20: Ensemble CAPE di�erences (J/kg) between control and no-ET simula-
tions, at 12Z, for two speci�c days (8th and 31st May 2008, panels a and c). Panels b

and d represent the total precipitation (mm) accumulated in the subsequent six hours
(from 12Z to 18Z of the same days).

performed two simulations: a control experiment and a no-ET experiment where the
ET water �ux to the atmosphere over land was eliminated, although the correspond-
ing latent heat �ux was still considered in the surface energy budget. The no-ET
experiments bring out the e�ect of surface water �uxes on precipitation dynamics,
both the direct or recycling component and the indirect or ampli�cation contribu-
tion. From the control results we calculate the standard recycling ratio r via two
di�erent methods: the IMB (Schär et al., 1999 [221]), and the EBRM, by Eltahir
and Bras (1994) [76]. In addition, we compute the relative change in precipitation
r∗ between control and no-ET runs. The comparison between both variables gives a
�rst assessment of the impact of ET �uxes on precipitation processes. The recycling
ratio is a measure of the percentage of rainfall that comes from local ET and, in the
no-ET experiment, this local ET is eliminated. As a result, similar values of the
recycling ratio and the relative change in precipitation would indicate that the role
of ET �uxes is to simply provide more water for precipitation and that they have
limited impact on dynamics. This is the case for the January simulations when, as
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expected, the regional recycling ratio is small, as winter ET is moderate and the ef-
fect of ET �uxes is reduced since precipitation comes mostly from large-scale forcing
and oceanic moisture supply associated to fronts in Atlantic baroclinic systems. On
average, ET �uxes over land provide only 5% of the total moisture for precipitation
in these January simulations. The situation for May is di�erent: the multiannual av-
erage of the relative change in precipitation between control and no-ET experiments,
r∗, reaches 0.37 for the IP as a whole, meaning that on average it rains about 37%
less if ET is eliminated from the system. The pattern of r∗, with high values towards
the interior north and northeast resembles the area where observations indicate an
annual maximum of precipitation in May, suggesting that surface moisture �uxes do
have an important e�ect in rainfall dynamics in spring in those regions, as we had
hypothesized. The regional recycling ratio, r, is 0.23 via EBRM and 0.10 according
to IMB, which are relatively high values, evidencing an important role of local ET as
a water source for precipitation. The di�erences between the experimental change in
precipitation and the recycling ratios in spring indicate that the soil moisture - pre-
cipitation coupling cannot be interpreted exclusively in terms of moisture recycling,
and that ET �uxes have a signi�cant e�ect on precipitation dynamics, apart from
being an important water source for rainfall.

We quanti�ed the recycling and ampli�cation contributions to the increase in
precipitation in the control with respect to the no-ET experiments, ∆P , via two
di�erent methods: the SSM (Schär et al., 1999 [221]), and a new approach based on
parameters r and r∗, whose ratio we show to be an estimate of the recycling con-
tribution to ∆P . In addition, using EBRM recycling ratios with the later method
allows us to analyze the spatial variability of the recycling (〈∆Prec〉) and ampli�ca-
tion (〈∆Pamp〉) components. Average results in May for ∆Prec computed with this
procedure vary signi�cantly in the general west-southwest direction of the mean cir-
culation, as ρ and ρ∗ do, increasing from relative low values in the Atlantic regions
(0.39 for the west and 0.23 for the northwest) to high values toward the interior and
northeast areas (0.71 in the center, 0.66 in the east and 0.65 for the northeast). This
suggests that direct recycling might be the main contribution to the extra spring pre-
cipitation observed in inland Iberia, with this predominance over the ampli�cation
mechanisms becoming less clear as we consider the Peninsula as a whole, mostly be-
cause in the western areas with plenty of external maritime moisture advection, the
recycling contribution is small. In those Atlantic regions, the impact of ET �uxes on
precipitation is also reduced, especially when comparing to the interior and north-
east. If we consider only the part of Iberia where ET �uxes really make a di�erence
in precipitation amounts, our experiments indicate this is mostly through recycling;
nevertheless the extra precipitation produced by ampli�cation mechanisms is far from
being negligible, and it is very relevant in areas with semiarid climate like these, as
it incorporates external moisture to the regional water budget.

Results for individual years show that the impact of ET on precipitation depends
on synoptic forcing, with precipitation associated to frontal systems with relatively
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strong moisture in�ow being less a�ected by land surface vapor �uxes. When con-
ditions are more favorable for free convection, the impact of ET �uxes is important,
and the relative contribution of ampli�cation or recycling depends on the availability
of external, advected moisture. ET �uxes moisten the boundary layer and increase
the potential for convection. In general, precipitation events, always triggered by
synoptic forcing, have a stronger start and ending in the control simulations than
in the experiments without ET and there is a positive correlation between external
moisture availability and the signi�cance of ampli�cation e�ects. It is under weak
synoptic forcing that ET water vapor �uxes have a greater impact on precipitation,
because the extra moist static energy at lower levels can strengthen the e�ect of a
feeble moisture convergence and produce precipitation that otherwise would not have
occurred at all or to a much less extent. While recycling of local water vapor is pre-
dominant in this case, there is also a component of total rainfall from external sources
that it is included into the regional water budget because of this ampli�cation e�ect
on precipitation dynamics.

These conclusions are drawn from model simulations that may have some de�-
ciencies in simulating precipitation, particularly when it is convective. Nevertheless,
the fact that the most sensitive area to the suppression of ET �uxes over Iberia is the
interior north and northeast agrees well with the regions observed to have a distinct
precipitation cycle with a maximum in May and indicates that the role of land-surface
moisture �uxes in rainfall processes there could be the explanation. Estimating to
which extent this role is being the water source or to amplify rainfall dynamics de-
pends more on the method to calculate the recycling ratio, since its values can diverge
signi�cantly when using di�erent approaches. We make use of analytical recycling
models that rely on assumptions, such as that moisture from ET mixes well through
the column, which may not be very true, particularly when there is signi�cant wind
shear. Simulations including moisture tracers, as those presented in the next chapter,
are thus necessary to calculate the recycling ratio precisely and give an unequivocal
answer to this question.
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Regional climate simulations with
moisture tracers to investigate the
spring peak of rainfall in inland
Iberia

Abstract. In this chapter, eleven monthly simulations are carried out with the
WRFmodel along the period May 2000 - May 2010. A new computational tool is used,
consisting of moisture tracers implemented in the WRF model that allow tracking the
trajectories of the water molecules evapotranspired within the Iberian Peninsula. The
aim of this experimental investigation is twofold: on the one hand, quantifying the
intensity of the recycling mechanism in May through the explicit method of moisture
tracers (MMTR); on the other hand, using these MMTR recycling values to provide a
de�nitive assessment of the relative contribution of both recycling and ampli�cation
mechanisms to the upturn of precipitation in spring observed throughout the interior
of the Iberian Peninsula. As expected, the MMTR method accounts for the spatial
heterogeneity of the recycling patterns with accuracy, in contrast with the smooth
distribution of the local recycling ratio obtained through the EBRM method due to
Eltahir and Bras (1994). The latter procedure is con�rmed to depend excessively
on the monthly mean moisture �ux, showing a tendency to overestimate recycling.
The highest MMTR recycling values are more evenly spread over the interior areas
of the northern half of Iberia, with particular relevance in the North Plateau, the
Iberian and Central Systems and the Pyrenees, where average recycling values in
May are found to be close to 20%. On average for the Iberian Peninsula, the May
mean regional MMTR recycling ratio is 0.11, very close to the 0.10 obtained through
the IMB method by Schär et al. (1999) and signi�cantly below the EBRM mean
regional value (0.22). Additionally, MMTR recycling ratios are used to asses the
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relative weight of both recycling and ampli�cation contributions to the spring peak
of precipitation, revealing that on average, and for the entire Iberia, 72% of the
surplus of precipitation related to land-air interactions in May is due to ampli�cation
mechanisms. Nevertheless, under a weak synoptic forcing, as it is the case e.g. with
the month of May of 2004, the recycling contribution is found to be predominant in
large interior regions. Finally, the vertical distribution of moisture tracers is analyzed,
con�rming the limitations of the well-mixed atmosphere hypothesis, which is indeed
one of the mainstays of traditional recycling models.

*****

In the previous chapters, we provided experimental evidences of the crucial role
that evapotranspiration �uxes play in the spring precipitation regime of the Iberian
Peninsula. In some interior regions, locally evapotranspired moisture was found to
be responsible, directly or indirectly, for over 50% of the total precipitation. In chap-
ter 4, a new method to separate those direct (recycling) and indirect (ampli�cation)
contributions to the spring surplus of precipitation was applied. The most relevant
limitation of this procedure is linked to the high uncertainty in the recycling calcu-
lations, excessively dependent on the methods used. In this chapter, we compute
the local recycling ratio during eleven months of May (from May 2000 to May 2010)
through the more accurate method of moisture tracers (MMTR). For this purpose,
monthly simulations with the WRF model over the Iberian Peninsula, including mois-
ture tracers that allow tracking the trajectories described by the water molecules, are
carried out. This constitutes, nowadays, the more accurate procedure to calculate the
recycling ratio. The aim of the study presented in this chapter is twofold: �rst, we
want to quantify the intensity of the recycling mechanism in May (a crucial month in
terms of precipitation in the Iberian Peninsula, as it has been discussed) through a
more accurate method; and second, we use these MMTR recycling values to provide a
�nal assessment of the relative contribution of recycling and ampli�cation mechanisms
to the spring peak of rainfall.

As mentioned in section 2.1, the WRF model simulations presented and dis-
cussed in this chapter (WRFS-3 set of simulations) are carried out over the same
model domains as those used in WRFS-2 runs. Moreover, the same horizontal resolu-
tion, initial and lateral boundary conditions and model options and parameterizations
are selected. As a consequence, and even though WRFS-3 simulations use a more re-
cent version of the WRF model, for this preliminary study we assume that the results
obtained from WRFS-2 and WRFS-3 simulations can be comparable. Such com-
parison is of the greatest interest to complement the analysis presented in chapter
4.
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5.1 Computation of the recycling ratio: the method of
moisture tracers (MMTR)

As described in section 2.4, local and regional recycling ratios can be directly com-
puted through the method of moisture tracers from equations (2.17a) and (2.17b). In
this section, we present the results obtained through the MMTR method and compare
them to those presented in chapter 4, in accordance with the previous discussion.

Local MMTR recycling ratio

In Fig. 5.1 the multiannual average of local MMTR recycling ratio over the pe-
riod May 2000 - May 2010 is shown. The area where the moisture tracers are acti-
vated, and therefore the evapotranspired water molecules consequently tagged, is also
represented. MMTR recycling ratios exceeding 10% are found throughout most of
the interior, eastern and northeastern Iberia. Moreover, in some areas in the North
Plateau, the Iberian and Central Systems and the Pyrenees, average recycling values
are close to 20%. This average recycling pattern accounts more accurately for the
spatial heterogeneity of the recycling mechanism, in contrast to the smooth recycling
distribution produced by the EBRM method (Fig. 4.8), excessively dependent on the
prevailing wind direction, as discussed in section 4.3. This feature is responsible for
the most relevant di�erence between both average recycling patterns (MMTR, Fig.
5.1, and EBRM Fig. 4.8): whereas the EBRM distribution presents the higher val-
ues to the east and northeast, as a result of the prevailing direction of the moisture
�ux, the MMTR values are more spread over interior lands of the northern half of
Iberia, drawing a more realistic pattern. This shows that the EBRM method tends to
distort the recycling distribution because its depends too much on the predominant
wind direction. In addition, the comparison between both �gures shows a tendency
of the EBRM method to signi�cantly overestimate recycling, as EBRM values more
than double the MMTR results in the areas to the east and northeast.

This overestimation can be examined in more detail by comparing the monthly
MMTR maps from May 2000 to May 2010, represented in Fig. 5.2, with the corre-
sponding EBRM spatial patterns, represented in Fig. 4.9. To facilitate comparison,
the correponding multiannual averages are also represented (panel l in both �gures).
In general, for those months a�ected by a more intense circulation, as it is the case
with 2005 or 2008, the qualitative distribution of the EBRM recycling values es-
sentially corresponds to that obtained through the MMTR, even though the latter
produces signi�cantly lower values, as indicated, and they are more heterogeneously
distributed. In May of 2002, consistently low MMTR recycling values are observed,
coinciding with an intense zonal circulation, typical of the winter months, as discussed
in section 4.3. In contrast, in May of 2000, 2001 or 2004, with synoptic con�gurations
that favor, to a greater extent, the development of convective structures, we found
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high MMTR recycling ratios in large areas of the interior, with values close to or
even exceeding 30%. In the months of May 2002 and May 2006, the EBRM method
is unable to account for the high recycling values obtained through the MMRT in
the southwest and in the northeast of Portugal, respectively. This suggests that the
EBRM method might be considered only as an approach to study the intensity of
recycling, since the consideration of mean moisture �uxes alone is not su�cient to
reproduce the real recycling patterns accurately. The procedure based on moisture
tracers is much more reliable, since it is able to follow the trajectories of the water
molecules and thus reproduce the spatial details of the recycling mechanism.

Figure 5.1: Multiannual average of the local recycling ratio [-] computed through the
MMTR (May 2000 to May 2010).

Regional MMTR recycling ratio

Local MMTR recycling values are integrated over our study region to obtain the
corresponding regional MMTR recycling ratios. They are presented in Table 5.1,
together with the corresponding IMB and EBRM values, taken from Table 4.2. An
average regional MMTR recycling value of 0.11 is obtained for the Iberian Peninsula
in May along the considered period (2000-2010), ranging from 0.05 in 2002 to 0.13 in
2004. This average value is very close to that obtained through the IMB method (0.10)
and exactly half of the one computed through the EBRM method (0.22). This occurs
along the whole series, with IMB values tending to slightly underestimate recycling
and EBRM values even doubling, in many cases, the MMTR ratios. It is interesting
to note that the IMB (a much less sophisticated method than the EBRM) gives rise
to regional recycling estimates that are much closer to the accurate computations by
MMTR. The latter method, as discussed, constitutes the best procedure to estimate
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Figure 5.2: Spatial distribution of the local MMTR recycling ratio [-] during the
period May 2000 (panel a) to May 2010 (panel k) and multiannual average (panel l).

the recycling ratio. More evidence of this fact is given by looking at the MMTR,
IMB and EBRM values of May 2002 and May 2004. According to the synoptic
con�guration of these months (section 4.4), the intensity of recycling is expected to
be very low in 2002 and signi�cantly higher than average in 2004. Among the three
methods, the MMTR is clearly the one that better re�ects these variations.
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Month rMMTR rIMB rEBRM r∗ rMMTR/r
∗

May 2000 0.12 0.10 0.21 0.31 0.39
May 2001 0.11 0.12 0.31 0.43 0.26
May 2002 0.05 0.09 0.14 0.03 -
May 2003 0.12 0.11 0.31 0.39 0.30
May 2004 0.13 0.11 0.31 0.41 0.32
May 2005 0.10 0.09 0.15 0.48 0.21
May 2006 0.11 0.10 0.16 0.53 0.21
May 2007 0.10 0.09 0.17 0.34 0.30
May 2008 0.09 0.08 0.13 0.42 0.23
May 2009 0.12 0.11 0.35 0.47 0.26
May 2010 0.11 0.13 0.20 0.30 0.36
Average 0.11 0.10 0.22 0.37 0.28

Table 5.1: Recycling ratio [-] computed via MMTR, IMB and EBRM, regional rela-
tive changes in precipitation (r∗) [-] and rate rMMTR/r

∗ [-] for the period May 2000-
2010.

5.2 Relative contribution of recycling and ampli�cation
mechanisms: a �nal assessment with MMTR

As mentioned at the beginning of this chapter, WRFS-2 and WRFS-3 sets of sim-
ulations are comparable. Taking advantage of this feature, Table 5.1 includes the
monthly regional relative changes in precipitation, r∗, computed in chapter 4, as well
as the rates rMMTR/r

∗. The latter magnitude accounts for the recycling contribution
to the surplus of rainfall in the control runs with respect to the no-ET experiments
conducted in chapter 4 (see section 2.7 and, in particular, equations 2.47 and 2.48).
Average results show that the direct or recycling contribution is responsible for 28%
of the increase in precipitation that is observed when the ET �uxes are not eliminated
(Table 5.1), with this magnitude ranging from 21% in May of 2005 and 2006 to 39%
in May of 2000. On average, the remaining 72% of the increased precipitation is
related to ampli�cation processes, which are con�rmed to be the predominant mech-
anism when the whole Iberian Peninsula is considered. The above calculated 28%
value of recycling contribution is very close to the average 27% obtained when the
regional recycling ratio is computed through the IMB method (rIMB/r

∗; Table 4.4).
In contrast, the corresponding EBRM value reaches 58% (rEBRM/r∗; Table 4.4). On
the other hand, average rMMTR/r

∗ does not di�er signi�cantly from SSM estimate
(section 4.4), where 62% of the increased May precipitation is found to be related to
ampli�cation and the remaining 38% to recycling.

The relative weight of recycling and ampli�cation contributions is not uniform
over Iberia, as it has already been discussed in chapter 4, where the average map of
ρEBRM/ρ

∗ was calculated (Fig. 4.13b). The corresponding pattern using the more
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accurate MMTR recycling ratio is shown in Fig. 5.3. According to the previous
discussion, the most relevant di�erence between the ρEBRM/ρ∗ map (Fig. 4.13b) and
the ρMMTR/ρ

∗ pattern (Fig. 5.3) is again that the highest values are more evenly
distributed over the interior lands of the northern half of the Iberian Peninsula in
the latter representation, in contrast with the less realistic ρEBRM/ρ∗ pattern, where
the highest values occur in the east and northeast and are related to the high EBRM
recycling values obtained in these areas. All over the northern half of the IP, the
average recycling contribution can be as relevant as the ampli�cation term, with
ρMMTR/ρ

∗ exceeding 50% in some concrete areas over the North Plateu, Iberian and
Central Systems, Pyrennes and even the western sector of the Cantabrian Mountains
(Fig. 5.3). In the interior areas of the South Plateau, as well as in the great valleys
of the Guadalquivir, Guadiana, Tagus and Douro rivers, indirect or ampli�cation
processes have clearly a predominant impact on the local rainfall regime.

Figure 5.3: Spatial distribution of ρMMTR/ρ
∗ [-], equaling the fraction of ∆P deriving

from direct recycling, averaged over the period May 2000-2010.

Two particular cases: May of 2004 and May of 2008

As it has been done in chapter 4, we complete this analysis by focusing on the months
of May of 2004 and May of 2008. They correspond to the two wettest months of May
along the simulated decade, presenting similar values of the regional relative change in
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precipitation, r∗. In chapter 4, the increased precipitation was found to be principally
associated with recycling processes in May of 2008, whereas ampli�cation was found
to predominate in May of 2004. In this section, we revise and complete these results
in the light of the new MMTR results.

Fig. 5.4 shows the daily evolution of the regional MMTR recycling ratio (blue),
relative change in precipitation (red), recycled contribution (green columns) and am-
pli�cation contribution (light blue column) for May of 2004 (panel a) and May of 2008
(panel b). In this �gure, which complements the information given in Fig. 4.17, it is
apparent that the recycling contribution (rMMTR/r

∗) is much more relevant in May
of 2004 than in May of 2008, when the ampli�cation mechanism clearly dominates.
When considering the whole month, the recycling term represents 32% of the total
increased precipitation in May of 2004, whereas this value is reduced until 23% in May
of 2008 (Table 5.1). This con�rms that, if we consider the whole Iberian Peninsula,
then the ampli�cation contribution tends to be predominant. Regarding Fig. 5.4, we
note that a relevant advantage of the MMTR recycling method with respect to the
classical procedures is that the recycling ratio can be computed at the daily (or even
lower) time scale, thus allowing to explore the daily cycle of the recycling mechanism.

When considering the spatial patterns of ρMMTR/ρ
∗, represented in Fig. 5.5 for

May 2004 and May 2008 (panels a and b), we observe that the recycling contribution
exceeds 50% in large interior areas not only in May of 2004 but also, to a much lesser
extent, in May of 2008. For completeness, the local MMTR recycling ratio is also
represented for both months (panels c and d). Our analysis seems to con�rm the
previous discussion of chapter 4, when we concluded that the recycling contribution
is very relevant in inland Iberia under weak external moisture supply, as is the case
May of 2004 (Fig. 4.16e). In contrast, under strong external forcing, as is the case of
May of 2008 (Fig. 4.16f), the ampli�cation mechanism predominates in general over
the recycling term, retaining an important fration of the large amounts of advected
moisture and incorporating this water to the regional hydrology cycle.

5.3 Distribution of moisture tracers in the atmosphere

Unlike the MMTR recycling method, both IMB and EBRM procedures are based
on hypotheses that, in general, do not reproduce the reality with accuracy. This is
the case of the well-mixed atmosphere assumption, analyzed in detail in section 1.4.
The method of moisture tracers, which tracks the pathways of the water molecules
evapotranspired inside the study region, constitutes an optimal tool to assess to what
extent this locally evapotranspired water vapor e�ectively mix or not with the ad-
vected moisture. By setting latitude to 40°N, the vertical pro�le of the fraction of
internal humidity, tagged with moisture tracers and averaged over the months of May
of 2004 and May of 2008, is represented in Figs. 5.6a and 5.6b, respectively. In ad-
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Figure 5.4: Daily values of regional MMTR recycling ratio [-] (blue), relative change
in precipitation [-] (red), recycling contribution [-] (green columns) and ampli�cation
contribution [-] (light blue column) for May of 2004 (a) and May of 2008 (b).
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Figure 5.5: ρMMTR/ρ
∗ [-] and, for comparison, MMTR recycling ratio [-] for May of

2004 (panels a and c). Panels b and d show the corresponding maps for May of 2008.

dition, the corresponding vertical pro�les for two particular episodes on the 8th and
31st of May 2008, previously analyzed in section 4.5 (and selected because of the high
CAPE and rainfall values registered), are also shown.

In both Figs. 5.6 and 5.7, local ET tends to remain in the lower atmospheric
layers, even though strong convective events facilitate its distribution towards upper
atmospheric levels. The latter is clearly visible in Fig. 5.7. In accordance with the
previous discussion, we can observe that whereas in May of 2008 the Iberian evapo-
transporation is transported, to a relevant extent, out of the IP by the strong �ow (Fig.
5.6b), local humidity tends to remain in the atmosphere above and surrounding the
IP in May of 2004 (Fig. 5.6b), as a result of the weakened circulation observed during
the latter month. In general, this analysis con�rms that the well-mixed assumption
presents relevant limitations that might a�ect the IMB and EBRM estimates. As
discussed in section 1.4, a relevant advantage of the MMTR recycling method with
respect to the classical recycling models is that it does not rely on this assumption.
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(a) (b)

Figure 5.6: Vertical pro�le (latitude set as 40°N) of the fraction of humidity from
tracers [-] averaged over (a) May of 2004 and (b) May of 2008. The scale of the vertical
axis is expressed in (hPa).

5.4 Conclusions of this chapter

In order to complete the analysis of chapters 3 and 4, we carried out eleven WRF sim-
ulations during the months of May of the period 2000-2010. These WRF simulations
include a new capability of moisture tracers, allowing to track the pathways of the
water molecules evapotranspired within the Iberian Peninsula. This procedure allows
to compute the recycling ratio directly, presenting two major advantages with respect
to classical models: 1) the method computes explicitly the fraction of water molecules
evaporated within the IP contributing to the Iberian precipitation, without requiring
any additional assumption; and 2) it allows to compute the recycling ratio at any
time scale, and not only at monthly or larger scales as it is imposed by the limitations
of the traditional recycling models. The WRFS-3 set of simulations, analyzed in this
chapter, maintain the same characteristics (domains, parameterizations selected and
lateral boundary conditions used) of the WRFS-2 set of runs, thus enabling compar-
ison. In this chapter, we use the more accurate recycling ratios computed through
the method of moisture tracers (MMTR) to recalculate the relative contribution of
recycling and ampli�cation contributions to the spring peak of precipitation.

The MMTR method describes the spatial heterogeneity of the recycling patterns
with accuracy, in contrast to the smoother maps produced by the EBRM method,
which depend excessively on the mean moisture �ux and tend to overestimate re-
cycling in general. Coherently, the highest MMTR values are more spread over the
northern half of Iberia and no so concentrated to the eastern and northeastern areas
as the EBRM method estimates. This spatial distribution is maintained when the
MMTR recycling ratio is used to separate the recycling from the ampli�cation contri-
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(a) (b)

Figure 5.7: Vertical pro�le (latitude set as 40°N) of the fraction of humidity from
tracers [-] for two particular episodes in May of 2008, on the 8th (panel a) and 31st

(panel b), at 15Z in both cases. The scale of the vertical axis is expressed in (hPa).

bution to the spring peak of rainfall, showing that when the whole IP is considered,
ampli�cation is con�rmed to be the prevailing term, even thought in large areas of
the interior and mainly under weak synoptic circulations, the recycling contribution
can be the predominant.

On average for the Iberian Peninsula, the average regional MMTR recycling
ratio is 0.11 for May, very close to the IMB calculation (0.10) and signi�cantly below
the EBRM value (0.22). In some speci�c areas in the North Plateau, the Iberian
and Central Systems and the Pyrenees, average 2000-2010 May recycling ratios are
found to be close to 20%. For the entire Iberia, the recycling contribution to the
May extra precipitation is found to be 28%, with the remaining 72% being related
to ampli�cation. During some particular months, as is the case of May of 2004, the
recycling term can be however responsible for over 50% of the surplus of precipitation
in most interior regions.

The computational tool of moisture tracers, implemented in the WRF model and
experimentally used in this chapter, is expected to be widely used in the future to give
a precise answer to a variety of issues, as it is the case of the accurate computation
of the recycling ratio at the regional scale or the analysis, at high resolution, of the
distribution of evapotranspired humidity in the atmosphere, exploring its sources and
sinks and allowing to complete the characterization of the regional water cycle. In
this chapter, we make use of these moisture tracers to discuss the accuracy of the
well-mixed atmosphere hypothesis, a critical assumption that underlies most classical
recycling methods, as is the case of both IMB and EBRM.
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General conclusions and outlook

In this thesis, we investigate the physical processes underlying the spring maximum
of precipitation observed throughout the interior of the Iberian Peninsula, with a
speci�c incidence in the inland regions to the east and northeast. This upturn in the
rainfall totals occurs mostly in May, having a critical impact on human activities,
and in particular on agriculture over these interior areas, most of them su�ering from
water scarcity. The present thesis adds valuable information to better characterize
the precipitation regime of these regions. In a context of climate change, this study
may be useful for hydrological planning and long-term sustainability there. We next
summarize the main �ndings and general conclusions of this investigation.

1. The spring maximum of precipitation occurring in inland Iberia cannot be ex-
plained without considering the crucial role of land-atmosphere interactions,
and in particular evapotranspiration (ET) �uxes. Our experiments show that
suppressing land evapotranspiration in May would lead to an average reduction
of precipitation by 37%. This value corresponds to the normalized di�erence (or
relative change) in precipitation between control WRF simulations and experi-
mental runs where the ET �ux is not incorporated to the atmosphere. Interest-
ingly, the average spatial pattern of this magnitude, revealing the regions where
ET �uxes have a larger impact on rainfall (North Plateau, east and northeast)
overlap with those areas where the spring peak of rainfall is more intense, turn-
ing to be the absolute maximum in the annual cycle. As a consequence, we state
that the pluviometric upturn observed in large interior regions of the Iberian
Peninsula in May is directly related to the intensi�cation of the hydrological
cycle and to the impact of ET �uxes on rainfall.

2. In the Iberian spring, the evapotranspiration �ux becomes an essential source
of humidity for further precipitation. This direct e�ect of local ET in the
regional rainfall regime is quanti�ed through the computation of the recycling
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ratio through three di�erent methods: 1) the analytical recycling model due
to Schär et al. (1999); 2) the numerical procedure proposed by Eltahir and
Bras (1994); and 3) a new method based on moisture tracers. The fraction of
recycled precipitation is found to be the highest in spring and early summer,
with a speci�c relevance in the interior of Iberia and coinciding with the areas
where the peak of precipitation is observed. Recycling values seem to be the
highest when a positive coupling of the two following conditions takes place: 1)
availability of su�cient soil moisture, resulting from abundant rainfall during
the previous season; and 2) occurrence of appropriate synoptic con�gurations
that favor the development of convective regimes. This twofold mechanism
might be useful to assess the relevance of the recycling contribution during any
period of the year in Iberia and in other regions of the world with semi-arid
types of climate. On average for May, the Iberian recycling ratio is found to
be 0.10 (or 10%) according to Schär et al.'s (1999) model and 0.22 according
to Eltahir and Bras's (1994), whereas the more accurate method of moisture
tracers yields a recycling value of 0.11. These average values are found to be
signi�cantly higher in the interior, eastern and northeastern areas, con�rming
that the internal evapotranspiration is an essencial source of moisture for spring
precipitation in the Iberian Peninsula.

3. Apart from being an important source of moisture, ET �uxes have also an in-
direct impact on spring rainfall by increasing the low level instability of the
atmospheric column. This is apparent if we observe the di�erences between
the average recycling ratio in May (0.11 according to the method of moisture
tracers) and the corresponding average relative change in precipitation (0.37).
Indirect or ampli�cation mechanisms favor the retention of a fraction of the
advected moisture that is added to the regional precipitation. In this thesis,
we develop a new method to separate and quantify both direct (recycling) and
indirect (ampli�cation) contributions to rainfall totals, based on experimental
model simulations where land evapotranspiration over the Iberian Peninsula is
suppressed. For the entire Iberian Peninsula, results show that the indirect
mechanism (72%) is even more relevant than the direct contribution (the re-
maining 28%). This result is not far from the estimation obtained through the
analytical separation method due (also) to Schär et al. (1999), whereby ampli-
�cation (recycling) is responsible for 62% (38%) of the extra May precipitation
related to land-atmosphere interactions. Nevertheless, in the interior areas, the
recycling contribution tends to be the most important. In general, the recycling
term predominates under weak external forcings, as expected, as in this situa-
tion locally evapotranspired moisture is essentially the only source for further
precipitation. On the contrary, under synoptic circulations favoring the advec-
tion of external moisture, the ampli�cation mechanism is the most important,
incorporating to the regional hydrology cycle a fraction of external moisture
which otherwise would be simply blown across the Iberian Peninsula.
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4. An innovative method of moisture tracers implemented in the WRF regional me-
teorological model is experimentally used to more accurately explore the Iberian
peak of precipitation in spring. This technique allows to explicitly compute the
recycling ratio, presenting two major advantages with respect to traditional re-
cycling models: 1) the method of moisture tracers does not make use of any of
the common hypotheses and simpli�cations assumed in the classical recycling
models; and 2) the recycling ratio can be computed at any time scale, and not
only at monthly or larger scales as it is imposed by the limitations of the tradi-
tional recycling models. In light of the results obtained from simulations with
moisture tracers, we observe that both the recycling ratio and the recycling
contribution to the spring surplus of precipitation are more spread throughout
the northern half of inland Iberia, with the highest intensity being found in the
North Plateau, Central and Iberian Systems and the Pyrenees.

5. The fraction of spring precipitation directly and indirectly related to land-
atmosphere interactions is found to be of the same order as the reduction in
precipitation totals expected as a consequence of climate change in the Iberian
Peninsula (e.g. Giorgi and Lionello, 2008 [115]). As a result, a better under-
standing of land-air interactions in the large water-limited regions of the interior
of Iberia is very relevant to assess the impact of future climate change scenarios
in the regional hydrological cycle.

Future work

This thesis constitutes an important improvement in the description of the precipita-
tion regime of the interior of Iberia. The main physical mechanisms underlying the
intensi�cation of rainfall amounts in spring are identi�ed and the methods used and
developed here account satisfactorily for their relative impacts. However, the devel-
opment of better computational tools in the future will help assessing the impact of
land-atmosphere interactions on the Iberian climate with more accuracy. In our view,
two main research lines should be explored.

On the one hand, the incorporation of this tool of moisture tracers to regional
numerical simulations opens a wide �eld for the comprehensive exploration of the
water cycle at the regional scale. This capability, used here only in an experimental
and preliminary way, must be more systematically explored and applied to di�erent
regions, within and outside the Iberian Peninsula. The characterization, at higher
resolution, of the sources, pathways and sinks for moisture molecules is of the greatest
interest, particularly in water-stressed areas as is the case of large interior regions of
Iberia, and even more in a context of climate change.

On the other hand, the current numerical meteorological models still present
important limitations when describing some relevant physical processes. This is pre-
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cisely the case of land-atmosphere interactions, despite the remarkable improvement
on land-surface schemes observed during the last decades (e.g. Pitman, 2003 [204]).
Nowadays, most land-surface schemes (as it is the case of the NOAH land-surface
model, used in the WRF simulations analyzed in this thesis) do not include an appro-
priate representation of groundwater �ow and water table dynamics. Interestingly,
the water table is found to be shallow in large interior areas of the Iberian Peninsula,
most of them classi�ed as arid or semiarid and thus a�ected by water scarcity. We
strongly believe that a correct representation of soil moisture dynamics would bet-
ter represent the evapotranspiration �uxes in these areas, whose impact on further
precipitation might be still underestimated in this investigation. Actually, the idea
of coupling a complete land-surface model with a regional meteorological model has
been suggested in several papers (e.g. Bierkens and Van der Hurk, 2007 [20]) and
preliminary explored for the Iberian Peninsula in a recent study by Gestal-Souto et
al. (2010) [109]. In the latter investigation, the WRF model was coupled to the
LEAF2-Hydro land-surface model (Fan et al., 2007 [84]; Miguez-Macho et al., 2007
[181]; Anyah et al., 2008 [5]), giving rise to the WRF-Hydro model. Similar investi-
gations have been recently carried out by other authors, as a way to better re�ect the
impact of soil moisture and groundwater memory on climate and improve seasonal
forecasts (Maxwell et al., 2007 [175]; Yuan et al., 2008 [269]).

In summary, WRF model simulations including moisture tracers and a fully
coupled land-surface scheme, representing the groundwater and water table dynamics
accurately, would probably constitute the optimal tool to improve our comprehension
of the hydrology cycle and the precipitation regime at the regional scale, not only in
the interior areas of the Iberian Peninsula but also in any other semiarid area all over
the world.
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Appendix A

Computation of the water budget
terms

The conservation of water within a certain region and during a given period of time
can be expressed through the water budget equation (2.1) or, alternatively, through
its discrete version:

∆N = N(∆t)−N0 = IN −OUT + ET − P (A.1)

where N represents the storage of water in the atmosphere (precipitable water),
IN (OUT ) stands for the average inward (outward) moisture �uxes into (from) the
region, ET is the evapotranspiration and P is the precipitation accumulated over a
period of time ∆t (in this thesis, ∆t corresponds always to one month). Usually, the
di�erence of inward and outward vertically-integrated moisture �ux is referred to as
moisture convergence, MC :

MC = IN −OUT (A.2)

This variable measures the net water �ux across the lateral boundaries of the
region. According to (A.2), equation (A.1) can be also expressed as:

∆N = N(∆t)−N0 = MC + ET − P (A.3)

Among these variables, ET and P are the easiest to obtain, as they can be com-
puted simply from WRF model outputs. In this appendix, we examine the procedures
to compute both the storage and the moisture convergence terms from WRF model
outputs.
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Storage term

The storage of water, N, also referred to as precipitable water, is formally de�ned as
the total amount of water at time t inside an atmospheric column of base area ∆A,
within the study region, and centered at (x,y):

N(x, y, t) =
1

∆A
lim

∆A→0

∫∫
∆A

dxdy

ztop∫
z0

%(x, y, z, t)q(x, y, z, t)dz (A.4)

where z0 is the surface level, ztop represents the height of the top of the atmo-
sphere, %(x, y, z, t) stands for the air density and q(x, y, z, t) is the water vapor mixing
ratio. By consideration of the hydrostatic equation,

dP

dz
= −%g0 (A.5)

(A.4) can be alternatively expressed as

N(x, y, t) =
1

g0∆A
lim

∆A→0

∫∫
∆A

dxdy

P0∫
Ptop

q(x, y, P, t)dP (A.6)

where g0 is the acceleration due to gravity, Ptop represents the pressure at the
top of the atmosphere (ideally equal to zero) and P0 stands for the surface pressure.
The total amount of water per unit area inside the whole study region at time t is
thus given by:

N(t) =
1

A

∫∫
A

N(x, y, t)dxdy (A.7)

where A stands for the region size. In practice, N is computed via the discrete
versions of equations (A.6) and (A.7), expressed as:

N(i, j, t) =
1

g0

n∑
k=1

q(i, j, k, t)∆P (i, j, k, t) (A.8)

and

N(t) =
1

A

∑
i,j

N(i, j, t)∆A(i, j) (A.9)
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with n standing for the number of model vertical levels and ∆P (x, y, z, t) rep-
resenting the discrete intervals of pressure interpolated from the model output. It is
easy to check that [N ] = kgvapor ·m−2.

Moisture Convergence term

The moisture convergence term is obtained by adding the vertically integrated mois-
ture �ux throughout all the sides of the box bounding the region:

MC =
1

g0 ·A

∫
∆t

dt

∫
boundaries

dl

P0∫
Ptop

q(x, y, z, t) · v⊥(x, y, z, t)dP (A.10)

where dl is the in�nitesimal horizontal distance along the boundary line and v⊥
stands for the perpendicular component of the horizontal wind along the borders of
the region.

The discretized (practical) version of equation (A.10) is expressed as:

MC =
1

g0 ·A
∑
∆t

δt
∑

i,j∈boundaries
∆l(i, j)

n∑
k=1

q(i, j, k, t) · v⊥(i, j, k, t)∆P (i, j, k, t)

(A.11)

where δt corresponds to the period of time, expressed in seconds, between two
consecutive WRF model outputs. In the computations performed from WRFS-1
simulation outputs, δt = 3600 s, whereas for those calculations from WRFS-2 output
δt = 10800 s. Also in equation (A.11), ∆l(i, j) represents the length of the grid
cell along the boundary line. We note that the moisture convergence contribution is
normalized to the region size, A, and therefore [MC] = kgvapor ·m−2.

The practical computation of both IN and OUT does not di�er signi�cantly
from equation (A.11). Nevertheless, the sign of the wind velocity must be evaluated,
at every boundary, in order to decide if the water vapor �ux is entering (IN ) or
exiting (OUT ) the region. The procedure to compute these magnitudes presents
some di�erences in the IMB with respect to the EBRM. We discuss this feature in
detail in Appendices B and C.
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Appendix B

The Schär et al.'s (1999) Integral
Moisture Budget Recycling Model.
Computation details

In order to evaluate equation (2.6), we need to compute both IN and ET. As men-
tioned in appendix A, the latter �ux can be directly read from WRF model output.
In this appendix, we present the procedure to compute the total moisture input along
the boundaries of our study region. As indicated, it does not di�er signi�cantly from
the method to compute the moisture convergence, expressed in equation (A.11). Let
us examine it in detail.

Roughly, each WRF model output represents the state of the atmospheric system
at a given instant of time, t. Let δt account for the period of time, expressed in
second, between two consecutive WRF model outputs. In our case, the total input
of moisture is accumulated over a period of time ∆t, corresponding to one month.
From each WRF model output, the following magnitude must be evaluated at the
boundaries of our study region:

in[+](t) =
1

g0

∑
i,j∈boundaries

∆l(i, j)

n∑
k=1

q(i, j, k, t) · v[+]
⊥ (i, j, k, t)∆P (i, j, k, t) (B.1)

In this equation, very similar to (A.11), g0 is the acceleration due to gravity,
∆l(i, j) represents the length of the grid cell along the boundary line, n is the number
of vertical model levels, q(i, j, k, t) is the water vapor mixing ratio and ∆P (x, y, z, t)
represents the discrete intervals of pressure interpolated from model output. Note
that v[+]

⊥ (i, j, k, t) is the component of the horizontal wind perpendicular to the con-

135



136 B. IMB computation details

sidered boundary, with super-index [+] expressing the requirement that the sign of
the velocity must imply that water vapor is entering the region.

The total inward moisture �ux during the considered period (∆t) is obtained by
adding only those positive contributions:

IN =
∑
∆t

in[+](t)δt (B.2)

The accumulated moisture input �ux IN can be now used to compute the re-
gional recycling ratio via equation (2.6). It is relevant to note that [IN ] = kgvapor.
This value can be normalized to the area of the region, A if we desire to work with
all the �uxes expressed in mm.



Appendix C

The Eltahir and Bras's (1994)
Recycling Model. Computation
details

In order to evaluate equation (2.15), the computation of ET (x, y), IN∗m(x, y) and
IN∗a (x, y) is required at every grid cell within the study region. As mentioned in
appendix A, the computation of the moisture input term in the EBRM presents some
di�erences with respect to the IMB, as it is explicit by the use of di�erent symbols in
equations (2.1) and (2.9). The essential reason is that, in the EBRM, the moisture
�uxes must be computed at the boundaries of every grid cell, and not only at the
boundaries of the entire region, as it is the case in the IMB. More in detail, in the
EBRM, the vertically-integrated moisture �ux must be accumulated at each border
separating neighboring cells, regardless the sign of the wind velocity. This justi�es
the use a di�erent symbol, F (x, y), to account for this magnitude. As it has also been
done in Appendices A and B, hereafter we change the coordinates (x, y) into (i, j), in
order to better represent the discrete nature of the calculations below. As explained,

F (i, j) =
1

g0

∑
∆t

δt
∑
i,j∈A

∆l(i, j)

n∑
k=1

q(i, j, k, t) · v⊥(i, j, k, t)∆P (i, j, k, t) (C.1)

In equation (C.1), g0 is the acceleration of the gravity, ∆t is the whole com-
putations period (in our case, one month), δt is the number of seconds between two
consecutive WRF model outputs, ∆l(i, j) stands for the length of the grid cell along
the boundary line, n is the number of vertical model levels, q(i, j, k, t) is the water
vapor mixing ratio, v⊥(i, j, k, t) is the component of the horizontal wind perpendicu-
lar to the considered boundary and ∆P (x, y, z, t) represents the discrete intervals of

137



138 C. EBRM computation details

pressure interpolated from model output. Note that [F ] = kgvapor.

Only in the end of the computation period (in our case, as mentioned, ∆t equals
one month), the sign of the accumulated vertically-integrated moisture �ux, F (i, j),
is evaluated at each grid cell to decide if it enters or exits the corresponding cell. As a
result, for each grid cell it is possible to classify F (i, j) into IN∗(i, j) or OUT ∗(i, j),
as it is examined below. Note that in the limit case of application of the EBRM
with only one grid cell, where IN∗m = 0 and IN∗a = IN∗, equation (2.15) is formally
equal to (2.6), as expected. However, the corresponding numerical results might not
converge, as the computation of the total moisture input is performed in di�erent
ways (see appendix E for the experimental results).

For computation purposes, it is useful to explicitly rewrite equation (C.1) for
both x and y directions:

Fx(i, j) =
1

g0

∑
∆t

δt
∑
i,j∈A

∆y(i, j)
n∑
k=1

q(i, j, k, t) · vx(i, j, k, t)∆P (i, j, k, t) (C.2a)

Fy(i, j) =
1

g0

∑
∆t

δt
∑
i,j∈A

∆x(i, j)
n∑
k=1

q(i, j, k, t) · vy(i, j, k, t)∆P (i, j, k, t) (C.2b)

where ∆x and ∆y stand for the size of the grid cell in the x and y directions,
respectively.

Iterative method to compute the EBRM Recycling Ratio

As described in the previous section, the EBRM requires the verically-integrated
moisture �uxes to be computed at the borders of all the grid cells within the study
region. As a result, depending on their sign, they will correspond to input, IN∗(i, j),
or output �uxes, OUT ∗(i, j). Therefore, if

Fx(i, j) ≥ 0→ Fx(i, j) = OUT ∗x (i, j) = IN∗x(i+ 1, j) (C.3a)

Fx(i, j) < 0→ Fx(i, j) = OUT ∗x (i+ 1, j) = IN∗x(i, j) (C.3b)

Fy(i, j) ≥ 0→ Fy(i, j) = OUT ∗y (i, j) = IN∗y (i, j + 1) (C.3c)

Fy(i, j) < 0→ Fy(i, j) = OUT ∗y (i, j + 1) = IN∗y (i, j) (C.3d)

As mentioned in section 2.3, a �rst guess for the recycling ratio is required to
start the iterative process:
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ρ(i, j) = ρ0(i, j) (C.4)

In addition, the initialization of the following variables to zero is also required:

IN∗mx
(i, j) = IN∗my

(i, j) = IN∗ax(i, j) = IN∗ay(i, j) = 0 ∀(i, j) ∈ A (C.5)

For the x component, if Fx(i− 1, j) ≥ 0 and according to equations (C.3a) and
(C.3b), the new values of the inward �uxes will be given by:

IN∗
′
mx

(i, j) = IN∗mx
(i, j) + ρ0(i− 1, j)Fx(i− 1, j) (C.6a)

IN∗
′
ax(i, j) = IN∗ax(i, j) + [1− ρ0(i− 1, j)]Fx(i− 1, j) (C.6b)

Similarly, if Fx(i, j) < 0, then:

IN∗
′
mx

(i, j) = IN∗mx
(i, j)− ρ0(i+ 1, j)Fx(i, j) (C.7a)

IN∗
′
ax(i, j) = IN∗ax(i, j)− [1− ρ0(i+ 1, j)]Fx(i, j) (C.7b)

For the y component, if Fy(i, j− 1) ≥ 0, then according to equations (C.3c) and
(C.3d):

IN∗
′
my

(i, j) = IN∗my
(i, j) + ρ0(i, j − 1)Fy(i, j − 1) (C.8a)

IN∗
′
ay(i, j) = IN∗ay(i, j) + [1− ρ0(i, j − 1)]Fy(i, j − 1) (C.8b)

Finally, if Fy(i, j) < 0, then:

IN∗
′
my

(i, j) = IN∗my
(i, j)− ρ0(i, j + 1)Fy(i, j) (C.9a)

IN∗
′
ay(i, j) = IN∗ay(i, j)− [1− ρ0(i, j + 1)]Fy(i, j) (C.9b)

By adding the x and y components from equations (C.6), (C.7), (C.8) and (C.9),
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IN∗
′
m(i, j) = IN∗

′
mx

(i, j) + IN∗
′
my

(i, j) (C.10a)

IN∗
′
a (i, j) = IN∗

′
ax(i, j) + IN∗

′
ay(i, j) (C.10b)

we can already evaluate equation (2.15):

ρ
′
(i, j) =

IN∗
′
m(i, j) + ET (i, j)

IN∗′m(i, j) + IN∗′a (i, j) + ET (i, j)
(C.11)

Let us de�ne the error of the iteration as

ε =
∣∣∣ρ′(i, j)− ρ0(i, j)

∣∣∣ (C.12)

An ε0 must be de�ned so that, whenever

ε ≤ ε0 (C.13)

the iterative computation is stopped and ρ(i, j) = ρ
′
(i, j) is considered the �nal

result. On the contrary, while condition (C.13) is not satis�ed, ρ0(i, j) = ρ
′
(i, j) must

be replaced in equation (C.4) and the above-described procedure (from equation C.4
until equation C.13) must be performed again. This numerical procedure can be
implemented in a code that converges quickly.



Appendix D

Removing the land ET in the
WRF model. Con�guration of the
No-ET experiments

In this appendix, the procedure to remove the land ET over the nested domain from
WRF model simulations is described. This modi�ed con�guration of the model allows
to carry out experimental simulations (included in the WRFS-2 set of runs) which
can be compared to control simulations where the ET �uxes are normally set up.
This strategy is used in chapter 4.

These are the steps to implement the new con�guration on the model.

1. Access folder dyn_em/ and open �le �module_�rst_rk_step_part1.F �. Find
the subroutine surface_driver and introduce the variable id, which allows iden-
tifying each of the domains [in our case, the parent (id = 1) and the nested
(id = 2) domains], as follows:

CALL surface_driver( &

& id=grid%id &

& ,ACSNOM=grid%acsnom ,ACSNOW=grid%acsnow ,AKHS=grid%akhs &

(...)

2. Access folder phys/ and open �le �module_surface_driver.F �. Find the subrou-
tine surface_driver and introduce again the variable id in this manner:

SUBROUTINE surface_driver( &

& id &
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& ,acsnom,acsnow,akhs,akms,albedo,br,canwat &

(...)

3. In the same �le and subroutine, declare the variable in:

INTEGER, INTENT(IN):: id

4. In the same �le and subroutine, �nd the following commented instruction:

!Optional urban

and modify the subsequent loop by adding the instruction:

IF((XLAND(I,J).lt.1.5).and.(id.eq.2))QFX(I,J)=0

The �nal result is:

DO j=j_start(ij),j_end(ij)

DO i=i_start(ij),i_end(ij)

SFCEVP(I,J)= SFCEVP(I,J) + QFX(I,J)*DTBL

SFCEXC(I,J)= CHS(I,J)

IF((XLAND(I,J).lt.1.5).and.(id.eq.2))QFX(I,J)=0

ENDDO

ENDDO

This ensures that evapotransporation (QFX ) is set equal to zero over land
(since xland = 1 indicates land and xland = 2 indicates water) within the
nested domain (id = 2).

5. Recompile the model by execution of command:

compile em_real >& compile.log

Now the WRF model is ready to carry out the no-ET experimental runs.



Appendix E

Sensitivity of the Eltahir and
Bras's (1994) Recycling Model to
spatial resolution

In the original paper of Eltahir and Bras (1994) [76], a very limited analysis of the
sensitivity of the method to the spatial resolution is given. In this appendix, we
therefore provide a more detailed assessment of this relevant issue by using WRFS-1
outputs. In chapters 3 and 4, monthly regional EBRM recycling values were com-
puted by using as subdivisions the cells of the model themselves. As a result, the
horizontal resolution was set to 9 km (chapter 3; WRFS-1 simulation) and 5 km (4;
WRFS-2 simulation), respectively. However, the EBRM method can be applied to
computation cells including more than one grid cell of the model's domain. The limit
case corresponds to the consideration of the whole study region as only one compu-
tation cell. In that situation, the EBRM formula (2.15) is found to formally converge
to the IMB formula (2.6).

A grid of 128 x 128 points at 9 km horizontal resolution (WRFS-1 data) is
initially considered. We note that the study region used here does not correspond
to that de�ned in chapters 3 or 4, even though it also includes the whole Iberian
Peninsula. Represented in Fig. E.1, this region is only considered to assess the
sensitivity of the EBRM recycling model to the spatial resolution. As it can be seen,
it includes a relevant portion of sea, which suggests that the recycling values may
not be very representative of the intensity of land-atmosphere coupling in the IP and
are expected to di�er from those more accurately calculated in chapters 3 and 4.
The important thing here is assessing the dependence of the EBRM values with the
horizontal resolution, and the consideration of a 128 x 128 points area is appropriate
for this purpose.
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Figure E.1: 128 x 128 points region (at 9 km horizontal resolution) including the
Iberian Peninsula where the sensitivity of the EBRM recycling ratio to the computation
resolution is assessed. The terrain height above the sea level is expressed in (m)

An initial calculation is carried out by considering the EBRM calculation sub-
divisions to coincide with the model grid cells. As a result, monthly local EBRM
recycling values, along the period 1990-2007, are computed over a study region con-
stituted by 128 x 128 calculation cells. From this result, the corresponding monthly
regional EBRM recycling ratios are obtained. Then, each group of 4 model cells is
aggregated to form a new computation subdivision. This implies that the study re-
gion is now divided in 64 x 64 computation cells, and therefore the local recycling
ratio is now calculated at lower horizontal resolution. The aggregation process is il-
lustrated in Fig. E.2, where the black and white squares of the chessboard represent
the individual model cells.

Successively, calculations of the EBRM regional recycling ratio are performed
by using di�erent grids of 128x128, 64x64, 32x32, 16x16, 8x8, 4x4, 2x2 and 1x1
subdivisions over the same study region (Fig E.1). Monthly values calculated along
the period 1990-2007 (as done in chapter 3) are averaged and presented in Fig. E.3,
where the corresponding mean IMB recycling ratios are calculated over the same
region.
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Figure E.2: Illustration of the procedure used to compute the EBRM regional recy-
cling ratio by successively decreasing the computation resolution.

Figure E.3: EBRM regional recycling ratios [-] computed by successively decreasing
the computation resolution and comparison with the IMB value.

Results show that computing the EBRM regional recycling ratio by considering
the whole region as a single calculation cell introduces a signi�cant error with respect
to the more accurate 128x128 assessment, with relative deviations exceeding 40% in
many cases. Nevertheless, from the 4x4 calculation onwards, results are found to be
signi�cantly close. Relative deviations of the 4x4 recycling ratios (with respect to the
128x128 ones) are generally below 5%, turning to be progressively lower for the 8x8
(usually below 1%), 16x16 (below 0.8%), 32x32 (below 0.6%) and 64x64 (below 0.3%)
computations. This suggests that, to a large extent, EBRM regional recycling ratios
are robust and their sensitivity to spatial resolution is reduced. Only in the extreme
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cases of using 1x1 or 2x2 computation cells, the error of the method is signi�cantly
increased. In addition, the decreasing trend observed in the 1x1 calculations from
March to June contrasts with the increasing trend in the more accurate recycling
values during the same period. This con�rms that 1x1 calculations are not able to
represent recycling values properly. As mentioned, these recycling values must not be
taken too literally, since the study area is not restricted to the land areas of the IP.

IMB regional recycling values are signi�cantly lower than EBRM ones, in accor-
dance with the results discussed in chapters 3 and 4. It is interesting to remark that,
even though IMB and 1x1 EBRM computations formally converge, the divergences
in the numerical calculations lead to signi�cantly di�erent results, as it is apparent
in Fig. E.3. Interestingly, IMB computations systematically underestimate recycling,
whereas 1x1 EBRM results systematically overestimate it. The main conclusion of
this analysis is that, due to the use area integrated quantities, 1x1 (or bulk) recycling
models are not able to represent the spatial heterogeneity of the recycling process,
and thus more accurate procedures are generally required to obtain a better quanti�-
cation of this crucial magnitude for the complete characterization of the terrestrial
water cycle at the regional scale.
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Abbreviation Description

AEMET Agencia Estatal de Meteorología (Spanish Meteorological O�ce)
AGCM Atmospheric General Circulation Model
CE Center region of the Iberian Peninsula
EA East Atlantic pattern

EBRM Eltahir and Bras's (1994) Recycling Model
ECMWF European Centre for Medium-Range Weather Forecasts
ENSO El Niño-Southern Oscillation
GCM Global Circulation Model
GFS Global Forecast System
IP Iberian Peninsula

IPMA Instituto Português do Mar e da Atmosfera (Portuguese Meteor. Institute)
IMB Integral Moisture Budget (Recycling Model)

MMTR Method of Moisture Tracers
MO Mediterranean Oscillation
NAO North Atlantic Oscillation
NE Northeast region of the Iberian Peninsula
NP North Plateau region of the Iberian Peninsula
NW Northwest region of the Iberian Peninsula
PBL Planetary Boundary Layer
RCM Regional Climate Model
SCAN Scandinavian Pattern
SP South Plateau region of the Iberian Peninsula
SRM Schar et al.'s (1999) Recycling Model
SSM Schar et al.'s (1999) Separation Method
UC Universidad de Cantabria (University of Cantabria)
WE West region of the Iberian Peninsula

WeMO Western Mediterranean Oscillation
WRF Weather Research and Forecasting model
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Symbols

Symbol Description Common units

CAPE Convective Available Potential Energy J kg-1

ET Evapotranspiration kg m-2

IN Moisture Input kg or kg m-2

MC Moisture Convergence kg or kg m-2

OUT Moisture Output kg or kg m-2

P Precipitation kg m-2

N Precipitable Water kg or kg m-2

R Correlation Coe�cient [-]
r Regional Recycling Ratio [-]
r∗ Regional Relative Change in Precipitation [-]
α Residual term in the Mass Conservation Equation kg m-2

ρ Local Recycling Ratio [-]
ρ∗ Local Relative Change in Precipitation [-]
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