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Abstract In the semiarid interior of the Iberian Penin-

sula, the topographic insulation 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 precipitation often has a distinctive peak in the

springtime, when evapotranspiration (ET) is the highest, in

contrast to the coastal areas, where it is more closely

related to the external moisture availability and synoptic

forcing, with a maximum in winter-autumn and a pro-

nounced minimum in the summer. In this work we inves-

tigate the role of land surface water fluxes in the

intensification of the hydrological cycle in the Iberian

spring. We used data from 5 km resolution WRF-ARW

model simulations over the Iberian Peninsula for eleven

months of May (2000–2010). To bring out the effect of ET

fluxes, we conducted experiments where ET water over

land was removed from the system. Our findings indicate

that the impact of ET on precipitation is on average very

large (37 % increase). The impact is particularly strong 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 fluxes is very important there. To

investigate whether this role is as a water source or to

amplify precipitation dynamics, we computed the recycling

ratio analytically from the model data. In addition, we

developed a procedure to quantify the amplification impact

by comparing the recycling ratio and the relative change in

precipitation between control and experiments with ET

removed. Results show that the role of surface water fluxes

on precipitation depends on large-scale forcing and mois-

ture advection. When the synoptic forcing and moisture

advection are strong, such as in fronts associated to

Atlantic storms, the impact of ET fluxes is small. When

there is potential for convection, as is commonly the case

of late spring in the Iberian Peninsula, ET fluxes have a

significant impact. Surface moisture fluxes moisten the

boundary layer and increase moist static energy, strength-

ening convective processes, and their role goes from being

a primary water source for precipitation (recycling) to have

mostly an amplification effect as external moisture avail-

ability increases. Our findings show that for the eleven

simulated May cases over the Iberian Peninsula, the role of

ET fluxes in activating recycling is important and explains

27–58 % of their total impact on precipitation, depending

on the method used to calculate the recycling ratio. This

indicates that the complementary effect of ET on ampli-

fying rainfall from external sources of moisture is com-

parable in magnitude to the recycling mechanism and

important as well.
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1 Introduction

The feedbacks between the land surface and the lower

atmosphere have a relevant impact on climate (Pielke

2001) and are expected to be critical to understand its

evolution as a consequence of climate change (Seneviratne

et al. 2006). In wet climates, where soils have no shortage
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of water, evapotranspiration (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 (Koster et al.

2004). 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). Our area of interest, the

Iberian Peninsula (IP), is one of such transition zones.

The semiarid interior of the IP presents a distinct pre-

cipitation 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 (Rodriguez-Puebla et al.

1998; Castro et al. 2005). The difference in the seasonality

of precipitation with respect to the coastal areas is an

indication of the prominent role of land–atmosphere fluxes,

and in particular ET fluxes, on rainfall dynamics there. We

hypothesize that the maximum of precipitation in spring in

inland Iberia is related to the local enhancement of the

hydrological cycle: as spring progresses, the increase of

solar radiation and plant activity accelerate the evapo-

transpiration of moisture stored in the soil during the

winter, and this ‘‘extra’’ humidity in the lower levels favors

unstable conditions that trigger the soil moisture—precip-

itation feedback, increasing rainfall through direct or

indirect processes (Schär et al. 1999; Jódar et al. 2010).

Precisely, the questions that we want to address are: first, to

what extent and through which mechanisms land surface

fluxes, in particular ET, control the rainfall amount 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.

Water recycling refers to the contribution of local ET to

rainfall in the same area (e.g. Brubaker et al. 1993; Tren-

berth 1999). The intensity of recycling has been regarded

as a measure of the degree of control that soil moisture and

local ET dynamics exert on regional climate (Eltahir and

Bras 1994; Burde and Zangvil 2001). The fraction of

rainfall coming from ET (and not from moisture trans-

ported into the region by the wind) is called the recycling

ratio. Different recycling models have been used to cal-

culate the recycling ratio over many areas all over the

world. In their review of recycling models, Burde and

Zangvil (2001) showed most of them to be generalizations

and modifications of Budyko’s model (Budyko 1974),

whose assumptions and limitations are discussed in detail

in Sect. 3.2. Globally, estimates show that 40 % of the

terrestrial precipitation originates from evapotranspiration

over land, and 57 % of all terrestrial evapotranspiration

reverts as land precipitation (van der Ent et al. 2010). For

the IP, annual average continental recycling ratios ranging

from near 0 to over 0.2 are obtained in the same study.

These values refer to the contribution to Iberian rainfall of

land ET from anywhere in the planet and, unlike standard

regional recycling ratios, they have the advantage of being

scale-independent (van der Ent et al. 2010; van der Ent and

Savenije 2011). For a region including most of the IP,

Schär et al. (1999) estimated 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 different initializations of soil moisture

over the IP. Bisselink and Dolman (2008) estimated, for a

similar region, the average June-to-August (JJA) regional

recycling ratio over the period 1979–2001, with results

ranging from 0.1 to 0.2. Trenberth (1999) 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 Climate Prediction Center Merged Analysis of Pre-

cipitation (CMAP) and the National Centers for Environ-

mental Prediction (NCEP) reanalysis data (see Trenberth

1999 for details). These values varied from 0.04 to 0.08 in

winter and from 0.10 to 0.12 in spring. For a 1000 km

length scale, the mean annual recycling ratio ranged from

0.14 to 0.16 throughout Iberia. In a recent work, Dirmeyer

et al. (2009) provide absolute values 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 105 km2) were found to be

0.06 for Spain and 0.04 for Portugal. These relatively low

values contrast with the work by Gimeno et al. (2010), 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. Finally, Jódar

et al. (2010) provide an assessment of the impact of irri-

gation on further precipitation in southern Spain during

summer, showing that for two semiarid areas of study, a

significant increase in rainfall occurs in the mountains

downwind from the irrigated zones.

ET fluxes are not only a source of water for more pre-

cipitation but they also affect the thermodynamic structure

of the lower atmosphere, enhancing convection and

potentially altering the regional circulation to produce

more rainfall (Schär et al. 1999; Paegle et al. 1996; Bel-

jaars et al. 1996). This is referred to as an increase in

precipitation through indirect or amplification processes, in

contrast with direct or recycling mechanisms. Because of

this indirect impact on the regional atmospheric profiles

and circulation, a fraction of advected moisture that

otherwise would have been simply blown across the region

is retained and added to the precipitation totals, becoming

thus a source for the extra precipitation induced by land-

surface interactions, in addition to local ET (Schär et al.
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1999). The higher extraction of moisture from the large-

scale flow attributable to the effect of ET fluxes can be as

relevant as the direct impact of ET fluxes alone as mere

suppliers of water. In some cases, ET fluxes can modify the

large-scale environment, locally or at a regional scale

(Koster and Suarez 2001), to trigger precipitation that

otherwise would not have occurred at all.

Separating the pure recycling contribution from the

indirect effect of ET fluxes on precipitation is not

straightforward, since both processes occur simultaneously

and affect one another. Recycling ratios can be obtained

from a data set of atmospheric analysis or a single model

simulation. From any of these sources, the relative

importance of direct and indirect mechanisms in increasing

rainfall can also be assessed through an analytical method

developed by Schär et al. (1999). In this work, we present a

new procedure to separate both contributions based on the

comparison between model simulations with all land-air

fluxes normally set up (control runs) and experiments

where water vapor from ET is removed. There are

numerous examples in the literature where ET is modified

either directly or by changing soil moisture in the model in

order to study the potential impact of land-surface inter-

actions on precipitation (see the review by Seneviratne

et al. 2010 for an extensive list of references). Results vary

with season and place and even if convection is parame-

terized or resolved by the model (Hohenegger et al. 2009),

but it is generally accepted that there are potent land sur-

face-precipitation feedbacks that can alter significantly

regional atmospheric circulations and precipitation.

In this paper, we employ data from high-resolution

(5 km) WRF model simulations for the period 2000–2010

to compute recycling ratios over the IP using a numerical,

two-dimensional recycling model developed by Eltahir and

Bras (1994), together with an analytical recycling model,

based on integral moisture budget, developed by Schär

et al. (1999). Hereafter, we refer to both of them as EBRM

and IMB, respectively. We then compare the control sim-

ulations to experiments with ET disabled to quantify the

relative contribution of recycling and amplification mech-

anisms using the analytical method by Schär et al. (1999)

and the new formulation that we propose here. Our main

goal is to assess the intensity of land–atmosphere coupling

over the IP, and in particular the importance of precipita-

tion recycling and the impact of local ET on precipitation

dynamics there. Results have important implications to

understand the potential influence of anthropogenic chan-

ges in land surface conditions and hydrology on the

region’s climate.

The structure of this paper is as follows. In Sect. 2, we

describe the main geographic and climatic characteristics

of the Iberian Peninsula relevant to this study. Section 3

contains details on the different procedures to compute the

recycling ratio and to separate the moisture recycling and

amplification contributions to the extra rainfall attributable

to land-air interactions. This methods section also includes

a description of the model configuration and setup of

simulations. In Sect. 4 the main results are presented,

together with a discussion on the validation of precipita-

tion. 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 precipi-

tation along the simulated decade. A summary of the most

relevant conclusions of this study is presented in Sect. 5.

2 Geographic and climatic setting

The IP is located in the southwest corner of Europe, sur-

rounded by the Atlantic Ocean and the Mediterranean Sea.

Roughly a square of 750 9 750 km2, it 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. The configuration of the

relief delimits sub-regions with specific climatic charac-

teristics given by the topographic insulation from the sur-

rounding seas.

In the IP the European Atlantic and Mediterranean cli-

mates converge. Following the Cantabrian Mountains

backing the northern coast, the contour of 700 mm of

precipitation per year (Font-Tullot, 2000) 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 carrying humidity from the

ocean, mainly from October to May. In the rain shadow of

Iberia, the Mediterranean basins see much less of this

Atlantic moisture. The driest areas are placed in the

Southeast, with less than 200 mm of precipitation per year.

Cabo de Gata, with 130 mm per year, reaches the absolute

minimum of precipitation in Europe (Font-Tullot 2000).

Semiarid regions, where changes in soil moisture can

potentially control ET and precipitation regimes, cover

large areas in the central and eastern IP (Castro et al. 2005;

Gimeno et al. 2010). The great extension of arid and

semiarid regions is a characteristic of the Iberian climate;

nevertheless, the annual distribution of precipitation shows

essential differences from the western and northern lands to

the Mediterranean area. The regions to the west are directly

impacted by Atlantic baroclinic systems, and rainfall there

is largely determined by the main position of the storm

track. At these latitudes this means high seasonality, with a

maximum of precipitation in winter and a dry period in the
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summer, more pronounced and long lasting in the southern

areas and less so in the north, still marginally affected by

frontal systems and favored by orography. The areas facing

the Mediterranean are shielded from the westerlies by the

mountain ranges in the Peninsula and are in general much

drier. Along the Mediterranean shore, the maximum of

rainfall takes place in autumn (Millan et al. 2005; Martin-

Vide and Olcina-Cantos 2001), when deep convective

systems form as cold air aloft, descending from more

northern latitudes, moves over the overheated waters of the

Mediterranean after the long summer. In contrast, inland

Iberia, away from maritime influence, has a peak of rainfall

in the springtime, which is a crucial period for plant

ecology and agriculture, ahead of a mostly dry summer.

Figure 1a shows on a map the monthly mean annual

evolution of precipitation for 28 Iberian locations for the

period 1950–2007, illustrating the spatio-temporal variabil-

ity in the Iberian precipitation regime. In areas of the interior

with more maritime influence, the spring peak of rainfall is

secondary, superimposed on the general pattern of winter or

autumn maximum of Atlantic or Mediterranean character,

and it becomes more prominent towards the East and

Northeast. In many inland locations, the amplitude of the

annual cycle typical of coastal areas is attenuated and the

spring peak is its dominant feature (Rodriguez-Puebla et al.

1998). Figure 1b depicts with a color code the month of

maximum precipitation through the year, with the interior

Northeast showing the maximum in May. Figure 1c ranks

the position of May during the year in terms of precipitation,

highlighting the relative importance of spring rainfall over

most the Iberian interior. Data for Fig. 1a, b and c is from 0.2̊

resolution daily precipitation analyses provided by the

Universidad de Cantabria (UC), the Agencia Estatal de

Meteorologı́a (Spanish Meteorological Office, AEMET) and

the Instituto Português do Mar e da Atmosfera (Portuguese

Meteorological Institute, IPMA) for the period 1950–2002

(Herrera et al. 2010, Belo-Pereira et al. 2011), and recently

updated until March of 2008.

3 Methods

3.1 Recycling ratio and water budget

Precipitation (P) falling on a region comes from one of the

three following sources: moisture already present in the

atmosphere, referred to as precipitable water (PPW); a part

of the moisture blown into the region, referred to as

moisture convergence (MC); and evapotranspiration (ET)

of surface wetness (Trenberth 1999; Burde and Zangvil

2001). Thus, the change in precipitable water in the

atmospheric column after a certain period of time will be

given by:

DPPW ¼ ET þMC � Pþ a ð3:1Þ

where a stands for the experimental residual. This term is

commonly added to the water budget equation in order to

Fig. 1 a Monthly mean precipitation over the period 1950–2007

(mm/month) for 28 Iberian locations: (1) Albacete; (2) Alicante/

Alacant; (3) Barcelona; (4) Burgos; (5) Cáceres; (6) Cádiz; (7)

Coimbra; (8) A Coruña; (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) Valencia/

València; (26) Vigo; (27) Vitoria/Gasteiz; (28) Zaragoza. b Month of

highest precipitation (1950–2007). c Climatology (1950–2007)

position of May in the monthly ranking of precipitation. Source

Herrera et al. 2010, Belo-Pereira et al. 2011
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account for different sources of error, as biases derived

from model parameterizations (Dominguez et al. 2006).

Although a can be of the same order of magnitude as the

other terms in Eq. 3.1, it has been shown not to affect the

recycling patterns strongly (Bisselink and Dolman, 2009;

Dominguez et al. 2006).

The moisture convergence term is defined as the net

water flux across the lateral boundaries of the region, which

we set as segments of parallels and meridians. By adding

the vertically integrated moisture fluxes perpendicular over

the sides of the box bounding the region one can compute:

MC ¼
Xb

i¼1

�1ð Þk

A
�
Z

dl

ZP0

Ptop

quiDt

g
dP

0

B@

1

CA

i

ð3:2Þ

where ui stands for the perpendicular wind component at

the border i, q is the mixing ratio, Dt is the timestep, g ¼
9:81 m s�2 is the acceleration of gravity and A is the area

of the region, bounded by b lateral borders (b C 4); dl is

the infinitesimal horizontal distance along the boundary

line and k equals 0 for southern and western borders and 1

for northern and eastern. The precipitable water, PPW,

corresponds to the area-averaged total amount of water

inside the box at a certain instant:

PPW ¼
ZP0

Ptop

q

g
dP ð3:3Þ

In the case of the IMB, the computation of the terms of

the water budget is required to obtain the analytical

recycling ratio. Here we present the standard definitions of

both local (q) and regional (r) recycling ratios for an area

of size A and shape n (e.g. van der Ent et al. 2010, Burde

and Zangvil 2001):

q x; yjA; nð Þ ¼ lim
DA!0

R
DA

Pm x; yjA; nð Þ � dAR
DA

P x; yjA; nð Þ � dA
ð3:4Þ

r A; nð Þ ¼
R

A
q x; yjA; nð Þ � P x; yjA; nð Þ � dAR

A
P x; yjA; nð Þ � dA

ð3:5Þ

where dA ¼ dx � dy and Pm x; yjA; nð Þ represents the fraction

of precipitation at a point (x,y) within the study area

originated from moisture evapotranspired at any point in

the same region. Similarly, P x; yjA; nð Þ stands for the total

precipitation at a point (x,y) during a period of time which

in our case is always 1 month.

3.2 Analytical calculations of the recycling ratio

Different procedures have been explored to compute the

recycling ratio, from analytical recycling models to studies

based on isotope data and numerical tracer experiments

(Dominguez et al. 2006). Two equations of conservation of

vapor mass for the two different fractions of the moisture

available in the atmosphere (advected and evapotranspired)

are required to develop any recycling model. In addition, a

third equation assuming that these two fractions are well

mixed is also necessary (Burde and Zangvil 2001). The

latter is referred to as the well-mixed atmosphere hypoth-

esis, and allows writing the fractions of precipitation with

source in local ET and advected moisture as the fractions of

moisture from the two different origins (local and remote)

in the atmospheric column considered. The well-mixed

atmosphere assumption underlies all analytical recycling

models, and it is based on the fact that most of the moisture

in the air is contained within the planetary boundary layer

(PBL), where turbulent processes efficiently mix the dry air

with water vapor coming from different sources (Eltahir

and Bras 1996; Schär et al. 1999; Dominguez and Kumar

2008). Nevertheless, the well-mixing through the column is

not always satisfied. For instance, locally evapotranspired

humidity has a tendency to remain in the lower layers of

the atmosphere, and part of it gives rise to ‘‘fast recy-

cling’’–precipitation coming from ET that did not mix with

advected moisture from further above (Lettau et al. 1979;

Burde 2006). Precipitation can also originate from con-

densate coming from somewhere else and have very little

contribution from local ET. These and some other limita-

tions of the well-mixed hypothesis were discussed by

Burde (2006), Fitzmaurice (2007) and Dominguez and

Kumar (2008).

The complete mixing of the atmospheric water vapor is

a major assumption in recycling models, whereby r can be

computed as a ratio of moisture fluxes, instead of as a

precipitation fraction. In the analytical IMB (e.g. Schär

et al. 1999), the regional recycling ratio is given by:

r ¼ ET

ET þ IN
ð3:6Þ

where ET is the time-averaged evapotranspiration in the

region and IN represents the mean inward moisture flux

through its lateral boundaries.

Analytical calculations of r such as that given by Eq. 3.6

have a strong dependence on the dimensions and shape of

the region. Recycling ratios tend to increase with the size of

the domain, reaching the maximum value of 1 when the

whole globe is considered. The nature of the function

linking recycling ratio and scale has been a matter of dis-

cussion. For instance, a logarithmic relationship was sug-

gested by Dominguez et al. (2006) and Bisselink and

Dolman (2009), whereas Eltahir and Bras (1996) and Dir-

meyer and Brubaker (2007) proposed this dependence to

follow a power function. Regardless, the relative relevance

of the recycling mechanisms in a certain area is not just

quantified by the value of r but depends as well on the size
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and shape of this area (Trenberth 1999). In general, ana-

lytical recycling ratios are computed for areas with length

scales over 500 km. This can be easily justified by con-

sidering Eq. 3.6: 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 influx from the base) diminishes much

quicker than the IN term (water influx from the sides). The

IMB has the drawback that it does not consider variations

within the region, since the terms used for calculations are

area-averaged quantities (Burde et al. 1996). This method is

a very simple way to get a qualitative diagnose of precipi-

tation recycling over the study region (Bosilovich and

Schubert 2002) although, as all Budyko-type models, it has

a tendency to underestimate recycling under non-parallel

fluxes (Burde et al. 1996), as it does not consider the

direction of the moisture flux with respect to the geometry

of the region (Van der Ent and Savenije 2011).

To account for the spatial variability of recycling in the

Iberian Peninsula, we used the EBRM (Eltahir and Bras

1994), where the region is subdivided into multiple cells,

and for each of them the local recycling ratio is given by:

q ¼ qðx; yÞ ¼ Pm

ðPm þ PaÞ
¼ Pm

P
¼ OUTm

ðOUTm þ OUTaÞ
¼ OUTm

OUT
ð3:7Þ

Sub-index m refers to water of local origin and sub-

index a to water of advected origin. P is precipitation and

OUT is the average outward moisture flux from the

considered cell. The well-mixed atmosphere assumption

is again implicit in this equation. If the time frame

considered is sufficiently large so that storage terms for

each cell can be neglected, then conservation of water of

different origins requires that:

INm þ ET ¼ OUTm þ Pm ð3:8Þ
INa ¼ OUTa þ Pa ð3:9Þ

where IN refers again to the inward moisture fluxes into the

considered cell, which equals the outward fluxes from the

neighboring cell. By combining Eqs. 3.7, 3.8 and 3.9:

q ¼ qðx; yÞ ¼ INm þ ET

INm þ ET þ INa

ð3:10Þ

With an iterative procedure one can find a recycling ratio

that satisfies Eqs. 3.7 and 3.10 simultaneously (details can

be found in Eltahir and Bras 1994). Equation 3.10 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 subdivi-

sion considered. For the calculation we used as subdivi-

sions the cells of the model themselves, so that the

horizontal resolution is 5 km. The regional recycling ratio

over the considered area can be obtained by combining

Eqs. 3.5 and 3.10. The EBRM predicts higher recycling

ratios than Budyko-type models, although it still seems to

underestimate recycling in general (Dominguez et al. 2006;

van der Ent et al. 2010). Note that this method presents

three major issues: (1) moisture fluxes are time-averaged

quantities, (2) changes in atmospheric storage are neglec-

ted, and (3) the well-mixed atmosphere assumption is

considered. Limitations (1) and (3) also hold for the IMB,

whereas assumption (2) is not required in that method. A

detailed discussion of the impact of the above-mentioned

assumptions on recycling calculations can be found in

Fitzmaurice (2007).

3.3 Relative change in precipitation between control

and no-ET runs

In addition to the recycling ratios defined in Eqs. 3.6 and

3.10, computed from just the control model simulations, we

calculate a relative change in precipitation by comparison of

control simulations to model experiments where ET is dis-

abled over land to more explicitly assess the impact of local

water fluxes on precipitation dynamics. In these no-ET

experiments, the energy absorbed at the surface is still con-

verted into latent heat fluxes, although the corresponding

water vapor flux is not incorporated into the atmospheric

boundary layer and it is simply removed from the system.

With this procedure, the surface is still cooled by evapo-

transpiration and therefore the thermal effects on atmo-

spheric stability of a significantly warmer soil are prevented,

allowing us to focus on the effect of the moisture flux.

As mentioned before, several authors have used the

technique of altering the ET fluxes, directly or via changes

in soil moisture configurations, in order to assess their

impact on the regional water cycle. For instance, Shukla

and Mintz (1982) 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. Schär et al.

(1999) explored the impact of different initializations of the

soil moisture content on fundamental climatic variables as

precipitation, precipitation efficiency, ET and recycling

ratio. In our case, the actual ET is routinely calculated by

the model in the control runs, according to atmospheric

demand and soil moisture availability. In these studies, as

in our case, control runs and experiments are driven by the

same boundary conditions.

We define

DP ¼ Pcontrol � Pno�ET ð3:11Þ

as the difference between Pcontrol, the total precipitation in

the control run and Pno-ET, the precipitation in the no-ET
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experiment. Thus, the local relative change in precipitation

attributable to evapotranspired water can be obtained as:

q� ¼ q � ðx; yÞ ¼ DPðx; yÞ
Pcontrolðx; yÞ

ð3:12Þ

This parameter can be computed for each grid point

from control and experimental model outputs. We compute

the regional relative change in precipitation via

r� ¼
R

A
Pcontrol x; yð Þ � Pno�ET x; yð Þ½ � � dAR

A
Pcontrol x; yð Þ � dA

ð3:13Þ

We computed this experimental rate in eight different

boxes: the whole Iberian Peninsula (IP), North Plateau (NP),

Center (C), South Plateau (SP), North West (NW), West (W),

North East (NE) and East (E). The geographical dimensions of

these regions are represented in Fig. 2b. For all calculations,

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 difference in ET within that same box

but from differences elsewhere within Iberia. This

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 the Iberian Peninsula.

3.4 Moisture recycling and amplification processes

The upward land–atmosphere water flux may have a

significant effect on the genesis of precipitation and not

just on the precipitation amounts themselves and there-

fore indirect amplification mechanisms have to be taken

into account. Schär et al. (1999) provide a useful method

to estimate the relative contribution of direct and indirect

processes to the observed increase of precipitation in the

control runs with respect to the no-ET experiments. This

method, hereafter referred to as Schär’s Separation

Method (SSM), is based on the concept of precipitation

efficiency, defined as the ratio of total precipitation over

the sum of inward moisture and surface ET (e.g. Sui

et al. 2007). The precipitation efficiency v measures the

fraction of the available moisture that is transformed by

the system into precipitation, and can be easily com-

puted in our case for both control simulation and

experiment as

vcontrol ¼
Pcontrol

INcontrol þ ETcontrol

vno�ET ¼
Pno�ET

INno�ET þ ETno�ET

¼ Pno�ET

INno�ET

ð3:14Þ

where subscripts control and no-ET refer to control

simulation and experiment with no evapotranspiration,

respectively, P stands for precipitation, ET for

evapotranspiration and IN represents the mean inward

moisture flux through the lateral boundaries. By

construction of the experiments, ETE¼ 0. Note that all

the variables in this method represent area-averaged

quantities. We next define the following differences

between control and experiment:

Dv ¼ vcontrol � vno�ET

DIN ¼ INcontrol � INno�ET

DET ¼ ETcontrol � ETno�ET ¼ ETcontrol

9
>=

>;
ð3:15Þ

Substitution of 3.14 into 3.11

DP ¼ vcontrol INcontrol þ ETcontrolð Þ � vno�ET � INno�ET

Fig. 2 Terrain height (m) for a parent and b nested domain, together

with the boxes considered within for our analysis (IP Iberian

Peninsula, NW North West, WE West, NP North Plateau, CE Center,

SP South Plateau, NE North East, and EA East)

Moisture recycling and the maximum of precipitation in spring

123



and rearrangement according to 3.15 leads to:

DP ¼ vcontrol DIN þ DETð Þ½ � þ Dv � INno�ET½ �
¼ DPrec þ DPamp ð3:16Þ

The first term of 3.16 depends only on changes in the

fluxes into the considered atmospheric box, and not in

variations of the precipitation efficiency (Schär et al. 1999).

Thus, induced changes in ET and the alteration of the

inward moisture fluxes are responsible for the first term of

DP, representing the direct contribution to the increased

precipitation. Even though in Schär et al. (1999) this first

term is identified with the recycling component, this is not

strictly true, since it depends on DIN and not just on DET.

The second term of Eq. 3.16 depends on changes in

precipitation efficiency, with the inward flux remaining

constant, whereby it represents the indirect contribution to

DP (amplification). Note that Eq. 3.16 is only meaningful

if the following conditions are simultaneously verified:

DIN þ ETcontrol� 0

Dv� 0

(
ð3:17Þ

Alternatively, we propose a different approach to

estimate the contribution of each of the components

(recycling and amplification) of the observed increase in

precipitation, DP, between control and experimental runs.

Results obtained by this new procedure can be compared to

those estimates computed through the aforementioned

SSM.

As in Eqs. 3.8 and 3.9, if the time frame considered is

long enough so that storage can be neglected, precipitation

is given by

P ¼ Pm þ Pa ð3:18Þ

where sub-index m refers to water of local origin (ET) and

sub index a to water of advected origin. Further splitting

the advection term into two components:

P ¼ Pm þ Pad þ Paið Þ ð3:19Þ

Here, Pad stands for the fraction of precipitation coming

directly from advection. In contrast, Pai represents the

fraction of the advected moisture that is indirectly retained

and transformed into rainfall as a result of the effect of

land-air interactions on the thermodynamic structure of the

lower atmosphere. As mentioned above, in the experiments

we disable ET fluxes (hence Pm = 0) and therefore we also

eliminate their indirect capacity to modify the atmospheric

profile favoring precipitation-generating processes

(Pai = 0). Thus, from our control runs and experiments

we obtain, respectively:

Pcontrol ¼ Pm þ Pad þ Pai ð3:20Þ
Pno�ET � Pad ð3:21Þ

By substituting Eqs. 3.20 and 3.21 into 3.11:

DP � Pm þ Pai ð3:22Þ

As in Eq. 3.16, the increment in precipitation between

the no-ET experiment and the control, DP, can be divided

into a direct contribution due to recycling DPrec and an

indirect component linked to amplification processes

DPamp. Thus, Pm � DPrec and Pai � DPamp, and finally,

by combining Eqs. 3.22, 3.7 and 3.12 we find the rate q
q�,

which can be computed for each grid cell, to equal the

fraction of recycled precipitation in the total increase in

precipitation of the control simulation; that is:

q
q� ¼

q
q� x; yð Þ ¼

Pm

P
DP
P

� DPrec

DP
ð3:23Þ

Therefore, the fraction of extra precipitation due to

amplification processes and coming from advected external

moisture will be given by:

1� q
q� �

DPamp

DP
ð3:24Þ

Note that, in Eq. 3.21, Pad is set to be approximately equal

to the precipitation obtained in the experiments, and such

symbol is consistently kept in the subsequent equations.

Taking this caution seems reasonable, as different internal

and external processes affect precipitation. For the whole

region, Eqs. 3.5 and 3.13 similarly lead to:

r

r� ¼
R

A
qðx; yÞ � Pcontrol x; yð Þ � dAR

A
Pcontrol x; yð Þ � dA�

R
A

Pno�ET x; yð Þ � dA

¼ Pmh i
Ph i � Pmh i �

DPrech i
DPh i ð3:25Þ

Thus,

DPrech i ¼ r

r� DPh i ð3:26Þ

and

DPamp

� �
¼ 1� r

r�

� �
� DPh i ð3:27Þ

3.5 Model configuration and set up of the simulations

We carry out simulations for eleven months of May (from

May 2000 to May 2010) with the WRF (Weather Research

and Forecasting, Skamarock et al., 2005) ARW model,

version 3.0.1.1. In addition, we also select eleven months

of January (from January 2000 to January 2010) for com-

parison. For each of these months, we perform a control

run and a no-ET experiment as described in Sect. 3.3. Over

most of inland Iberia, a relative maximum of precipitation

is observed in spring (Fig. 1a), which may correspond to

the annual absolute maximum (Eastern and North-eastern

areas) or to a secondary peak in the yearly cycle (e.g. North
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Plateau and Center regions). It tends to occur in May for a

vast majority of inland locations (Fig. 1b), suggesting that

this is the most appropriate spring month to explore land–

atmosphere feedbacks in the IP, as it is when the impact of

recycling processes on the annual rainfall regime is maxi-

mized. We consider winter situations as well (represented

by January, a typical winter month) in order to test the

model response and sensitivity to different synoptic forc-

ing. The simulated decade includes May of the driest

hydrological year (2004–2005) on record for the Iberian

Peninsula (Garcı́a-Herrera et al. 2007, Santos et al. 2007)

and also the wettest spring ever registered in many loca-

tions inland (2008).

We conduct the above-mentioned 22 pairs of simula-

tions using a 1,500 9 1,500 km2 nested grid that covers

the IP at 5 km horizontal resolution and a parent grid of

225 9 225 points at 20 km resolution (Fig. 2). 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

flow with the lateral boundaries (Miguez-Macho et al.

2004, 2005), and the Kain-Fritsch convection scheme

(Kain and Fritsch 1990, 1993). For the nested grid, we

assume convection is resolved and hence the convective

parameterization is turned off, and so is spectral nudging.

This decision is widely supported by previous literature

(e.g. Weisman et al. 1997; Arakawa 2004; Gerard 2007; Yu

and Lee 2010), even though the use of convective param-

eterizations in the grey-zone resolution (2–10 km), where

convective processes are partly resolved and partly subgrid

(Yu and Lee 2010) is still a matter of debate. Both parent

and nested grids use the WSM6 cloud microphysics

scheme (Hong and Lim 2006), the RRTM scheme for long

wave radiation (Mlawer et al. 1997) and Dudhia scheme

(Dudhia 1989) 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, b). The initial and lateral

boundary conditions are from the National Centers for

Environmental Prediction (NCEP) Global Forecast System

(GFS), available at the resolution of 18 9 18 (http://rda.

ucar.edu/datasets/ds083.2), and the nesting is one-way

interacting.

4 Results

4.1 Validation of precipitation

Analyzed precipitation observations for validating model

results are not readily available for the most recent years of

the experiments. For a period ending in March of 2008, a

detailed analysis over the Iberian Peninsula was performed

by the Universidad de Cantabria (UC), the Agencia Estatal

de Meteorologı́a (Spanish Meteorological Office, AEMET)

and the Instituto Português do Mar e da Atmosfera (Por-

tuguese Meteorological Institute, IPMA), using all stations

from the climatic monitoring network of both AEMET and

IPMA (Herrera et al. 2010, Belo-Pereira et al. 2011).

Figure 3 shows the mean precipitation for the period Jan-

uary 2000 to January 2008 from (a) WRF model simula-

tions and (b) UC/AEMET-IPMA analysis. Panels (e) and

(f) 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 fine scale structure associated with their hori-

zontal resolution of 5 km (versus 20 km in the UC/

AEMET-IPMA analysis). Precipitation amounts are

somewhat higher in the WRF results, particularly in Jan-

uary in the mountains directly facing the Atlantic in the

northwest of Iberia, but this discrepancy can be attributed,

at least partially, to the lack of density of observations in

those mountainous areas; 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/web/observacion/informesclima/

informesIndex.action), thus providing observational evi-

dence that these high values are indeed realistic. In addi-

tion, we further compare WRF model precipitation values

with the UC/AEMET-IPMA analysis by examining grid

point statistics. Figure 3c and d show the daily mean

absolute error (MAE) and the daily mean normalized error

(MAPE) for January 2000 to January 2008, computed via

standard definitions (e.g. Cardoso et al. 2012). Panels

(g) and (h) represent the corresponding results for

the period May 2000 to May 2007. In accordance with the

previous discussion, MAE values are highest in the

mountainous areas of the Northwest, corresponding to

MAPE results that do not exceed 150 % for most of the IP.

Moreover, 5-day and monthly MAE and MAPE values (not

shown) are even lower, as expected, since daily differences

tend to compensate one another when a longer period of

time is considered. Results of this analysis are consistent

with those obtained by Soares et al. (2012) for Portugal.

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. Figure 4 shows the time series (2002–2010) for

(a) January and (b) May of those AEMET estimations (red)

together with model results (blue). The agreement between

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
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observations in mountain ranges, where orographically

enhanced precipitation can reach very large amounts. Since

spatial patterns of the simulated precipitation are close to

the observational analysis of UC/AEMET-IPMA for years

2000–2007/08 (Fig. 3a, b, e, f), we assume that they likely

are as well for the more recent period 2008/09–2010.

4.2 Water budget and moisture fluxes

Figure 5 shows the four terms of the water budget (P, ET,

MC and change in PPW; see Eq. 3.1), together with the

experimental relative change in precipitation (Eq. 3.13) in

May and January for the whole IP (Fig. 5a, b) and for three

of the sub-domains (NE, NP and SP) considered within

(Fig. 5c–h). 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 circula-

tion 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 North East, May has

on average significantly more precipitation than January.

Over the IP as a whole and in all the sub-domains

considered within, there is a net inflow of moisture from

adjacent areas in January (the moisture convergence term is

positive). In contrast, in May, for 7 out of the 11 years

simulated and also for the multiannual mean, the monthly

moisture convergence is negative, meaning that there is a

net export of moisture to the surroundings (Table 1). Thus,

despite May being climatologically the period of highest

rainfall in many locations inland, the precipitated water

cannot compensate ET, and therefore some of the moisture

stored into the soil during winter is lost and transported

elsewhere by the atmospheric flow. Examination of the

moisture convergence values for the different 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 the

Center region have on average a very small water imbal-

ance, 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).

Figure 6 shows the mean moisture flux patterns at

850 hPa and 500 hPa for January and May, averaged over

the 11 years of simulation. In winter, the influx of moisture

is at all levels mostly determined by the prevailing

westerlies coming from the Atlantic Ocean; moisture is

discharged as precipitation on the IP, particularly on oro-

graphically favorable areas of the north and west, and the

exiting fluxes off the Mediterranean coast are 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 (Table 1). This

intense moisture convergence at mid and upper levels and

small divergence below is consistent with convection not

Fig. 3 Average precipitation (mm/month) for January 2000–2008

according to: a WRF model; b UC/AEMET-IPMA analysis for Iberia.

e, f Shows the analogous results in May for the period 2000–2007.

Daily MAE and MAPE values for January 2000–2008 and May

2000–2007 are represented in panels (c), (d), (g) and (h)
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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 influx from the Atlantic

is considerably weaker, particularly at low levels, where it

has more of a north-westerly component. Associated to

easterly winds, there is a reversal of the moisture flux on

the lee side of Iberia, with weak net on-shore influxes of

moisture resulting along the Mediterranean coast (Fig. 6b).

This pattern of low-level moisture flux presents a larger

year-to-year variability and it is not very well organized, in

general, for most areas. When averaged over the 11 sim-

ulated months of May, it does however correspond to a

positive value of moisture convergence below 700 hPa of

0.81 mm/day. At 500 hPa the flux is still clearly zonal

(Fig. 6c, d), 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 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 -0.14 mm/day. The

similar values of moisture convergence at low levels and

divergence aloft is an indication that moisture is lifted

through convection from the interior of Iberia and trans-

ported elsewhere by the prevailing westerlies in the mid

and upper atmosphere. Convective precipitation associated

with the low level convergence is much higher than the

moisture convergence term, suggesting that local ET is an

important source for rainfall.

The difference in large-scale moisture transport is rela-

ted 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 flow tends to meander and

form cut off lows in the vicinity of or over the IP, one of

the areas in the Northern Hemisphere with a higher fre-

quency of these features forming during the spring (Bell

and Bosart 1989, Nieto et al. 2005). Cut-off lows favor

locally generated circulations and low level moisture

convergence to the center, as reflected in Fig. 6b. The

upper level cold core associated to these systems creates

instability, which enhances convection and leads to an

increase in the potential impact of land-surface fluxes on

precipitation (Nieto et al. 2005) that can be measured

through the analysis of the recycling ratio. Convection,

related or not to cut-off lows, is most frequent in the spring

Fig. 4 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)

Table 1 Average moisture flux (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 the control run and

the experiment with no ET

(mm/day) Control run No-ET experiment

May

2008

May

2004

May

2000–2010

January

2000–2010

May

2008

May

2004

May

2000–2010

January

2000–2010

Lower atmosphere 2.06 0.57 0.81 -0.46 1.88 0.61 0.85 -0.21

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
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in the IP, and a majority of inland and eastern stations of

the Spanish Meteorological Office (AEMET) network

report a peak in the monthly number of thunderstorm days

in May (1971–2000 means available at http://www.aemet.

es/en/serviciosclimaticos/datosclimatologicos/valoresclima

tologicos). In winter, in contrast, the frequency of occur-

rence of cut-off lows is lower (Nieto et al. 2007) and the

intensity of large-scale moisture advection and baroclinic

forcing is higher.

4.3 Moisture recycling

The regional recycling ratios computed for the different

years and the multiannual mean are shown in Table 2.

Schär’s formula yields an average value for January of 0.04,

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, with much larger ET and

more convective situations, the multiannual mean value is

still only 0.10 (varying from 0.08 in 2008 to 0.13 in 2010).

Nevertheless, these low values of the IMB recycling ratios

are consistent with our hypothesis that recycling is very

relevant in the interior north and northeast areas, precisely

the regions where it rains the most (together with the

northwest, e.g. Fig. 3a, e). As it was discussed previously,

this method tends to underestimate the recycling ratio if

Fig. 6 Average moisture flux patterns (g m kg-1s-1) at 850 hPa (a, b) and 500 hPa (c, d) for January 2000–2010 (a, c) and May 2000–2010

(b, d)

Fig. 5 Terms of the water budget in mm/day (P in blue, ET in green,

MC in brown and change in PPW in purple), together with the

experimental relative change in precipitation (line with red dots, in

%) for the whole Iberian Peninsula (Fig. 5a, b) and for three of the

selected sub-domains within: NE (c, d), NP (e, f) and SP (g, h).

Figure 5a, c, e and g correspond to the period January 2000–January

2010, whereas Fig. 5b, d, f and h correspond to May 2000–May 2010

b
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precipitation is unevenly distributed in the considered

region, as is the case of the IP, and recycling is more

important where rainfall is more abundant, since it assumes

that the recycling ratio is uniform across the whole box.

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 comes from local ET, and therefore that

the main source of precipitation in spring is still advected

moisture. This method also accounts for the spatial vari-

ability of the recycling ratio within the considered box and

Fig. 7 displays the pattern of the multiannual average of

this ‘‘local’’ recycling ratio, together with the mean

moisture flux integrated over the column. Both EBRM

recycling ratio and moisture flux patterns are highly rela-

ted, with qEBRM tending to have higher values on the

eastern and northeastern parts of Iberia (qEBRM [ 30 % in

large areas there), where the flow, 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 is related to their high correlation with the integrated

mean moisture flux, since the assumption here is that the

recycling ratio, even though variable in space, is constant

throughout the month and the mean moisture fluxes are

used in the computation. The large spatial variability of the

precipitation field in our 5 km resolution simulations (and

also in reality), together with the varied genesis of pre-

cipitation (convective or not) throughout the considered

months, makes it very unlikely that the recycling ratio has

such a smooth spatial distribution.

The average water budgets for January and May dis-

cussed in the previous section are summarized in Fig. 8,

where the regional EBRM recycling ratios are considered

for the computations. The diagrams represent the hydro-

logical cycle with arrows for fluxes and their relative

importance reflected in the numbers. As in Eltahir and Bras

(1994) the values are normalized by the total precipitation

for each month, which is set to 100 units. The total mois-

ture convergence (MC in Fig. 5) is separated into a positive

component associated with the inflow and a negative

component related to the outflow of moisture from the

considered box covering the IP (Fig. 2b). Evapotranspired

moisture is also split into the component that contributes to

precipitation (the recycling ratio times the total precipita-

tion) and the component that is carried away by the flow.

Subtracting the later from the total outflow of moisture

yields the portion of the total outflow that is still from

Fig. 7 Spatial distribution of the multiannual average of the Eltahir

and Bras recycling ratio (May 2000 to May 2010), together with the

average pattern of vertically integrated moisture flux (kg m-1s-1) for

the same period

Table 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

Month r (IMB) r (EBRM) r* Month r (IMB) r (EBRM) 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
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moisture that was advected into the box from somewhere

else. Precipitation minus ET gives the net flux into the soil

plus surface runoff.

The differences in the hydrological cycle between

winter and spring are apparent in the diagrams of Fig. 8.

Precipitation totals are comparable, but because of the high

ET in May the total water budget is negative in this month,

with a net loss of moisture to the surroundings, while in

January it is largely positive. ET has a much larger relative

contribution to precipitated water in May than in January

and as discussed earlier this difference is related to the

nature of the precipitation processes in the season. We next

investigate more on the contribution of ET to precipitation

by analyzing results from the experiments where we sup-

press those land-air fluxes.

Next to the analytical recycling ratios, discussed above,

the local fractional change in precipitation in the control

runs with respect to the no-ET experiments (q*) is shown in

Fig. 9a. On average, it presents higher values than the

regional recycling ratio computed from the control simu-

lations alone. This is expected, since eliminating the ET

flux 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 fluxes 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 influence 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 precipitation being large-scale, baroclinic systems.

In May, the large difference between q and q* suggests that

the input of moisture at lower levels has a significant effect

on precipitation dynamics and not just in total amounts.

Thus, regional recycling ratios alone are not sufficient to

assess the impact of the land–atmosphere interactions on

the spring rainfall regime and indirect amplification

mechanisms must be taken into consideration.

Fig. 8 Representation of the Iberian hydrological cycle for a January

2000–2010 ( Ph iJanuary
2000�2010¼ 79:5mm=month, taken as 100 units); and

b May 2000–2010 ( Ph iMay
2000�2010¼ 60:7mm=month, taken as 100 units)

Fig. 9 Spatial distribution of the relative change in precipitation, averaged over the period May 2000–2010 (a) and spatial distribution of q/q*,

equaling the fraction of DP coming from direct recycling, for the same period (b)
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4.4 Precipitation amplification

The bar diagrams in Fig. 10 show the relative change in

precipitation between control and no-ET experiments

(DP = PC - PE) for the years considered and for the mul-

tiannual mean. Each bar is divided in two colored sections,

representing the contribution of recycling (blue) and

amplification (red) calculated via the two different approa-

ches described in Sect. 3.5: Schär’s Separation Method

(SSM, Fig. 10a) and the procedure derived here (Eqs. 3.23

and 3.24, Fig. 10b), where the recycling ratio computed via

EBRM was used. According to SSM (Fig. 10a), 62 % of the

extra precipitation DP comes on average from amplification

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. 10

because the change in precipitation efficiency Dv between

control and experiment has a negative value and as a result,

Eq. 3.17 is not satisfied and SSM cannot be applied. This

month of May of 2002 is an outlier in the set, with the syn-

optic forcing strong and similar to a winter situation, with

intense westerly flow and passing fronts associated to

Atlantic baroclinic systems; hence the relative change in

precipitation r* is only 3 %, one order of magnitude less than

the average for May and similar to the January cases. Dv has

also an anomalous small value, one order of magnitude less

than average and negative. The average precipitation effi-

ciencies during the period May 2000–May 2010 are vC ¼
10:7 % and vE ¼ 7:7 % for control and experiment, respec-

tively, meaning that the system is about 40 % more efficient

in producing precipitation when moisture coming from ET

fluxes is considered (control runs) than when it is removed

(experiments).

In general, the partition between recycling and amplifi-

cation contributions estimated through our method

(Fig. 10b) shows a good agreement with that of SSM, even

though relevant differences occur for some particular years,

as is the case of 2000, 2003, 2004 and 2009. On average,

according to our method, amplification explains 41 % of

the effect of ET fluxes on precipitation, while recycling is

associated to the remaining 59 %. The discrepancy

between the results of our procedure and SSM is likely

linked to the dependency of our estimation on the method

used to calculate the recycling ratio. In Table 3, the results

obtained via SSM are compared with those provided by our

new separation method, using the two different regional

recycling ratios from IMB and EBRM (new method I and

II, respectively, in the table). Recycling ratios computed

via EBRM are higher than those obtained via IMB, which

explains why, in general, we find

Fig. 10 Fraction of the change in precipitation (DP = PC - PE, in

mm/month) coming from direct recycling (blue) and from indirect

amplification (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 3.17 does not hold), and average values

for the complete time series

Table 3 Fraction of the extra precipitation in May coming from

direct recycling (DPrec), estimated via SSM and through our new

approach based on the rate r/r*. In the latter, the computation of r was

done through both the approach of Schär (IMB, New method I) and

that of Eltahir and Bras (EBRM, New method II). May 2002 is not

represented as condition 3.17 does not hold for this month, and thus it

is not possible to compute DPrec/DP through SSM

Month DPrec/DP

(SSM)

DPrec/DP

(New method, I)

DPrec/DP

(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
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rIMB

r� \
DPrech i
DPh i

����
SSM

\
rEBRM

r� ð4:1Þ

On average we obtain rIMB

r� ¼ 0:27 (new method I),

rEBRM

r� ¼ 0:58 (new method II) and
DPrech i
DPh i

���
SSM
¼ 0:38 (SSM).

As a result, the rate r
r� might be interpreted in this case not

only as an additional manner to calculate the fractions of

DP coming from recycling, but also as a means to estimate

an uncertainty range for those values. Regardless, our

results confirm that indirect amplification of precipitation

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 may still be the main responsible for

the increase of precipitation.

Figure 9a shows the spatial pattern of the relative

change in precipitation q*, with large values exceeding

60 % towards the east and north east of the IP and lesser

values towards the west and southwest. It is very difficult,

if not impossible, to verify with observations that the effect

of ET fluxes on precipitation is as large as shown in

Fig. 9a, nevertheless a comparison to the observational

analyses of Fig. 1 supports that qualitatively this maybe the

case. The pattern of q* (Fig. 9a), revealing the regions

where ET fluxes have a large impact on May precipitation,

is very similar to the patterns in Fig. 1b and c showing the

areas with a maximum of precipitation in May, which

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.

The fraction of local recycling ratio q (computed via

EBRM) to the total relative change in precipitation q* is

depicted in Fig. 9b. The impact of suppressing the water

vapor fluxes, measured by q* (Fig. 9a), is similar in pattern

to the recycling ratio (Fig. 7) with higher values towards

the east and northeast in general; thus, the fraction q/q*

(Fig. 9b) is maximized, yielding a regional value of

r/r* = 0.58 when averaged for the whole box. Notwith-

standing, r* is still much larger that the recycling ratio

calculated via EBRM or with any analytical method,

therefore our experiments and calculations indicate that the

impact of ET fluxes on precipitation is not just related to

recycling, but has a significant contribution from amplifi-

cation mechanisms.

The impact of ET fluxes on precipitation and the recy-

cling ratio depend strongly on the synoptic forcing. 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, ET is as

well (Fig. 5). When r* is indeed high, our separation

method shows that the contributions of recycling and

amplification processes can vary from year to year. To

investigate the mechanisms whereby ET fluxes affect pre-

cipitation and how they might diverge when there is pre-

dominantly recycling or amplification, we focus next 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 differences

between control and experiments and with a similar rela-

tive change r* (47 and 46 %), significantly above the 37 %

average. According to our separation method (Fig. 10b),

both cases have a very different relative importance of

recycling and amplification, with the impact of ET fluxes

being mostly associated to recycling in 2004, whereas

amplification dominates in 2008.

4.5 ET-Precipitation coupling mechanisms in May

of 2004 and May of 2008

The synoptic setting for May of 2004 and 2008 is illus-

trated in Fig. 11 and briefly summarized next, highlighting

the differences between both periods. Figure 11a shows the

average geopotential height at 850 hPa over the North

Atlantic and Western Europe, obtained from ERA-Interim

(Berrisford et al. 2011; Dee et al. 2011), 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) is shown in Fig. 11c. During

this period, the Azores high was further north than average,

displacing the storm track poleward and favoring the flow

with easterly or northeasterly component over Iberia. In the

first half of the month, Atlantic low pressure systems still

made their way south and affected the IP; the second half

of the month, with the high centered around the British

Isles, only short wave disturbances in the easterly flow

along the south flank of the anticyclone created conditions

favorable for precipitation (convective), mostly on the

eastern side of Iberia. The modeled total rainfall is shown

in Fig. 12a. 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 con-

vective origin, as it will be discussed below. The precipi-

tation 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 11b depicts the average geopotential height at

850 hPa and Fig. 11d its anomaly for May of 2008. This

month, the synoptic setting was characterized by a persis-

tent blocking high in the Norwegian Sea, with the south
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branch of the split jet going right over the Iberian Peninsula.

Storms followed a path across Spain and Portugal, becom-

ing cut off from the main circulation and lingering around

the IP for several days. The cold core of the cut off lows

provides favorable conditions for building instability and

convection over land, in particular late in the spring when

solar heating is already quite significant at these mid-lati-

tudes. The persistence of the situation is exceptional for

May of 2008, but the presence of cut off low systems in the

spring in the vicinity of the IP is not (Nieto et al. 2005), and

they were also observed in the 2004 case that we also dis-

cuss here in the first half of the month. 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; Valladolid, 162.7 mm/month; Soria,

164.5 mm/month; Burgos, 194 mm/month; Segovia,

150 mm/month and Ávila, 152.5 mm/month) and North

East 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 convection and abundant moisture

supply were responsible for most of these large precipitation

amounts, with the instability favored by the cold air aloft

associated to the cut off low systems in the area, so frequent

during this particular month. The model produces realistic

results, with rainfall amounts that agree well with the afore-

mentioned station values (Fig. 12b).

Figure 12c and d depict q*, the ensemble average rel-

ative change in precipitation in the control runs with

respect to the experiments where ET fluxes are removed

Fig. 11 Mean geopotential height (m) at 850 hPa 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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Fig. 12 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 flux (kg m-1s-1) for May of 2004 (c) and 2008 (f)
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over land, for May of 2004 and May of 2008, respectively.

Despite the very different 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 iden-

tical, with r� ¼ 0:47 for 2004 and r� ¼ 0:46 for 2008,

indicating that ET fluxes have a sizeable impact on pre-

cipitation 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 flux in Fig. 12e and f for 2004 and

2008 respectively. For May of 2004, rEBRM ¼ 0:28, which

is significantly large, representing 27 % above the 0.22

average; for May of 2008, however, rEBRM ¼ 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 ¼ 0:10 and for 2004 and 2008, rIMB ¼
0:11 and rIMB ¼ 0:08, respectively. As it was discussed

before, EBRM recycling ratios are strongly linked to the

mean moisture flux, thus the difference in contribution of

recycling and amplification processes toward the impact of

ET fluxes on precipitation should be also related to it. In

2004, when recycling is the main process whereby ET

fluxes affect precipitation, the mean moisture flux 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 flow from the

Mediterranean for part of the month (Fig. 12a), 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 flux from

the Atlantic, a consequence of the synoptic pattern dis-

cussed earlier.

The daily time series of the water budget terms for the

IP is shown for May of 2004 in Fig. 13a and c (control and

no-ET experiment) and likewise for May of 2008 in

Fig. 13b and d. 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 experi-

ment’s design. The spread of the three ensemble members

for each case is reflected in the error bars in each term. In

addition, Fig. 13e (2004) and Fig. 13f (2008) display, for

control (red dotted line) and experiment (purple dotted

line), the daily area average of CAPE at 12Z (noon, 2 pm

local time) weighted by the total precipitation for the day n:

CAPEh i12Z
n ¼

R
A

CAPE12Z
n x; yð Þ � Pn x; yð Þ � dAR
A

Pn x; yð Þ � dA
ð4:2Þ

as an indicator of the convective nature of the precipitation

process. When the ET fluxes are not considered (Fig. 13c,

d), major rain events coincide very clearly with moisture

convergence peaks over the selected box, even though not

always that there is convergence of moisture there is pre-

cipitation (for example the last week of May 2004 or the

first 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 fluxes disabled. In

these no-ET experiments, CAPE (purple line in Fig. 13e, f)

is in general very small for both years. In 2004 only the

second half of the month shows CAPE amounts indicative

of significant 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 with it.

The impact of the surface moisture fluxes is noticeable

when comparing the no-ET experiments results (Fig. 13c,

d) to the respective graphs for the control simulations

(Fig. 13a, b). The events in the no-ET experiments for both

years, which reflect only external forcing and moisture

supply, have a correspondence in each control run. In May

2004 there are two distinct periods: the first half of the

month, where the impact of surface moisture fluxes on

precipitation is relatively small and the second half, when

there is little precipitation in the experiment with no-ET,

but a major and long-lasting rain event in the control run,

with a very large relative difference in precipitation

between both runs (see the high values of r*, bars in

Fig. 13e). Recalling the discussion on the synoptic setting

for this month, the first part of the month is a period of

precipitation caused by Atlantic storm systems, while the

second one has precipitation caused by short wave distur-

bances on easterly flow, much drier, particularly at upper

levels. When the synoptic forcing and moisture supply are

strong (the first half of the month), ET fluxes have a limited

impact on rainfall; however when the large-scale forcing is

weaker and the advection of moisture is not very large, the

effect of the surface fluxes is maximized. Figure 13e shows

a very large increase in CAPE (purple line) and precipi-

tation during this latter part of the month and our calcu-

lations of the recycling ratio indicate that the land surface

supply of moisture is a very significant source for the

precipitated water in this case.

In May of 2008 the situation is more homogeneous

during the whole month. In general, ET fluxes increase the

moist static energy at low levels and CAPE, as it is shown in

Fig. 13f, but the increase is not as dramatic as in the second

half of May of 2004. The time series of r* (bars in Fig. 13f)

indicate that the impact of surface moisture fluxes is small

(low r*) when the large-scale forcing and precipitation are

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

effect of ET fluxes is important in convective prone
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situations (added low level moisture can increase CAPE)

and when the synoptic forcing is weaker, however the influx

of external moisture seems to be the factor determining

whether recycling or amplification effects are more rele-

vant. As shown also in Table 1, the advection term is sig-

nificantly 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 significant rainfall. The large-scale environment favors

precipitation, but ET provides a final ‘‘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 significant, the role of surface moisture

fluxes is less decisive in those convective favorable situa-

tions, and it is mostly directed to increase the efficiency of

the precipitation mechanism, that is, the amplification term

Fig. 13 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)
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becomes predominant. The relation between the external

moisture supply and the amplification or recycling role of

land surface moisture fluxes is illustrated in Fig. 14,

showing for all the years in our experiments, the fraction of

the difference in precipitation between control and no-ET

experiment DP that our method attributes to amplification

(the complimentary would be the recycling fraction) versus

the monthly total influx of water in the Iberian box. The

positive correlation between the monthly inward moisture

flux and the fraction of DP related to amplification is

apparent, or inversely, the more external moisture advec-

tion, the less recycling. These results depend as well on the

type of precipitation (convective or not) and the strength of

the large-scale forcing, as discussed previously, but in

general they show that the role of the surface moisture

fluxes turns from being mostly the moisture source (recy-

cling) to enhance the efficiency of the precipitation process

as the external moisture supply increases.

5 Summary and conclusions

The objective of this study is to investigate the role of ET

fluxes on the precipitation regime of the interior of the IP.

Shielded from maritime influence by the configuration of

the relief, the semiarid lands inland Iberia present a peak of

precipitation in late spring, in contrast with the Atlantic

coastal areas, with one rainfall maximum in autumn–win-

ter, 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 hypoth-

esize that land-surface interactions play a significant role in

precipitation processes there.

We used data from high-resolution (5 km) simulations

with the WRF-ARW model, for 11 months of May (from

2000 to 2010). To test the model response and sensitivity to

seasonal differences in synoptic configuration, we also

carried out model runs for the 11 months of January of the

same years. For each month, we performed two simula-

tions: a control experiment and a no-ET experiment where

the ET water flux to the atmosphere over land was elimi-

nated, although the corresponding latent heat flux was still

considered in the surface energy budget. The no-ET

experiments bring out the effect of surface water fluxes on

precipitation dynamics, both the direct or recycling com-

ponent and the indirect or amplification contribution. From

the control results we calculated the standard recycling

ratio r via two different methods: the IMB (see Schär et al.

1999), and the EBRM, by Eltahir and Bras (1994). In

addition, we computed the relative change in precipitation

r* between control and no-ET runs. The comparison

between both variables gives a first assessment of the

impact of ET fluxes on precipitation processes: the recy-

cling 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; thus similar values of the recycling

ratio and the relative change in precipitation would indicate

that the role of ET fluxes 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 expected, the regional recycling ratio is small, as

winter ET is moderate and the effect of ET fluxes is

reduced since precipitation comes mostly from large-scale

forcing and oceanic moisture supply associated to fronts in

Atlantic baroclinic systems. On average, ET fluxes over

land provide only 5 % of the total moisture for precipita-

tion in these January simulations.

The situation for May is different: the multiannual

average 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 fluxes do have an important effect in rainfall

dynamics in the spring in those regions, as we had

hypothesized. The 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 differences between the experimental

change in precipitation and the recycling ratios in spring

indicate that the soil moisture–precipitation coupling can-

not be interpreted exclusively in terms of moisture recy-

cling, and that ET fluxes have a significant effect on

precipitation dynamics, apart from being an important

water source for rainfall.

We quantified the recycling and amplification contri-

butions to the increase in precipitation in the control with

respect to the no-ET experiments, DP, via two different

Fig. 14 Relationship between the average inward moisture (IN, mm/

month) and the fraction of DP coming from amplification for the

period May 2000–May 2010 (with the exception of May 2002). The

correlation coefficient is R2 = 0.43
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methods: the SSM (Schär et al. 1999), and a new approach

based on parameters r and r*, whose ratio we show to be an

estimate of the recycling contribution to DP. In addition,

using EBRM recycling ratios with the later method allows

us to analyze the spatial variability of the recycling DPrech i
and amplification DPamp

� �
components. Average results in

May for DPrech i computed with this procedure vary sig-

nificantly in the general west-south west direction of the

mean circulation, as r and r* do, increasing from relative

low values in the Atlantic regions (0.39 for the West and

0.23 for the North West) to high values toward the interior

and northeast areas (0.71 in the Center, 0.66 in the East and

0.65 for the North East). This suggests that direct recycling

is the main contribution to the extra spring precipitation

observed in inland Iberia, with this predominance over the

amplification mechanisms becoming less clear as we con-

sider the Peninsula as a whole, mostly because in the

western areas with plenty of external maritime moisture

advection, the recycling contribution is small. In those

Atlantic regions, the impact of ET fluxes on precipitation is

also reduced, especially when comparing to the interior and

North East. If we consider only the part of Iberia where ET

fluxes really make a difference in precipitation amounts,

our experiments indicate this is mostly through recycling;

nevertheless the extra precipitation produced by amplifi-

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 pre-

cipitation associated to frontal systems with relatively

strong moisture inflow being less affected by land surface

vapor fluxes. When conditions are more favorable for free

convection, the impact of ET fluxes is important, and the

relative contribution of amplification or recycling depends

on the availability of external, advected moisture. ET

fluxes moisten the boundary layer and increase the poten-

tial 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 significance of

amplification effects. It is under weak synoptic forcing that

ET water vapor fluxes have a greater impact on precipita-

tion, because the extra moist static energy at lower levels

can strengthen the effect 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 predominant 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

amplification effect on precipitation dynamics.

These conclusions are drawn from model simulations

that may have some deficiencies in simulating precipita-

tion, particularly when it is convective. Nevertheless, the

fact that the most sensitive area to the suppression of ET

fluxes over Iberia is the interior north and northeast, agrees

well with the regions observed to have a distinct precipi-

tation cycle with a maximum in May and indicates that the

role of land-surface moisture fluxes in rainfall processes

there could be the explanation. Estimating to which extent

this role is being the water source or to amplify rainfall

dynamics depends more on the method to calculate the

recycling ratio, since its values can diverge significantly

when using different approaches. We make use of analyt-

ical 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 significant

wind shear. Simulations with moisture tracers would be

necessary to calculate the recycling ratio accurately and

give an unequivocal answer to this question.
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