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Abstract

Atmospheric circulation models predict an irrigation-rainfall feedback. However, actual
field evidences are very weak. We present strong field evidence about an increase in
rainfall at the mountains located downwind of irrigated zones. We chose two regions,
located in semiarid southern Spain, where irrigation started at a well defined date, and5

we analyzed rainfall statistics before and after the beginning of irrigation. Analyzed
statistics include the variation of (1) mean rainfall ∆P , (2) ratio of monthly precipitation
to annual precipitation ∆r , and (3) number of months with minimum rainfall episodes
∆Pmin after a transition period from unirrigated to irrigated conditions. All of them show
statistically significant increases. ∆P and ∆r show larger and more statistically sig-10

nificant variations in June and July. Their variation is proportional to the mean annual
water volume applied in the neighboring upwind irrigation lands. Variations in ∆Pmin are
statistically significant in the whole summer. That is, the number of months with some
rain displays a relevant increase after irrigation. However, increase in rainfall while sta-
tistically significant is distributed over a broad region, so that it is of little relevance from15

a water resources perspective. The joint increment in ∆P and ∆Pmin after the irrigation
transition period denotes a net increase in the number of months having a minimum
cumulated precipitation in summer.

1 Introduction

Irrigation-precipitation feedback may play an important role in modulating changes in20

the hydrologic cycle at different scales. Irrigation represents arguably the most dra-
matic land-use change from the perspective of rainfall (Pielke et al., 2007). The net
addition of water moisture to the air in the boundary layer due to evaporation triggers
convection, and should be reflected in a net increase of rainfall, during the irrigation
season.25

Theoretical and modelling studies indeed predict that irrigation causes an increase
in rainfall due to the soil moisture-atmosphere interaction (Eltahir, 1998; Zheng and
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Eltahir, 1998; Boucher et al., 2004; Guo et al., 2006). Furthermore, Atmospheric Gen-
eral Circulation Models (AGCMs) have predicted the existence of regional “hot spot”
feedback zones, regions that concentrate moisture feedback. This is manifested in pre-
cipitation during the boreal summer (June through August) in the Great Plains of North
America, the Sahel, equatorial Africa and India (Koster et al., 2004). All AGCMs pre-5

dict variations in rainfall as a net result of the irrigation-precipitation feedback. However,
they show a great deal of variation, both in terms of patterns and the overall strength
of feedback. That is, model simulation outputs are highly uncertain. The uncertainty
might be reduced if the feedback was properly characterized by field measurements
(Koster et al., 2006).10

Despite of the above results, actual field evidences supporting irrigation-rainfall feed-
back are surprisingly weak. Earliest studies were performed at the Columbia River
basin. Stidd (1975) found an increase in rainfall not only downwind but also upwind of
irrigation fields, while Fowler and Helvey (1974) found no evidence of feedback. The
traditional reference for feedback is the work of Barnston and Schickedanz (1984) who15

found an increase in precipitation associated to nearby irrigated lands in the Texas
Panhandle region of the Great Plains over the time period of 1931–1970. The result
was obtained by a principal component analysis of warm-season precipitation and irri-
gation data. Nevertheless, Moore and Rojstaczer (2001) performed the same principal
component analysis for the same region over a different time period (1948–1997) and20

found no statistically significant evidence for a consistent irrigation effect in the monthly
precipitation data. Moore and Rojstaczer (2002) revisited the Texas Panhandle region,
analysing precipitation patterns in the summer months of 1996 and 1997. In their study
no distinct spatial trends in precipitation intensity were observed either. Nevertheless,
they observed that storms show larger coherence and size within an “anomaly area”25

about 90 km downwind of the irrigation area, indicating elongated storms, greater storm
duration, or both. Unfortunately, the duration of the observation interval is too short and
the impact too far away to draw a strong conclusion.
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Our conjecture is that the feedback should concentrate in the mountains downwind
the irrigation fields because the adiabatic cooling of moist air caused by upwards flow
should promote condensation and rainfall (Smith, 1979; Smith et al., 1997; Lin et al.,
2001). The objective of this paper is to test the above conjecture at two areas, where
rainfall records are available both before and after the beginning of irrigation.5

To test this conjecture, we sought irrigation areas meeting the following require-
ments:

(a) Located in semiarid watersheds.

(b) Undergo a well defined change from unirrigated to heavily irrigated conditions.

(c) Availability of weather stations with long rainfall records located at the downwind10

(mean summer wind direction) adjacent mountains (see Fig. 1).

(d) Display a homogeneous irrigated land scheme with a high irrigation water demand
in summer.

2 Methods

We selected two irrigation areas (Fig. 1):15

2.1 Study zones

The main premise of the study is that irrigation in the plains causes an increase in
summer precipitation at the adjacent downwind mountains: (1) Upper and Lower Vegas
(ULV), and (2) Lower Guadalquivir (LG). These zones are separated by the Sierra
Morena range, which stretches for 400 km East-West across southern Spain, forming20

the border of the central plateau (Meseta Central) of Iberia, and acting as a divide
between the valleys of the Guadiana River to the north and the Guadalquivir River to
the south.
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The ULV irrigated land is located in the province of Badajoz, along the main course
of the Guadiana River (Fig. 1). Irrigation started in 1963, as part of the “Badajoz”
regional development plan. Several reservoirs were built in the Guadiana River and
its main tributaries. Additionally, a dense irrigation network was set up. Access to
large volumes of water became easy, and traditional agriculture changed to intensive5

farming in the region. Some 121.000 ha are irrigated nowadays with an endowment of
8500 m3/ha/yr, giving a mean annual irrigation volume of 1028 hm3. The predominant
wind direction during the summer is from northwest (Font and I. N. M., 1983), as the
Atlantic air flows towards the north side of Sierra Morena and its minor ranges that run
transversely from NW to SE (i.e. mountain ranges of Monsalud, Rinconada or Tudia to10

name a few). We have selected 11 meteorological stations (all that have long rainfall
records) located in these minor mountains ranges (dark red rhombus). Additionally,
two meteorological stations located in the plains surrounding the irrigation land will be
used as reference stations (light blue rhombus).

The LG irrigated land belongs to the lower part of the Guadalquivir River Basin. It15

is located in the left side of the river, close to the city of Seville (Fig. 1). Irrigated agri-
culture had been traditionally practised for hundred of years in this zone. A surface
of some 60 000 ha, with a mean endowment of 9300 m3/ha/yr, yielding a mean annual
irrigation volume of 558 hm3. The latter represents half of the irrigation water volume
applied in the ULV irrigated land. Wind blows predominantly from the southwest during20

the summer (Font and I. N. M., 1983), partly because of the geography and proxim-
ity of the Guadalquivir River (Robinson, 1984). This wind direction carries irrigation
moisture towards the minor ranges that run the south face of Sierra Morena from NW
to SE transversely (i.e. mountain ranges of Castillo, Cabras, and Alcudia among oth-
ers). Long rainfall records are available at 7 meteorological located in these mountains25

downwind of the irrigation lands (dark red circles in Fig. 1). Three reference stations
(light blue circles) have been selected in the valley for comparison.
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Both areas can be considered semiarid with annual rainfall hardly reaching 550 mm
and potential evaporation close to 1000 mm. Irrigation demand in both areas concen-
trates during the summer, which is very dry (Fig. 2).

2.2 Statistical analysis

Preliminary inspection of the observed meteorological data provides some evidences5

that summer rainfall has changed after irrigation in terms of both occurrence (Fig. 3)
and volume (Fig. 4).

Temporal evolution of the summer months (June, July and August) precipitation dis-
plays a clear difference between a reference meteorological station (Badajoz), and Bar-
carrota, which is located in the mountains downwind the ULV irrigation land (Fig. 3).10

The frequency of dry months looks unaffected by the beginning of irrigation. However,
a clear decrease in the frequency of dry months can be observed at Barcarrota.

Figure 4 displays the mean monthly precipitation for June, July and August, before
and after the Irrigation Transition Period, at both reference and mountains downwind
stations. Reference stations show a slight decrease, whereas rainfall volume tends to15

increase at meteorological stations located in the mountains downwind of the irrigation
lands.

In view of these observations, three different statistics will be analyzed:

1. Variation of mean rainfall ∆P .

2. Ratio of monthly precipitation to annual precipitation ∆r .20

3. Number of minimum rainfall episodes ∆Pmin, i.e. days with total rainfall below
2 mm.

A test of significance is performed for these three statistics to determine whether the
irrigation has a statistically significant effect on the response variable (i.e. ∆P , ∆r or

3114

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/7/3109/2010/hessd-7-3109-2010-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/7/3109/2010/hessd-7-3109-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
7, 3109–3127, 2010

Irrigation enhances
precipitation at the

mountains downwind
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∆Pmin) or not. The null and alternative hypotheses are:

– H0:µB=µA the mean value of the response variable before (µB) and after (µA) the
irrigation transition period does not change.

– H1:H0 is false.

The test of significance is a well known technique (O’Mahony, 1986; Moore, 1995;5

Spiegel and Stephens, 1999; to name a few). Therefore, only a brief summary is
outlined below.

Let consider two random samples of sizes N1 and N2 that are drawn from two normal
populations N(µ1,σ1) and N(µ2,σ2). Let consider further that these two samples have
means given by m1 and m2 and standard deviations given by s1 and s2, respectively.10

To test the hypothesis H0 that both samples come from the same population N(µ,σ)
(i.e. µ1 =µ2 =µ as well as σ1 =σ2 =σ) is used the t-score given by

t=
m1−m2

σ
√(

1
N1

+ 1
N2

) (1)

where

σ =
N1s

2
1 +N2s

2
2

N1+N2−2
(2)15

The t-score follows is a Student’s t distribution with ν=N1+N2-2 degrees of freedom.
This distribution is given by

Yν(t)=
Γ
( ν+1

2

)
√
νπΓ
( ν

2

)(1+
t2

ν

)− ν+1
2

(3)

It is possible to test the null hypothesis H0 respect to any critical limit Pc and its
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corresponding critical level tc (see Eq. 4) for a given Yν(t). H0 is accepted if t-score lies
inside the interval −tc to −tc and is rejected otherwise.

Pc =

tc∫
−tc

Yν(t)dt (4)

3 Results

Tables 1 and 2 summarise results for ULV and LG irrigation lands, respectively. These5

tables provide the mean values of the three statistics for every meteorological station,
lighting when the increments are statistically significant. Additionally, monthly mean
values of the statistics are provided by grouping reference stations (RSs), and stations
located in the mountains downwind of irrigation land (MSs).

Simple inspection of these tables reveals a different behaviour of MSs and RSs.10

Mean values tend to increase at the former, but decrease at the latter. This result sug-
gests that irrigation affects the way it rains in the neighbouring downwind mountains,
probably modifying the synoptic climate structure and trend at the local scale.

The variation of mean rainfall at MSs in ULV shows a common positive variation in
June and July. In August, the general trend in ∆P is ambiguous, even showing statisti-15

cal significant decreases in the meteorological stations of Barcarrota, Freguenal de la
Sierra and Santos de Maimona. Analogously, the variation at MSs in LG also implies
rainfall increases during June and July, and an unclear trend in August. Nevertheless,
variations at LG do not have the same statistical significance than in the case of ULV.
The difference might be explained by the smaller irrigation surface, and applied irri-20

gation volume in the lower Guadalquivir irrigation land. After the irrigation transition
period, ∆P shows an almost general positive variation in the meteorological stations
located in the mountains downwind of both irrigation lands (80% and 76% cases in
ULV and LG, respectively). The mean summertime ∆P in ULV is 5 mm, and 2.7 mm in
LG. The ratio between ∆P in ULV and LG is 1.85. This value is very close to the ratio25
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between the mean annual irrigation volumes in ULV and LG, which equals 1.84. In the
reference stations, ∆P behaves clearly different, showing mean decreases of 2.2 mm
in both study zones.

The ratio of monthly precipitation to annual precipitation at MSs in ULV and LG in-
creases in 87% and 81% of cases, respectively. Increments are larger in June and July5

than in August. The mean summertime ∆r is 1.10% in ULV and 0.67% in LG. The ratio
between ∆r in ULV and LG is 1.64, being also close to the ratio between the mean
annual irrigation volumes in ULV and LG. This result indicates that rainfall in summer is
increasing respect to the mean annual precipitation. As a result, summer has become
wetter at MSs after the irrigation transition period. Mean summertime ∆r decreases10

0.1% at the reference stations in both study zones.
The statistic ∆Pmin investigates whether the irrigation increases frequency of mini-

mum rainfall episodes (e.g. event precipitation larger than 2 mm). Tables 2 and 3 show
positive ∆Pmin at MSs in 85% of cases at both ULV and LG. The mean summertime
∆Pmin is 11.5% in ULV and 10.9% in LG. As can be shown, there are a number of15

positive increments with statistically significance after the irrigation transition period,
that are observed in June and July, but also in August. This result indicates that the
positive variation in ∆P during the summer results from a net increase in ∆Pmin rather
than sporadic large rainfall episodes. The latter would give an increase in ∆P but not
in ∆Pmin. Therefore, the joint increment in ∆P and ∆Pmin after the irrigation transition20

period denotes an increase in the number of minimum rainfall months. The variation
in ∆Pmin at the reference stations is analogous to the variation obtained for the other
two statistics. Mean summertime ∆Pmin decreases 1.17% and 5.13% at the reference
stations in ULV and LG, respectively.

It is unclear whether the decrease in rainfall at RSs is mechanistically linked to the25

increase at MSs. On one hand, the vertical fluxes associated to evaporation might
cause a reduction in rainfall at the valleys. On the other, significant decreases in rainfall
during the second half of the XXth century have been reported (Ayala-Carcedo, 1996;
Esteban-Parra et al., 1998) and linked to global climate change.
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4 Conclusions

Irrigation impacts rainfall at the basin scale, causing an increase in precipitation at
the adjacent mountains located downwind of the Upper and Lower Vegas and Lower
Guadalquivir irrigation lands. In the case of ULV the mean variations in ∆P are 8.5 mm,
5.4 mm and 1.1 mm for June, July and August, respectively. In the case of LG the same5

monthly mean ∆P variations are 3.2 mm, 3.9 mm and 0.9 mm. Increments in precipi-
tation have greater statistical significance in June and July than in August. This cor-
roborates the controversial findings of Barnston and Schickedanz (1984) in the Texas
Panhandle region of the Great Plains.

The increase in rainfall is distributed over a broad region. Therefore, it is not sufficient10

to generate runoff and increase available water resources. However, it is sufficient
to increase the specific weight of summer precipitation respect to the other seasons.
The obtained mean monthly ∆r variations at MSs in ULV are 2.6%, 0.5% and 0.2%
for June, July and August, respectively. In the case of LG the same monthly mean
∆r variations are 1.2%, 0.7% and 0.1%. Mean variations in ∆r display also greater15

statistical significance in June and July than in August.
Modelling studies indeed predict that irrigation causes an increase in rainfall due to

the soil moisture-atmosphere interaction. In this regard we have obtained ∆P and ∆r
mean variations in MSs that are proportional to the mean annual water volume applied
in the neighbouring upwind located irrigation lands. This result might help to reduce the20

modelling uncertainty in the simulated strength of the irrigation-rainfall feedback (Guo
et al., 2006), and lends support to climate models, whose credibility is a controversial
issue in itself (Koutsoyiannis et al., 2009).

After the irrigation transition period, summers at MSs in the mountains downwind the
irrigation lands have become wetter. Irrigation has increased the number of summer25

months with a cumulated precipitation larger than 2 mm. The obtained mean monthly
∆Pmin variations at MSs in ULV are 8.3%, 13.4% and 12.7% for June, July and August,
respectively. In the case of LG the same monthly mean ∆Pmin variations are 6.0%,
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16.1% and 10.7%. Variations are statistically significant in the three months. The
joint positive variation in ∆P and ∆Pmin after the irrigation transition period denotes an
increase in the net number of minimum rainfall months.

The different trend observed in MSs and RSs for the three selected statistics, reveals
that irrigation-precipitation feedback may locally induce rainfall in-homogeneities inside5

a given synoptic rainfall/climate trend. It should be noted that the values of the statistics
from the reference weather stations decreased. Such behavior, throughout southern
Spain, has been regarded by Ayala-Carcedo (1996) and Esteban-Parra et al. (1998)
as an early warning of the predicted climate change.
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Table 1. Variation of monthly precipitation (∆P ), ratio of monthly to annual precipitation (∆r),
and minimum rainfall (∆Pmin) after the Irrigation for Upper-Lower Vegas. NB and NA stand
for the number of meteorological stations with available data used in the analysis before and
after the Irrigation Transition Period, respectively. Grey shaded cell mean that the variation is
statistically significant.

∆P (mm/month) ∆r (%) ∆Pmin (%)

Code (NB/NA) Jun Jul Aug Jun Jul Aug Jun Jul Aug

Downwind stations

Barcarrota A (24/37) 10.3 2.0 –4.1 2.5 0.4 –1.0 31.8 23.1 18.0
Cabeza del Buey B (25/35) 6.5 4.6 –0.2 1.9 0.6 0.1 –17.7 1.1 0.0
Fregenal de la Sierra C (17/38) 4.3 3.5 –7.0 1.2 0.5 –0.9 14.3 9.8 10.2
Helechal D (14/34) 12.8 1.9 4.5 2.8 0.3 1.0 4.3 33.7 27.8
Los Santos de Maimona E (19/34) 7.1 2.9 –2.7 2.7 0.4 –0.2 18.2 14.7 2.6
Malpartida de la Serena F (14/38) 3.9 7.7 0.7 2.5 1.2 0.2 10.1 22.6 25.9
Monterrubio de la Serena G (14/39) 12.2 5.7 2.3 3.2 0.9 0.4 15.0 8.7 19.1
Puerto Hurraco H (20/38) 10.0 3.9 7.6 3.9 0.2 0.8 15.8 –5.3 10.5
Valle Serena I (14/39) 2.8 4.6 1.5 1.7 0.9 0.3 –11.0 21.5 14.0
Valverde de Llerena J (18/37) 13.5 –1.9 –0.3 3.1 –0.3 0.1 7.8 6.2 2.6

Mean increment 8.5 5.4 1.1 2.6 0.5 0.2 8.3 13.4 12.7

Reference stations

Badajoz K (73/39) –3.2 –1.0 –0.1 –0.1 –0.2 0.1 –6.5 –1.8 2.0
Usagre L (23/39) –0.4 –1.4 –7.3 1.1 –0.1 –1.0 4.7 –1.9 –3.5

Mean increment –1.8 –1.2 –3.7 0.5 –0.2 –0.5 –0.9 –1.9 –0.7
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Table 2. Variation of monthly precipitation (∆P ), ratio of monthly to annual precipitation (∆r),
and minimum rainfall (∆Pmin) after the Irrigation for Lower Guadalquivir. NB and NA stand for the
number of meteorological stations with available data used in the analysis before and after the
Irrigation Transition Period, respectively. Grey shaded cell mean that the variation is statistically
significant.

∆P (mm/month) ∆r (%) ∆Pmin (%)
Code (NB/NA) Jun Jul Aug Jun Jul Aug Jun Jul Aug

Downwind stations

Bélmez a (26/28) 3.7 1.8 –2.1 1.4 0.4 –0.2 3.1 9.8 19.2
Espiel b (24/29) 1.5 5.4 –0.8 0.7 0.9 0.1 –4.1 32.1 5.1
Fuenteobejuna c (26/31) 4.0 8.0 4.3 1.5 1.5 0.6 –3.3 27.1 13.6
Hinojosa del Duque d (28/28) 4.1 6.0 –1.9 0.8 1.1 –0.3 10.7 11.0 7.2
Pantano Guadalmellato e (56/23) 1.9 2.2 0.2 1.0 0.1 0.1 3.0 17.9 10.8
Peñarroya f (53/9) 6.3 –1.8 7.8 2.8 –0.2 0.7 27.3 –6.1 8.6
Pozoblanco g (48/29) 0.9 5.6 –1.3 0.1 1.1 –0.1 5.6 21.1 10.1

Mean increment 3.2 3.9 0.9 1.2 0.7 0.1 6.0 16.1 10.7

Reference stations

Córdoba h (15/23) –5.8 –1.4 0.1 –0.1 –0.2 0.1 –10.0 –8.4 10.0
San Fernando i (108/23) –3.6 –1.0 –1.1 –0.1 –0.2 –0.1 –10.7 –10.1 –1.1
Sevilla j (23/27) –8.7 2.2 –1.4 –0.6 0.2 0.3 –23.4 7.1 0.5

Mean increment –6.0 –0.1 –0.8 –0.3 –0.1 0.1 –14.7 –3.8 3.1
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Fig. 1. Map of the study areas showing the location of the Upper and Lower Vegas (ULV),
and Lower Guadalquivir (LG) irrigation lands (IL) and their corresponding summer wind rose.
Diamond and circle symbols mean ULV and LG meteorological stations, respectively. Red
symbols stand for meteorological stations located in mountains downwind the IL. Light blue
symbols correspond to meteorological stations located in the plains. The alphabetical codes
used to identify the meteorological stations are provided in Tables 1 and 2.
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Fig. 2. Monthly distribution of precipitation and applied Irrigation Volumes in the Upper and
lower Vegas (left) and the Lower Guadalquivir irrigation land (right). Solid symbols refer to the
variables and empty symbols to their corresponding cumulated value. The averaging period
for precipitation goes from 1890 to 2001 in the ULV, and from 1951 to 2001 in the LG. The
averaging period for irrigation volume goes from 1963 to 2001 in the ULV, and from 1971 to
2001 in the LG.
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Fig. 3. Temporal evolution of the cumulated precipitation for the months of June, July and
August, measured in both, the reference meteorological station of Badajoz (left), and the me-
teorological station of Barcarrota (right), which is located in the adjacent mountains downwind
ULV. The dashed red line indicates the beginning of the Irrigation Transition Period.
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J. Jódar et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

LG

ULV

N

0 30 60

km

LG

ULV

NN

0 30 60

km

0 30 60

km

0

400

800

1200

1600

2000

m.a.s.l.

0

400

800

1200

1600

2000

0

400

800

1200

1600

2000

m.a.s.l.

After Irrigation

Before Irrigation

Reference Stations

(K) Badajoz

0

5

10

15

20

25

30

35

Jun Jul Aug

Pr
ec

ip
ita

tio
n 

(m
m

)

(L) Usagre

0

5

10

15

20

25

30

35

Jun Jul Aug

P
re

ci
pi

ta
tio

n 
(m

m
)

(j) Sevilla

0

5

10

15

20

25

30

35

Jun Jul Aug

P
re

ci
pi

ta
tio

n 
(m

m
)

(i) San Fernando

0
5

10

15

20

25

30

35

Jun Jul Aug

P
re

ci
pi

ta
tio

n 
(m

m
)

(F) Malpartida
        de la Serena

0
5

10
15
20
25
30
35

Jun Jul Aug

P
re

ci
pi

ta
tio

n 
(m

m
)

(D) Helechal

0
5

10
15
20
25
30
35

Jun Jul Aug

P
re

ci
pi

ta
tio

n 
(m

m
)

(e) Pantano de 
           Guadalmellato

0

5

10

15

20

25

30

35

Jun Jul Aug

P
re

ci
pi

ta
tio

n 
(m

m
)

(G) Monterrubio 
     de la Serena

0
5

10
15
20
25
30
35

Jun Jul Aug

P
re

ci
pi

ta
tio

n 
(m

m
)

(c) Fuenteobejuna

0

5

10

15

20

25

30

35

Jun Jul Aug

P
re

ci
pi

ta
tio

n 
(m

m
)

Fig. 4. Mean summer (June, July and August) precipitation before (light blue) and after (dark
blue) the Irrigation Transition Period for some reference stations (left side inside the dashed box)
and other measuring points located in the mountains downwind of the ULV and LG irrigation
areas.
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