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Abstract. This study presents the results of a historic recon-tains reaches the fluvial basins of the Duero River to the north
struction based upon documentary sources of precipitatiomnd the Tagus River to the south. Glacial cirques formed on
and floods during the last fifty years of the 16th century in the mountaintops during the Pleistocene, and abundant snow
Central Spain. We used data from primary sources contemaccumulation still occurs in winter, along with periglacial ac-
porary to the events rather than compilations or secondaryivity associated with numerous freeze-thaw cycles (Fig. 1).
references. These documents belong to the institutions that The divide formed by the Iberian Central System, which
administered the study area during the time period of interruns from northeast to southwest, acts as a biogeographic
est and consist of municipal or monastic minute books andboundary. Precipitation decreases progressively with dis-
administrative texts from properties belonging to the nobility tance from these mountains. Temperatures are also moder-
and royal family. Direct data that explicitly describe meteo- ated from this central point outward but remain lower to-
rological or flood-related events are haphazardly distributedvard the north than toward the south. In general, supra-
throughout personal correspondence and various reports, andediterranean bioclimatic conditions are maintained in the
the sizes of floods or precipitation events can also be deducedorthern basin, whereas a typical Mediterranean climate
from indirect data. We analysed the qualitative data by transdominates in the southern basin (Tagus), with a tendency to-
forming them into numerical indices of intensity/duration for ward aridity (Peinado-Lorca and Rivas-Maez, 1987).
precipitation and intensity/area for floods. We differentiated Notable climatic reconstruction studies for the central
three sets of years that presented different hydrological patiherian Peninsula include those on precipitation and droughts
terns. The first period, from 1554 to 1575, exhibited regularconducted by Dominguez-Castro, et al. (2008) and Rodrigo
precipitation patterns associated with low-intensity floods.and Barriendos (2007). These researchers studied areas lo-
The second, from 1576 to 1584, was characterised by lowtated to the south of our study area, and they utilised an-
precipitation levels and few floods. The third, from 1585 nual cereal production data and information conserved in the
to 1599, showed intense precipitation with large floods inter-cathedral of Toledo concerning rogation ceremonies. Among
spersed with long-lasting droughts. We interpret these resultpublications related to the 16th century in Europe, those of
in the context of the environmental and land-use patterns olaser et al. (1999) report fluctuations in temperature and
the time period studied, which coincided with a period of low precipitation, while those of Bizdil et al. (1999) concern
temperatures. flooding events. Global overviews of the methodology and
interpretation of historical climatology during past centuries
in Europe can be found in individual works (Pfister, 1984;
Pfister and Brazdil, 1999; Glaser, 2001, 2008) and in collec-
tive works (Garcia-Herrera et al., 2005;&dil et al., 2006;

The central Iberian Peninsula exhibits a continental Mediter-Glaser et al., 2010; Luterbacher et al., 2010; Zorita et al.,
ranean climate and lies on both sides of the mountains of th€010).

Iberian Central System. Runoff channelled from these moun- The morphological and biogeographical histories of the
main rivers of the Tagus basin are well known (Alonso et

al., 1988; Molina, 2002; Uribelarrea et al., 2003). Historical

Correspondence tdl. Bullon flood events in the Duero basin have also been compiled in
BY (teresa.bullon@am.es) a previous study (Loureiro, 2003). Contemporary data for
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area during the historic period from 1563 to 1599 was greater
than 400 M s~1. According to reconstructions of landmarks,
the largest known contemporary flood (in 1878) had a peak
discharge of more than 100 L.

This study concerns climatic variability in inland areas of
southern Europe and the analysis of climatic conditions in the
16th century, a period for which very little climatic or hydro-
logical information exists. A large amount of previously un-
published flood data is also presented herein. Consequently,
the present study greatly increases our knowledge of natural
river regimes long before the existence of gauging records.
Our research contributes to the collection of historic records
for use in flood prevention, as outlined in European Directive
903/60, which relates to the evaluation and management of
flooding risk.

The specific objectives of the present study are (1) to iden-
tify the different kinds of floods described in the documents
analysed; (2) to define the relationships between floods and
precipitation; (3) to analyse the differences and similarities
in the data between the two river basins in the study area;
and (4) to define the principal features of hydrometeorologi-
cal trends at the end of the 16th century.

2 Methodology

We used written documentary sources that provide direct in-
formation relating to the impact of hydrological and meteoro-
a Glometers logical events on people, goods, and services. By transform-
ing qualitative data into numerical indices, we also obtained
Fig. 1. Map of the study area, corresponding to the geographicinformation about the intensity, magnitude, and frequency
region covered by the analysed documents. The Duero river basin ief such events from these documents. We consulted docu-
located to the north, and the Tagus river basin is located to the soutr‘mentary collections held in the Palace General Archive; the
The extent of the map is based upon the administrative borders o&jmancas General Archive: the National Historic Archives:
Madrid and Segpvia. Broken line = Spanish Central System divide;the Archive of the San Lorenzo del Escorial Monastery; and
numbers = gauging stations. the Segovia, Madrid and Torrelaguna Municipal Archives
and manuscript sections located at the Spanish National Li-

brary and the British Library.
the Tagus basin show strong inter-annual oscillation of the

peak discharges of all rivers in the basin, although itis diffi- 2.1 Data acquisition
cult to accurately establish the natural irregularity due to the
intensive regulation of the rivers through the construction of Data were collected directly from sources contemporary to
upstream reservoirs (Gallego, 2006). Furthermore, it is diffi-the events. The veracity of the compiled data is supported
cult to determine the discharge volumes of larger floods duepy its high level of temporal and spatial coherence and by
to limitations of the gauging stations. Therefore, reconstruc-the correspondence between the events described and those
tions based on documentary data provide a valuable compleeferred to by other people on the same dates and in other
ment. places. These various primary sources were not only unac-
Based on sedimentary studies of palaeofloods in the Taguguainted with each other but also had different interests.
basin downstream from the study area, previous studies The sources consulted were documents conserved by the
(Benito et al., 2003a, b, 2008; Thorndycraft and Benito, administrators of the territory involved, which in the 16th
2006) have established that, although the maximum discentury had a complex property structure. The area was gov-
charge recorded during the Holocene is 41G@m, most  erned, sometimes in an overlapping manner, by municipali-
of the large floods with a stratigraphic record during this pe-ties owning vast areas of land; nobles possessing large ter-
riod had volumes close to 200 L. These authors indi- ritories in an almost feudal regime; monasteries with the ca-
cate that the peak discharge of the largest floods in the studpacity to control land uses and the corresponding production;
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and the royal family, which sometimes acted in the manner ofwe consulted cartographic drawings from the area to estab-
nobles with territorial interests and sometimes as a legislatotish the locations of places, properties, and demarcations that
and enforcer of laws that affected everyone. do not currently exist (Kagan, 1989; Boili, 2006).

We consulted the following types of documents:
2.2 Data interpretation

1. Municipal minute or agreement books, characterised by
highly formal, concise written records. These recordsTo interpret the data, we first assigned an occurrence date to
often provide data about the damages caused by rainfakach event. Although the documents were usually dated with
or flooding to buildings, bridges, vegetable gardens, anda day, month, and year, the events described therein could
forests. They also provide detailed descriptions of day-refer to different time scales. We then categorised the type of
to-day life such as problems relating to market supply; information obtained. The resulting compilation contained
the effects of droughts, cold snaps, or excessive rainfallpoth explicit data concerning large increases in river flows or
disease outbreaks; and other needs of the population. precipitation, which usually included the location, intensity,
and date, and implicit data concerning flooding damage or
2. Monastery minute books. These documents are highlyrainstorms and their consequences. We therefore designated
formal and provide the most objective and continuoustwo data categories:
data, including records of the wheat trade and books
reporting the tithes levied on annual cereal production. 1. Direct data, which explicitly describe a meteorolog-
Furthermore, these documents occasionally contain re-  ical or flood-related event, sometimes with informa-
ports on particular events of interest. tion about the resulting damages or observable con-
sequences. These data are haphazardly distributed
throughout a variety of documents. They do not con-
stitute systematically collected datasets intended to ob-
jectively record these events. The main sources of direct
data are personal letters, reports on the state of nature,
and explanations and reasoning relating to the events
that had taken place. To interpret these data, we consid-
ered the professional station of the author, his responsi-
bility for the statements contained in the document, and
the public or private nature thereof.

3. Administrative documents from property belonging to
nobles. These documents include contracts to exploit
pastures and woods; requests to plant crops on new
land; land-use regulations in villages belonging to the
nobility; and collections of files describing incidents
such as repairs to roads, bridges, and riverbanks.

4. Royal administrative documents. These documents
contain reports on the state of natural areas and of
buildings, dams, bridges, and structures meant to pro-

tect royal properties against river floods. We also ex- 2.

amined collections of private correspondence from the
royal family to their secretaries, administrators, nobles,
and abbots directly describing various events, including
weather. In addition, we consulted collections of bills
and invoices from the dates of interest referring to re-
pairs to royal buildings. These records sometimes in-
dicated the cause of the damage, which was frequently

Indirect data, which refer to associated damages or ben-
efits without directly mentioning the phenomenon re-

sponsible. There are three categories of indirect data:
(1) those relating to biological development, includ-

ing the number and state of health of game animals,
croplands, pastures, and forests; (2) geomorphologi-
cal and fluvial dynamics causing erosion or sediment
load in rivers; and (3) damage to structures situated on

related to rainfall or rivers overflowing their banks. riverbanks or floodplains such as mills, dams, bridges
or buildings, or to roofs or walls which may deterio-
rate during precipitation events. Because the quality of
these structures differed greatly from that of present-day
structures, it is difficult to estimate the scope of pre-
cipitation or flooding based upon the damage caused to
buildings or public works. To interpret these data, we
estimated the relative resistance of each type of struc-
ture by noting the frequency with which it was seen to

deteriorate.

It was not possible to extend our analysis to later centuries
because around the 17th century, many of the sources em-
ployed ceased to provide the required information or disap-
peared completely.

After collecting the relevant information, we organised the
data into coherent clusters based upon one or several well-
characterised events. To these clusters, we added informa-
tion with similar dates that lacked significance in isolation
but that could enhance or complete the final interpretation.
We interpreted and verified the information by checking its2.3 Conversion of data into numerical indices
concordance with well-documented historical facts and the
absence of contradictions between different sources of infor\We calculated numerical indices to enable statistical analysis
mation from the same date. We performed fieldwork basedf the data. Transforming qualitative data into numerical val-
on the inferred scenarios to determine the geomorphologicalles is a standard practice in studies of historical climatology
hydrological, and climatic contexts of the events. Likewise, or hydrology (Glaser et al., 1999; Glaser, 2001; Barriendos
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and Coeur, 2004; Bizdil et al., 2005; Bazdil et al., 2010; fail to mature in the spring due to excessive moisture.
Llasat et al., 2004; Martin-Vide and Barriendos, 1995). We 3 = Extraordinary precipitation with obvious damage or con-
followed criteria based upon the procedures used by thessequences, generally represented by direct data and associ-
previous authors, but we designed our own indices adaptedted with large floods.
to the peculiarities of the data employed. Duration: 1=o0ne or several days; 2=several weeks;
The data on both precipitation and floods primarily express3 = one month or more.
the extent of the phenomena. This information is also implic-
itly contained in records concerning the durations of precip-2.3.2 Floods
itation events and the magnitudes of floods. Consequently,
we used the following concepts to define our quantitative in-Intensity: 1=annual or seasonal floods causing little dam-
dices: age; generally beneficial in sections with floodplains in terms
Intensity: The estimated extent of an event, which is the©f fertilising the land or irrigating crops, pastures, and trees;
best-documented datum passed down to the present time. @ny other increase in discharge volume causing little dam-
Duration: The temporal development of an event, which29€ to trees or nv_erbanks ar.1d.debll|tated brldges_ or barges.
is related to the cause of the atmospheric instability that2.= Floods damagmg weII-buntmfrastructure; erosion or 9b'
gave rise to the precipitation event. This index was used’I0Us accumulation of gravel on riverbanks; trans',port of tim-
to represent the three most frequent types of precipitatiorP€" @long a badly damaged river. 3 =Extraordinary floods
in Central Spain, which are well documented for the centralc@using generalised damage, with water invading wide flood-
Iberian Peninsula. These types are convective precipitatiof/ain areas; major destruction of economic goods; drown-
events, which are locally and temporally limited; precipita- "9 of many domestic and wild animals; inaccessibility of
tion events caused by wet spells, which produce rain or snowPridges over regional rivers, destruction or serious damage
fall that tends to last several days or weeks; and situations of® Pridges over large rivers; and modifications in channel
generally persistent instability lasting more than one monthShape. These floods frequently occurred simultaneously in
or season, which occur when the value of the North Atlanticth® Tagus and Duero basins.
oscillation index is negative (Lopez-Rey and Viag 2009; Area: 1=Headwater sections and ephemeral streams;
Pauling et al., 2006). 2:hydrologlgally weII-organl_sed m|d—r.|ver sections W|t_h
Area: This index is based upon the hydrological streamP€rmanent discharge; 3 =regional sections draining a wide,

ordering of the channel segment involved in a documentedhallow area. _ . o _
flood and differentiates between floods of similar intensityin  SOme examples illustrating the qualitative conversion of

different sectors of a basin because the discharge volume dirécipitation and flood data from original texts are given be-

aflood differs between the riverhead and lower river sectiondOW- ) . . )
(Tables 1 and 2). Example 1 “This Saturday at midday eight days ago, it

All of these criteria were integrated to obtain combined in- Started to rain and has not stopped since.” (Simancas General
dices of intensity/duration for precipitation and intensity/areaArchive, April 1570); intensity = 1, duration=2.
for floods. The intensity of both floods and precipitation ~Example 2“The rains have been very heavy here and have
events was considered to be the clearest and most dominafif@ked the foundations of the stables and the mangers are full
parameter, whereas duration or area was complementary ar@f water; the same thing occurred one year ago.” (Simancas
introduced some variation among events of similar intensity. G&neral Archive, June 1567); the conversion assigned thereto
The final value of each of these combined indices was calcuWas intensity = 2, duration=3.
lated as the sum of 70% of the intensity value and 30 % of Examples of the qualitative conversion of data on floods
the duration (precipitation) or area (floods). are: Example 3 “In the month of May, | passed over the
The qualitative concepts described in the texts were confFuenfia mountain pass and found that the streams had de-
verted into numerical values according to the following cri- Stroyed the royal road from the Guadarrama summit, leaving

teria. many stones scattered on it.” (Palace General Archive, May
1564); the assignation given thereto was intensity =3, area
2.3.1 Precipitation =1 because the event occurred in a riverhead section, where

movement of the sedimentary load in streams is unusual.
Intensity: 1 =occurrence of precipitation without any qualifi- Example 4 “...the rivers are very swollen and it is not
cation or associated damages; good crop and pasture growfossible to cross them.” (Simancas General Archive, January
of crops and pastures; good health of wild animals (deer)1574); intensity =2, area = 2 because this flood affected local
during the autumn; and favourable tree growth. 2 =Intenseivers.
precipitation, usually associated with damage to roofs and Example 5 “There have been big floods; the river has in-
collapse of walls exposed to rainfall; destruction of roads,vaded the floodplain, causing serious damage and drowning
streets becoming rivers, widespread appearance of watdhe small game.” in the lower river section of the Tagus river
seepage and pooling in buildings; and cereal harvests thdiasin, and “The year was so rainy and there were so many
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Table 1. Mean annual discharge and peak discharge of river sections in the Tagus basin, showing the range of area used to calculate the
quantitative indices. The locations of the gauging stations are shown in Fig. 1.

River/number Mean Annual Peak Discharge Basinsize Height Area
in Fig. 1 discharge (Ms1) (km?) (m) score
(m3s1
Lozoya/l 1.41 46.2 42 1270 1
Manzanares/2 2.165 120.52 505 537 2
Perales/3 0.667 79.66 261 497 2
Jaramal/4 36.998 1854.4 11549 491 3
Tajo/5 33.35 211 9340 490 3

Table 2. Mean annual discharge and peak discharge of river sections in the Duero basin, showing the range of area used to calculate the
guantitative indices. The locations of the gauging stations are shown in Fig. 1.

River/number Mean Annual Peak Discharge Basinsize Height Area
in Fig. 1 discharge (s (km?) (m) score
(mis1)
Eresma/6 3.41 58.92 252 900 2
Moros/7 2.12 93.76 252 940 2
Piron/8 1.26 51.05 172 869 2
Voltoya/9 0.82 70.16 140 1089 2
Duero/10 35.40 774.08 12740 690 3

Source for Tables 1 and 2: Hydrographical Studies Centre (CEQ#EX)//hercules.cedex.es/anuarioaforos/afo/estaf- gajpaenca.aspnd also author.

floods that the miller was ruined...” in the middle river sec-
tion of the Duero river basin (Archive of San Lorenzo del
Escorial Monastery, July 1591); intensity = 3, area =3 for the
Tagus basin, and intensity = 3, area = 2 for the Duero basin.

2. We studied the statistical characteristics of the series of
intensity scores for both precipitation events and floods
using the most appropriate normality test based upon
the basic statistics defining these series.

. We examined the temporal evolution of the precipita-
tion and flooding patterns by examining the smoothed
standard curves using a five-year moving average to test
the medium- and long-term variability of the data and
Mann-Kendall's nonparametric sequential test. Finally,
we calculated the slope of the linear regression versus
time in cases of statistical significance.

2.4 Statistical data analysis

The resulting data series were standardised. We then em-
ployed three different groups of statistical analyses:

1. First, we constructed cross-tables containing annota-
tions for each year and season of floods and precipi-
tation, with three possible states: coincidence of floods
and precipitation in the same season and year; only preg  Results
cCipitation in a particular season and year; or only floods
in a particular season and year. The coincidence of pre3.1 Results of the cross-tabulation
cipitation and floods in the same season and year reflects
the quality of the information compiled. When only In the Duero basin, floods and precipitation events coincided
precipitation is indicated, the information may be com- in 20 % of cases during the spring and 18 % during the winter.
plete; but if only floods are recorded in a given seasonThe data recorded precipitation only in 13 % of cases during
and year, the data may be incomplete and/or the effectshe spring and 11 % during the winter. The data recorded
of the floods may have been greater than the precipitafloods without any indication of precipitation in 4 % of cases
tion events that caused them. The absence of data waguring the spring and 11 % during the winter. In the Tagus
interpreted as a year or season with little precipitation.basin, floods and precipitation events coincided during 16 %
Second, we determined the different intensities of theof cases during the spring and 12 % during the winter. Pre-
floods and precipitation events. cipitation without floods occurred in 14 % of cases during the
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spring and 11 % during the winter. Floods without precipita- -
tion data occurred in 2% and 4 % of cases during the spring ;5 |
and winter, respectively. The similarity of the data for the
two basins indicates the quality of the information obtained.
However, the number of floods not associated with winter-
time precipitation in the Duero basin appears high, which
may indicate a deficit of precipitation data during this season 9
of the year. N

14
0,5

In the combined dataset, 17 % of cases during the spring ™~ & = 3 & o © & o & 8 8 = % &
and 20 % of cases during the winter represented coinciding = = = ¢ ¢ 2 2 2 2 2 2 2 2 2
precipitation events and floods; 9 % and 10 % of cases during
the spring and winter, respectively, represented precipitatior 9 2. Standard five-year moving average curves of floods

only; and 3% and 5 % of cases during the spring and Wimer(solid line) and precipitation (broken line) in the Tagus basin.
' 'Y-axis = deviation from normal value; X-axis = y.

respectively, represented floods only. This fusion of the data
for the two basins improves the data structure, especially in

reference to winter, because the co-occurrence of precipita- 2,
tion and floods increases while the occurrence of precipita- ;5|
tion or floods alone decreases (Table 3).

Floods coincided in both basins during 13 of the 34 yr in
which such events occurred, although the flooding was not
always of equal intensity in the two basins. Events during °j
the spring coincided more often (40 %) than those during the 5 |
winter (30%). The largest and most widespread floods oc-
curred in 1557, 1591, and 1594.

1558
1561
1564
1567
1570
1573
1576
1579
1582
1585
1588
1591
1594
1597

3.2 Precipitation and flooding data series in the Tagus

and Duero basins _ _ ]
Fig. 3. Standard five-year moving average curves of floods

(solid line) and precipitation (broken line) in the Duero basin.

3.2.1 Determination of intensities and frequencies Y-axis = deviation from normal value; X-axis = yr.

Floods occurred (with or without damage) during a total of

31yr in rivers within the Tagus basin and during 19yr in and autumn indicate a certain degree of exceptional convec-
the Duero basin. The total number of flood records acrossive activity.

all seasons was 51 in the Tagus basin and 29 in the Duero Abundant precipitation occurred during the autumn, win-
basin. The correlation coefficient (r) between precipitationter, and spring of 1554 to 1573. However, precipitation de-
events and floods was 0.68 in the Tagus basin and 0.55 iglined substantially in subsequent years during all seasons,
the Duero basin. In the Tagus basin, 41 % of floods were isoparticularly spring, especially from 1574 to 1584. Precipita-
lated or caused no damage, 36 % of floods caused some dartion levels partially recovered around the end of the century
age, and 23 % of floods caused generalised damage. In thgigs. 2 and 3).

Duero basin, 30%, 55 %, and 15 % of floods were grouped The data from the Tagus and Duero basins reveal simi-
into each of these categories, respectively. In the Tagus basiar patterns of behaviour for both floods and precipitation
the riverhead was affected in 9 % of cases, mid-river sectiongyents (Fig. 4). Regardless of other influences, the funda-
in 33% of cases, and lower river sections in 52 % of casesmental cause of this similarity is probably the existence of a
In the Duero basin, these percentages were 13 %, 78 %, angmilar rainfall regime in which the main agent appears to be
9%, respectively. Floods occurred from October to Januarythe Atlantic precipitation fronts. These fronts reach the cen-
and from March to May, decreasing considerably from Junetra| Iberian Peninsula from October to December and from

to September. Floods were concentrated during the springarch to May. In both basins, their intensity increases due
(35 %), autumn (23 %), and winter (33 %) in the Tagus basinto the presence of the mountain range.

and during the spring (43 %), autumn (15%), and winter

(42 %) in the Duero basin. In the Tagus basin, 66 % of spring-3.2.2  Statistical analyses

time floods occurred in lower river sections, but winter and

autumn floods occurred along all river sections, including theAll of the series passed the Kolmogorov-Smirnov normal-
riverhead. No appreciable seasonal differentiation occurredty test. The Wilcoxon signed-rank test for related samples
in the Duero basin. Some isolated floods during the summeindicated no statistically significant differences among each
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Table 3. Relationships between precipitation and floods in the Tagus and Duero basins.

Tagus Duero Both basins
o Sprin 16 20 17
% Precipitations and floods pring
Winter 12 18 20
% Precipitations Spring 14 13 o
Winter 11 11 10
rin 2 4
% Floods Spring 3
Winter 4 11 5

Source: author

1564
1567
1570
1573
1576 ]
1579 1
1582
1585
1588
1591 ]
1594
1597 ]

1558 |
1561

Fig. 4.
(solid line) and precipitation (broken line).
Y-axis = deviation from normal values; X-axis =yr.

of the flood and precipitation intensity groups for the Tagus
and Duero basins. TheSpearman and Kendall correlation
coefficients were significant at the 0.05 level, with values of
0.399 and 0.231, respectively.

During the first period (1554-1573), the intensity of pre-

cipitation was greater than the intensity of minor floods. ' ]
During the third period (1585-1599), precipitation was less -2 -
intense, whereas floods were more intense. These trend 5 |

occurred in similar proportions in both basins (Table 4).

w
|

14

Springtime precipitation declined sharply from 1574 to 1599, “

compared with all previous years in each basin.

1556

1559 ]
1562

1565

1568

1571

1574

1577

1580 ]

1583 ]

1586

1589

1592

1595

1598 ]

1556 ]

3.3 Combined analysis of precipitation and flood series  Fig. 6.

Groups of years that exhibited similar behaviour patterns in
relation to floods and precipitation were indicated by Mann-
Kendall's sequential test. In the test for precipitation (Fig. 5),

1559
1562

1565

1568

1571 ]

1574

1577 ]

1580 ]

1583 ]

1586

1589 ]

1592 ]

1595 E

1598 ]

2221

Standard five-year moving average curves of floods Fig. 5. Sequential Mann- Kendall curves of precipitations. Normal
For both basins, series (solid line), backward series (broken line). Tagus and Duero
basins. Y-axis = Man-Kendall index {uand (y.); X-axis = yr.

Sequential Mann- Kendall curves of floods. Normal series
(solid line), backward series (broken line). Tagus and Duero basins.

Y-axis = Man-Kendall index ( and (y,); X-axis = yr.

In the sequential test for floods (Fig. 6), we found no ap-

we identified a well-defined phase ending around 1575 thapreciable general trend, although oscillations above and be-
corresponded to the period with the greatest abundance dbw the stability value occurred. An initial oscillation up to
precipitation. Another highly homogeneous phase began irl576 coincided with the period of maximum precipitation.
1576 and extended to the end of the data series. The overalinother phase, lasting until 1592, corresponded to low-

trend of this series was negative.

www.nat-hazards-earth-syst-sci.net/11/2215/2011/

intensity flooding. A third oscillation at the end of the data
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Table 4. Percentages of floods and precipitation by basin and time period.

TAGUS BASIN DUERO BASIN

% Precipitations % Floods % Precipitations % Floods

1554-1573 60 45 77 63
1585-1599 27 43 20 36

Source: author

ilarly, the lack of pastures during the springtime may have
impaired livestock productivity. Studies of cereal harvests,
which depend directly on spring rainfall, indicate that har-

Table 5. Correlations between precipitation and floods.

p Spearman a 1 deKendall a ’ .
Brecioation 054 000 028 001 vest volumes declined by 60 % during the 1590s compared
recipitation/yr —0. . —0. . . . . ,
Precipitation/flood 053 0.00 034 0.00 with the previous wetter period (Boi, 2009).

Comparison with current data shows substantial similarity
Source: author to the historic records studied here. Wet and dry periods fre-
quently alternate in the Iberian climate and characterised its
evolution during the 20th century (Sousa et al., 2011). Dur-
ing dry periods, spring rainfall declines most (Paredes et al.,
2006), especially during March in the western-central sector
of the Iberian Peninsula. The precipitation data obtained here

Table 6. Linear regression of precipitation slope.

slope error significance

Precipitation/yr —0.03 0.00 0.00 are also consistent with the precipitation reconstructions per-
formed by Dominguez-Castro et al. (2008) and Rodrigo and
Source: author Barriendos (2007).

Floods show no defined tendency, being equal in intensity
) o ) at the beginning and end of the time period considered. The
series coincided with the large floods of 1594-1599. De-jjne |ag between precipitation events and floods appears to
spite these differences, theSpearman and Kendall cor- o contradictory, although the results of the Spearman and
rglatlons b‘?t‘"’,eie” precipitation and floods were m_Oderatd)kendall correlations indicate that flood intensity corresponds
high and significant (Table 5). The slope of the linear re- i hrecipitation intensity: during 1567—1575, when precip-
gression line was significant for precipitation, with a value jia4ion was abundant, flood intensity was moderate; whereas
of —0.03 (Table 6), but it showed no defined trend and wasy,ring 1590-1599, when little precipitation was recorded,
not significant for floods. highly intense floods occurred (Figs. 2, 3, and 4).
The floods that occurred during the final years of the 16th
century are well known. Benito et al. (2008) has listed
the period from 1590 to 1610 among those exhibiting the

The greater abundance of floods in the Tagus basin comparé@rgest floods within the Iberian Atlantic basins during the
to the Duero basin is probably due to the greater hydroJast 300yr. This period was also characterised by severe
graphic complexity of the former basin. The data from the droughts, and Rodrigo et al. (2001) have recognised the im-
Tagus basin refer to mid-river and lower sections, whereadortance of the 1590s in the development of intense floods in
those from the Duero basin represent the riverhead and migAndaluda.
river sections. The high frequency of low-intensity floods in  Numerous studies on the hydrology of Iberian basins, both
the Tagus basin is associated with the periodic inundation ofAtlantic and Mediterranean, highlight the association be-
the floodplains, which is a phenomenon that does not occufween periods of drought and floods. The usual explanation
in the portion of the Duero basin considered here. for this pattern is based upon both the greater intensity of
Precipitation exhibited a negative slope 60.030 (Ta- single precipitation events and the infiltration capacity of the
ble 6), indicating that across the 45 yr considered, there wa§ydro-environmental system following a prolonged period of
a global decrease of 1.38 points below the normal value ofdrought. The texts consulted indicate that the inter-annual
this series. This decline in precipitation was sharper during’@gularity of rainfall was lost during this period; therefore,
the spring than during the autumn and winter and had enSOMe years had continuous precipitation whereas others had
vironmental and economic consequences. Many of the datgPsolute drought. The intensity of precipitation events also
collected indicate deterioration of the forests and the need t@PPears to have been greater during this period.
repair springs used to supply water to the population. Sim-

4 Discussion
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Numerous studies conducted in Spanish experimentapresence of rivers with larger flows, resulting in more intense
basins (Gara and Lopez-Bermudez, 2009) have shown thatand more frequent floods.
surface runoff increases with the intensity of precipitation \We differentiated three time periods that presented differ-
events and with reduced capacity for soil infiltration result- ent hydrological patterns. The first period, from 1554 to
ing from previous rainfall, providing that land-use conditions 1575, exhibited regular precipitation, causing floods of low
remain stable. Our database does not provide explicit inforintensity. The second period, from 1576 to 1584, was char-
mation on soil deterioration, but there are frequent reportsacterised by low levels of precipitation and flooding. The
concerning the abandonment of croplands due to a lack ofhird period, from 1585 to 1599, featured intense precipita-
resources. Due to debts, peasants would lose their farmingon with large floods alternating with severe droughts.
tools and would have no money to buy seeds. The texts also ajthough it is commonly accepted that the largest floods
contain many annotations related to the serious degradatiopy |perian basins (both Atlantic and Mediterranean) occur
of pastures and natural vegetation. Thus, without any majogjyring times of drought, their high intensity during the final
change in land uses, the region was subtly transformed due t@ecade of the 16th century can be explained by an intense
the abandonment of agriculture and livestock farming aCtiVi'precipitation regime with annual and inter-annual irregular-
ties. Itis not possible to know how these changes may havgy, |ncreased surface runoff may also have played a role due

influenced infiltration and run-off because the interactionsiy modification of the global hydric balance and due to the
between land uses and floods are controversial and poorlyo|q snap that occurred during the same time period.

understood (Estrela et al., 2001; Hoffmann et al., 2010).
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