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OUTLINE

LIA to modern climate transition in Central America: evidence of 
volcanic and solar forcing 
• Background
• Proxy records of hydroclimate change
• Comparison with estimates of volcanic and solar forcing

Documentary evidence of Levant droughts during the medieval 
era (work with Kate Rephael and Mordechai Stein from the Hebrew University of 
Jerusalem)
• Background
• Documentary evidence of droughts
• Comparison to the Nile flood record
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LIA TO MODERN CLIMATE 
TRANSITION IN CENTRAL 
AMERICA: EVIDENCE OF 

VOLCANIC AND SOLAR FORCING
Work with Amos Winter,Thomas Miller, and Juan Estalla from the University of Puerto 
Rico at Mayaguaze and David Black from Stony Brook University



This	
  study	
  presents	
  and	
  analyzes	
  the	
  findings	
  from	
  
an	
  annually	
  resolved	
  7me	
  series	
  of	
  δ18O	
  derived	
  
from	
  a	
  speleothem	
  extracted	
  from	
  a	
  cave	
  close	
  to	
  
the	
  Guatemala-­‐Belize	
  boarder	
  at	
  17°N,	
  89°13'W	
  
(red	
  star	
  below).	
  The	
  region	
  is	
  projected	
  to	
  dry	
  in	
  
the	
  future	
  under	
  the	
  influence	
  of	
  GHG	
  increase	
  and	
  
resolving	
  its	
  long-­‐term	
  clima7c	
  varia7ons	
  in	
  the	
  
past	
  is	
  important	
  for	
  puNng	
  the	
  future	
  drying	
  in	
  
context.



bottom

top

• The	
  speleothem	
  present	
  two	
  growth	
  
segments	
  separated	
  by	
  a	
  long	
  break.

• The	
  figure	
  on	
  the	
  le7	
  displays	
  change	
  in	
  
growth	
  axis	
  during	
  the	
  growth	
  hiatus

• A	
  par<cularly	
  devasta<ng	
  earthquake	
  
struck	
  the	
  region	
  in	
  1541,	
  in	
  the	
  middle	
  
of	
  the	
  growth	
  hiatus.	
  The	
  quack	
  was	
  
large	
  enough	
  to	
  destroy	
  the	
  capital	
  of	
  
Guatemala,	
  ~300	
  km	
  away	
  	
  

Earthquake	
  1541

The	
  Guatemala	
  Speleothem



The	
  Guatemala	
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The	
  δ18O	
  record

Age	
  curves	
  (based	
  on	
  UTh	
  da<ng)
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Correla<on	
  Speleothem	
  δ18O	
  &	
  rainfall

δ18O	
  lags	
  by	
  3	
  yrs -­‐2	
  yrs

-­‐1	
  yr 0	
  yrs

The	
  speleothem	
  δ18O	
  correlates	
  with	
  local	
  rainfall	
  during	
  the	
  
summer	
  season.	
  The	
  lag	
  may	
  be	
  partly	
  a	
  delayed	
  integra7ng	
  
response	
  but	
  may	
  partly	
  be	
  due	
  to	
  da7ng	
  uncertain7es).



EOF	
  of	
  MesoAmerica	
  rainfall
Rotated	
  EOF	
  analysis	
  of	
  Jun-­‐Oct	
  precipita7on	
  
anomalies	
  in	
  MesoAmerica	
  (data	
  -­‐	
  CRU	
  TS	
  3.1	
  
analysis	
  of	
  rain	
  gauge	
  observa7ons	
  
1920-­‐2009).Speleothem	
  cave	
  loca7on	
  is	
  marked	
  by	
  
bold	
  rectangle.

Correla7on	
  between	
  the	
  EOF	
  7me	
  series	
  
and	
  global	
  SST	
  anomalies.	
  The	
  Guatemalan	
  
highlands	
  receive	
  more	
  rain	
  than	
  normal	
  
when	
  the	
  Atlan7c	
  SSTA	
  is	
  pos	
  and	
  the	
  E.	
  

Pacific	
  SSTA	
  is	
  neg.

EOF	
  7me	
  series	
  (in	
  red)	
  &	
  the	
  nega7ve	
  of	
  the	
  
speleothem	
  δ18O.	
  The	
  correla7on	
  (r=0.26)	
  is	
  
largest	
  when	
  the	
  rainfall	
  series	
  is	
  leading	
  the	
  

speleothem	
  by	
  1	
  year.	
  The	
  speleothem	
  
integrates	
  the	
  seasonal	
  rainfall	
  varia7ons.

Variance	
  explained	
  16.25%



Correla<on	
  Speleothem	
  δ18O	
  &	
  SST
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Krakatau

Tambora	
  	
  
erup<on:	
  the	
  
world's	
  largest	
  
historical	
  
erup<on	
  with	
  
explosive	
  index	
  7,	
  
occurred	
  in	
  April	
  
1815.	
  

Krakatoa	
  	
  
erup<on:	
  
Explosive	
  index	
  6,	
  
occurred	
  in	
  
August	
  1883



Historical	
  Volcanic	
  Erup<ons



VEI	
  scale	
  
source:	
  hQp://volcanoes.usgs.gov/Products/Pglossary/vei.html

The	
  erup9on	
  of	
  Mt.	
  Krakatoa	
  
(1888	
  English	
  lithograph)	
  

http://volcanoes.usgs.gov/Products/Pglossary/vei.html
http://volcanoes.usgs.gov/Products/Pglossary/vei.html
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Forcing	
  and	
  signal

The	
  close	
  rela<on	
  between	
  the	
  start	
  of	
  the	
  two	
  
19th	
  century	
  drying	
  trends	
  and	
  the	
  <ming	
  of	
  large	
  
volcanic	
  erup<on	
  is	
  more	
  than	
  a	
  mere	
  
coincidence,	
  for	
  the	
  following	
  reasons:
• The	
  volcanic	
  dust	
  veil	
  generated	
  by	
  the	
  early-­‐	
  

and	
  late-­‐19th	
  century	
  erup8ons	
  was	
  
considerable	
  (next	
  slide).	
  

• Recent	
  GCM	
  experiments	
  (second	
  following	
  
slide)	
  suggest	
  that	
  we	
  can	
  expect	
  such	
  large	
  
erup8ons	
  to	
  generate	
  a	
  forced	
  clima8c	
  
response	
  that	
  includes	
  a	
  protracted,	
  tropic-­‐
wide	
  cooling	
  of	
  sea	
  surface	
  temperatures.	
  This	
  
would	
  result	
  in	
  the	
  persistent	
  drying	
  of	
  Meso-­‐
America.

NATURE GEOSCIENCE DOI: 10.1038/NGEO393
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Figure 2 | Forcing and paleoclimatic time series of volcanism. a, Historical volcanic indices11,12. b, TROP series. Yellow shading denotes the two-sigma
error range. c, Filtered and unfiltered r2 calibration nested results of TROP (see Supplementary Information, Table S2 for full results) as well as a
histogram of the number of proxy records through time. d, Index of the spatial coherency of extreme negative values between the 19 tropical proxies;
e, MXDNH series4.
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Volcanic	
  dust	
  over	
  the	
  northern	
  hemisphere	
  	
  (a)	
  10-­‐year	
  running	
  mean	
  values	
  of	
  d.v.i.	
  
ploQed	
  against	
  the	
  middle	
  of	
  the	
  decade.	
  (b)	
  25-­‐year	
  cumula<ve	
  d.v.i.	
  In	
  (a)	
  and	
  (b)	
  
the	
  finer	
  line	
  indicates	
  values	
  obtained	
  by	
  ignoring	
  cases	
  of	
  dust	
  veils	
  assessed	
  solely	
  
on	
  evidence	
  of	
  temperature	
  anomaly.	
  (Source:	
  Lamb,	
  1970)	
  

Persistence	
  due	
  to	
  volcanic	
  forcing



Response	
  to	
  large	
  volcanic	
  erup<ons1444 Mignot et al.: Volcanic impact on the Atlantic Ocean over the last millennium

Fig. 5. Composites of annual mean anomalous surface temperature for different time lags (in years) with respect to the volcanic eruptions
corresponding to optical depths higher than 0.15. Surface temperature corresponds to SST over the ocean and air temperature otherwise.
Dotted areas are not significant at the 5% level

.

however, that major results are unchanged for a reference pe-
riod lasting up to five years prior to the eruption. Composites
are then defined as the average of these anomalies scaled by
the inverse of the magnitude of each eruption, so that possible
non linear effects linked to the eruption magnitude are min-
imized. Note however that our conclusions are unchanged
without this normalization. In order to maximize the sig-
nal to noise ratio, we focused on relatively large eruptions,
and thus selected eruptions corresponding to an increase of
stratospheric aerosol optical depth (AOD) by more than 0.15
(eruptions marked with a star in Fig. 2), which is equivalent
to a global radiative forcing of at least�2.8W m�2. This cor-
responds to the 9 strongest eruptions between A.D. 850 and
1849. As seen in Fig. (2) and discussed in Sect. 2.2, several
of the selected events follow each other by less than 10 years
(1169–1178, 1810–1816). To minimize the interference be-
tween successive events, eruptions which precede another
one by less than the considered time lag in the composite
were omitted. As a consequence, the number of events in the
composites may decrease with lag. The resulting composites
are rescaled by 0.15 so that the amplitude of the results that
are displayed are for an eruption with a stratospheric global
mean optical depth equal to 0.15. Significativity is tested
with a block bootstrap procedure with 500 permutations of
the volcanic time series in blocks of 3 years (the maximum
residence time of stratospheric aerosols). Composites are re-
computed using each of these, resulting forcing time series
in order so as to define the noise level.

Figure (5) shows composites of anomalous global annual
mean surface temperature up to 20 years after a volcanic
eruption of AOD of 0.15. The first panel (year 0) shows that
the maximum cooling occurs in the tropics and on the lands
during the year of the eruption. There is also a meridional
dipole in the Southern Atlantic and the Indian oceans, which
can be shown to be due to a shift of the westerlies, persist-
ing for a year. In winter only, the anomalous winter warming
over Eurasia consistent with the observations (e.g. Robock
and Mao 1992) is significant at the 10% level (not shown)
and closely related to tropospheric and stratospheric circu-
lation changes. As the lag increases, the tropical oceanic
signal extends in latitude, reflecting the spreading of the at-
mospheric cooling (e.g. Robock 2000), while progressively
decaying in the tropics. In the subpolar North Atlantic, the
cooling peaks at year 3 and decays thereafter. Note the rela-
tively rapid decay of the cooling in the eastern equatorial Pa-
cific at year 1, also present at year 2 (not shown) which could
be due to an El Nino-like response. One to two years after
the eruption, there is an anomalous warming in the North
Atlantic midlatitudes, the origin of which is discussed below.
An anomalous warming near the Drake Passage becomes sig-
nificant at year 3 and reaches its maximum at year 5. Ten
years after the eruption, the whole tropical band is still sig-
nificantly anomalously cold, as well as some land areas such
as in Eurasia. In the North Atlantic, the most striking feature
is an anomalous warming in the Labrador Sea, which decays
thereafter.
Figure (6) shows similar composites for the zonally aver-

aged global oceanic temperature response as a function of
depth up to 20 years after a volcanic eruption. Consistent
with Fig. (5), a temperature decrease of up to 0.25K appears

Clim. Past, 7, 1439–1455, 2011 www.clim-past.net/7/1439/2011/

Composites of annual mean surface temperature with respect to volcanic eruptions with 
corresponding to optical depths higher than 0.15. Surface temperature corresponds to SST 
over the ocean and air temperature otherwise. Dotted areas are not significant at the 5 % 
level. The composites are in-phase and at lags between 1 and 20 years

Source: Mignot et al. (2011)
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The	
  solar	
  record

Maunder	
  minimum

Another	
  prominent	
  source	
  of	
  external	
  forcing	
  are	
  the	
  changes	
  in	
  Total	
  Solar	
  Irradiance	
  (TSI)	
  that	
  were	
  quite	
  
large	
  during	
  the	
  LIA	
  and	
  into	
  the	
  early	
  industrial	
  age.	
  Here	
  are	
  several	
  es<mates	
  based	
  on	
  different	
  proxies	
  
and/or	
  methods	
  used	
  to	
  reconstruct	
  these	
  TSI	
  varia<ons.	
  The	
  two	
  minima	
  that	
  affected	
  the	
  19th	
  century	
  are	
  
the	
  Dalton	
  minimum,	
  which	
  reached	
  its	
  extreme	
  state	
  between	
  1810	
  and	
  1830	
  (depending	
  on	
  the	
  
reconstruc<on	
  method)	
  and	
  an	
  unnamed,	
  much	
  weaker	
  minimum	
  peaking	
  around	
  1900.	
  The	
  mechanisms	
  and	
  
rela<ve	
  role	
  of	
  TSI	
  fluctua<ons	
  in	
  climate	
  are	
  debated	
  in	
  the	
  old	
  and	
  new	
  literature.	
  However,	
  this	
  forcing	
  may	
  
have	
  also	
  played	
  a	
  role	
  in	
  Meso-­‐America	
  hydroclimate	
  variability	
  that	
  is	
  captured	
  by	
  the	
  Yucatan	
  speleothem.
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Smoothed time series of the (a) solar 
radiative forcing (W m2), (b) volcanic 
effect (W m2), (c) effective solar radiation 
(W m2), (d) CO2 concentration (ppm), and 
(e) Global Monsoon Index (mm day). All 
time series are 31-yr running means from 
AD 1000 to 1990. The numbers shown in 
the lower-right corners indicate 
correlation coefficients of GMI with the 
four external forcing factors and two 
temperature indexes, respectively.
Source: Liu et al. (2009)

monsoon region (S3) is just opposite. For this reason, we
had excluded S3 from our integrated monsoon indexes,
namely the SHMI and GMI.

5. Attribution and mechanisms

Figure 6 compares the time series of the direct solar
radiative forcing, indirect radiative forcing from volca-
nic eruptions, effective radiation forcing (the sum of
the solar and volcanic forcing), and atmospheric CO2

concentration, along with the global monsoon index,
global-mean temperature, and interhemispheric tem-
perature difference (NH minus SH). All time series
were smoothed with a 31-yr running-mean filter in order
to better highlight centennial-to-millennial variations.
The correlation coefficients between GMI and the sus-
pected relational or causal factors are shown in the
lower-right corners of Fig. 6 and presented in greater
details in Table 2.

a. Variations of the forcing factors

The amplitude of variations of the solar irradiance at
centennial and longer time scales is still being debated
(Krivova et al. 2007; Solanki and Krivova 2006; Bard
and Frank 2006). The amplitude of these variations is
usually scaled numerically by the difference between
present values and the Late Maunder Minimum. In this
simulation this difference (1960–90 mean minus 1680–
1710 mean) is 0.3%. Thus, in the simulation the solar
radiation reaching the top of the atmosphere shows
significant variation on millennium time scale with a
maximum around 1100–1250 and the present day to-
gether with a minimum around 1450 (Fig. 6a). The latest
value in the simulation (1990) is about 1 W m22 higher

TABLE 1. The annual-mean precipitation (mm day21) of re-
gional and global monsoon regions (exclude S3) and 458N–458S
belt during the MWP (1185–1214), LIA (1685–1714), and PWP
(1961–90). The notation N1, N2, N3, S1, S2, S3, and S4 represents
the northern African, Asian, North American, Southern African,
Australian, central South Pacific, and South American monsoon
regions, respectively.

Region MWP LIA PWP

N1 3.187 3.181 3.285
N2 3.734 3.642 3.790
N3 5.108 5.047 5.056
S1 3.463 3.334 3.408
S2 3.599 3.405 3.473
S3 6.088 6.137 6.087
S4 3.885 3.832 3.985
Global monsoon (without S3) 3.782 3.747 3.798
458N–458S belt 3.122 3.092 3.117

FIG. 6. Smoothed time series of the (a) solar radiative forcing
(W m22), (b) volcanic effect (W m22), (c) effective solar radiation
(W m22), (d) CO2 concentration (ppm), (e) GMI (mm day21), (f)
global-mean temperature (K), and (g) interhemispheric tempera-
ture difference (K). All time series are 31-yr running means from
AD 1000 to 1990. The numbers shown in the lower-right corners
indicate correlation coefficients of GMI with the four external
forcing factors and two temperature indexes, respectively. The
interhemispheric temperature difference is defined by the NH
averaged temperature minus the SH averaged temperature.
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LIA	
  cooling

Map of proxy records in the GOM-Caribbean region 
exhibiting 1–3°C cooling during the LIA. The September 
(maximum seasonal geographic extent) AWP (28.5°C isotherm) 
is plotted using the Reynolds and Smith OISST V2.0 dataset 
averaged from 1981 to 2009. Mean LIA cooling is indicated in 
parentheses for each region. Source: Richey et al. (2009)

records from the G. ruber (white) in 2 additional GOM
basins: Garrison Basin (box core PE07-2) and Fisk Basin
(box core PE07-5I). The upper 13 cm of the Garrison Basin
box core covers the past !600 yrs. The core-top Mg/Ca
value is 4.43 mmol/mol (±0.16 mmol/mol), based on
2 replicate measurements, and corresponds to an SST of
25.4!C (Mg/Ca = 0.449 * exp(0.09 * SST) [from Anand et
al., 2003]), the modern annual average for the GOM
[Levitus, 2003]. This is equivalent to the core-top Mg/Ca
value of 4.43 (±0.03 mmol/mol) that was generated from
replicate measurements of 3 different sub-cores from the
Pigmy Basin box core [Richey et al., 2007]. The mean
precision for replicate analyses of the Garrison Basin
downcore record is ±0.14 mmol/mol (±0.3!C), with 60%
of the samples run in duplicate. The major features of this
record include 3 distinct SST minima (ca. 1450–1550,
1700–1750, and 1900 AD), that are !2!C cooler than the
core-top SST (Figure 2).
[7] The upper 20 cm of the Fisk Basin box core span the

past !800 years, which has a sedimentation rate of
!26.5cm/kyr (!18 yrs per 0.5 cm sample). The core-top
Mg/Ca value is 4.75 mmol/mol (±0.17 mmol/mol), based on
3 measurements, which corresponds to an SST of 26.2!C
(±0.4!C), and is slightly higher (by 0.8 ± 0.4!C) than the
core-top Mg/Ca-SST for the Pigmy and Garrison basins.

The Fisk Basin Mg/Ca record shows a similar pattern of
variability to the other 2 GOM records over the past 6
centuries, with SST minima ca. 1550 and 1750–1850 AD
that are !3!C cooler than the core-top SST (Figure 2).
[8] LIA cooling in all 3 GOM Mg/Ca records is preceded

by an interval of warmth in which Mg/Ca is as high or
higher than the mean GOM core-top value of 4.4 mmol/mol
± 0.12 mmol/mol (based on 7 GOM core-tops). The timing
of the warm interval in the Pigmy and Fisk basins is similar
(ca. 1500 and 1450 AD, respectively), while it is slightly
later in Garrison Basin (!1600 AD). All 3 basins reach
maximum cooling ca. 1750 AD. The linear warming trend
from maximum LIA cooling (1750 AD) to the core-top is
similar in the Pigmy and Garrison basins (!0.007!C/yr),
while the slope of the warming trend is slightly steeper in
Fisk Basin (Figure 2). In actuality however, given the
uncertainty of the age models and Mg/Ca-SST estimates,
the timing of the onset as well as the magnitude of LIA
cooling is consistent among these 3 GOM sites.

4. Regional Comparisons

[9] We have generated a 600-year stacked DSST record
for the northern GOM based on the Fisk, Garrison and
Pigmy Basin Mg/Ca-SST records (Figure 3d) (see auxiliary

Figure 1. Map of proxy records in the GOM-Caribbean
region exhibiting 1–3!C cooling during the LIA. The Fisk
(open square) and Garrison (closed square) basins are the
2 new Mg/Ca-SST records presented in this study. The
September (maximum seasonal geographic extent) AWP
(28.5!C isotherm) is plotted using the Reynolds and Smith
OISSTV2.0 dataset (1!" 1! grid, averaged from 1981–2009).
Mean LIA cooling is indicated in parentheses for each
region.

Figure 2. Mg/Ca records from (a) Garrison Basin (b) Fisk
Basin and (c) Pigmy Basin [from Richey et al., 2007] are
plotted on the same Mg/Ca scale, with age control points
indicated by arrows. Corresponding SST scale is given on a
secondary y-axis, using the relationship [Mg/Ca = 0.449 *
exp(0.09 * SST)], from Anand et al. [2003]. Lines are
plotted on each curve representing the linear warming trend
over the past 250 years.
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Maximum cooling was observed during the 18th 
century (during the Maunder Minimum), and the 
region was warming in the 18th century. The 19th 
century is highlighted. The peak cooling relationship to 
our speleothem record is not obvious and may be 
difficult to resolve due to dating and resolution issues.



Conclusions
• We	
  have	
  a	
  well-­‐dated,	
  high	
  resolu<on	
  speleothem	
  δ18O	
  record,	
  which	
  is	
  
located	
  in	
  a	
  key	
  loca<on	
  in	
  Central	
  America.	
  Unfortunately	
  the	
  record	
  is	
  
broken	
  into	
  two	
  parts	
  by	
  a	
  three-­‐century	
  hiatus	
  that	
  spans	
  a	
  large	
  part	
  of	
  
the	
  LIA.	
  

• The	
  19th	
  century	
  record	
  displays	
  two	
  persistent	
  ~30	
  year	
  drying	
  trends	
  
which	
  occurred	
  immediately	
  a7er	
  the	
  two	
  largest	
  volcanic	
  erup<ons	
  of	
  the	
  
century.

• The	
  erup<ons	
  occurred	
  at	
  the	
  same	
  <me	
  that	
  the	
  region	
  may	
  have	
  been	
  
reac<ng	
  to	
  recorded	
  minima	
  in	
  solar	
  irradiance.	
  These	
  could	
  have	
  added	
  to	
  
the	
  persistent	
  drying.	
  However,	
  the	
  long	
  delay	
  of	
  the	
  hydroclima<c	
  response	
  
w.r.t.	
  the	
  solar	
  minima	
  remains	
  to	
  be	
  explained

• The	
  speleothem	
  drying	
  occurs	
  when	
  the	
  	
  Caribbean	
  and	
  Gulf	
  of	
  Mexico	
  are	
  
warming	
  from	
  a	
  deep	
  minimum	
  in	
  the	
  18th	
  century.	
  	
  

• The	
  region	
  may	
  be	
  excep<onally	
  climate-­‐sensi<ve	
  because	
  it	
  is	
  straddled	
  	
  
the	
  Atlan<c	
  and	
  Pacific	
  Oceans,	
  which	
  through	
  their	
  SST	
  state	
  determine	
  the	
  
loca<on	
  of	
  the	
  summer	
  ITCZ.

• The	
  exact	
  climate	
  mechanisms	
  need	
  to	
  be	
  determined	
  by	
  last-­‐millennium	
  
model	
  integra<ons.
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Western Europe and sea levels were still quite low, marking
a transition of the climate system from glacial to interglacial
conditions, and rendering the interpretation of the regional
hydroclimate more difficult.

During the early Holocene (w10e6 ka BP), when the DSL stood
low on average and the African Monsoon was at its peak activity,
other EM proxies also exhibit anomalous conditions from which
conflicting interpretation emerged regarding the region’s hydro-
climatic conditions. In the Aegean Sea and in the EM west and
south of Cyprus, stable isotope time series, derived from forami-
nifera in sediment cores, suggest that the sea surface was flooded
by freshwater that originated in southern latitudes, as expressed
by low d18O values of the seawater (Kolodny et al., 2005; Marino

et al., 2009; Almogi-Labin et al., 2009). This time interval is
referred to as the time of the Mediterranean Sapropel S1, identi-
fied by the dark-colored sediment layer, rich in organic matter in
the EM cores (Rossignol-Strick et al., 1982; Rohling and Hilgen,
1991; Rohling, 1994; Rossignol-Strick, 1999; Casford et al., 2003).
Ideas regarding the source of freshwater vary, with some papers
proposing a local source (i.e., enhanced precipitation in the EM
region) and consistently referring to the interval between w10
and w6 ka BP as the “humid early Holocene” period (e.g., Bar-
Matthews et al., 2000; Arz et al., 2003), an interpretation which
stands in contrast to the overall low DSLs. However, most of the
evidence, points at the Nile River floods as the major source of
freshwater to the EM, arguing that at that time, the river was fed

Fig. 6. (a) The correlation between annual (OctobereSeptember) precipitation in Jerusalem and annual precipitation in other Northern Hemisphere land areas. Data are from GPCC
(Beck et al., 2005) with 1.0! latitude by longitude resolution for the years 1920e1996 (the interval when a sufficient number of rain-gauge observations are available in most areas
shown). All anomalies were calculated with respect to the entire period of analysis and smoothed in time with a 2nd order binomial filter (one pass of a 1-2-1 smoother in time),
which emphasized fluctuations with periods >5-years. A correlation of "0.38 is significant at the 5% level (non-directional) assuming every fourth sample in the record is
independent of the others. (b) The correlation between annual (OctobereSeptember) precipitation in Jerusalem and the reconstruction of the Palmer Drought Severity Index (PDSI)
from precipitation sensitive tree-ring chronologies in North America, 1847e1996 (source: NADA, Cook et al., 2004, 2007). Both record were smoothed in same way as above. Here
a correlation of "0.28 is significant at the 5% level.
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The correlation between annual 
(October-September) precipitation in 
Jerusalem and annual precipitation in 
other Northern Hemisphere land areas. 
Data are from GPCC  with 1° latitude 
by longitude resolution for the years 
1920-1996. All anomalies were 
calculated with respect to the entire 
period of analysis and smoothed in 
time with a 2-nd order binomial filter, 
which emphasized fluctuations with 
periods >5-years. A correlation of 0.38 
is significant at the 5% level (non-
directional) assuming every fourth 
sample in the record is independent of 
the others.

(cyclones), which lift the now moistened marine air to produce
clouds and precipitation. Of particular importance for the Levant
region (and the Dead Sea watershed area) are the cyclones that
tend to form (or re-form) in the EM, known as Cyprus Lows (cf.
Enzel et al., 2003; Ziv et al., 2006). The Levant’s topographic
features in relation to the prevailing winds and the shape of its
coastline govern the distribution of precipitation over the adjacent
land areas (Ziv et al., 2006), enriching the Levant coastal plains and
mountain ridges to the east, thus feeding the Jordan River, its
tributaries and subsequently the Dead Sea. During the other half of
the year (May to September) the EM and the Levant are dry due to
the strong regional subsidence induced by the remote influence of
the Indian summer monsoon system (Rodwell and Hoskins, 1996;
Ziv et al., 2004).

Seeking an explanation for the temporal variability of seasonal
rainfall in the central Levant, scientists looked for relationships to
seasonal changes in the atmospheric circulation (e.g., Ziv et al.,
2006 and references therein). The dominant regional tele-
connection pattern that is associatedwith interannual precipitation
variability in the Levant is the East Atlantic/Western Russia (EA/
WR) pattern, which describes a seesaw in pressure between
Western Europe and the Caspian Sea (Wallace and Gutzler, 1981;

Barnston and Livezey, 1987; Krichak et al., 2000; Ziv et al., 2006).
During a wet winter in the Levant the pattern exhibits, expectedly,
an anomalous high-pressure center over the eastern NAtl, just
south of the British Isles and an anomalous low-pressure center
over the EM, extending as a trough from the Caspian Sea area and
vice versa (Enzel et al., 2003; Ziv et al., 2006). If this configuration
exists, on average, throughout or during parts of the rainy season,
precipitation is blocked from occurring in the western part of the
Mediterranean Basin and upper-level, low-pressure systems with
their cold air intrusions and consequential rainfall, are steered to
the EM.

The role of more global climate phenomena in Levant precipi-
tation variability is less clear. In previous studies (see Ziv et al., 2006
and references therein) connections were sought to dominant
phenomena associated with interannual to decadal global climate
variations, in particular, the El Niño/Southern Oscillation (ENSO)
phenomenon, which influence on the hydrological cycle extends
worldwide (Seager et al., 2005) and the NAtl Oscillation (NAO) that
influences hydrological variability in and around the Atlantic Basin
(Hurrell et al., 2003). The NAO is associated with coherent lat-
itudinal fluctuations in the NAtl wintertime eddy-driven jet stream.
Connected with that are swings in the location of the Atlantic

Fig. 4. (a) Annual (OctobereSeptember) measured anomalous precipitation in Jerusalem with respect to the 1961e1990 climatology (color bars in mm) and its low-pass filtered
counterpart (in red). Also shown (in blue) is the low-pass filtered SST anomalies (with respect to the 1961e1990 climatology) averaged over the extratropical North Atlantic (30!N to
70!N) in units of 10e3 !C (i.e., a value of 100 corresponds to 0.1 !C). The low-pass filtered curves emphasize fluctuations with a period of 20 years and longer. Station precipitation is
from the NOAA Global Historical Climatology Network (GHCN) dataset and SST is from the Kaplan et al., (1998) analysis updated to the present using the NOAA satellite/in-situ
observational analysis (Reynolds et al., 1994) fitted to the resolution of the Kaplan et al. dataset. (b) June to October precipitation in the Sahel region with respect to the 1961e1990
climatology (bars in mm) with the low-pass Jerusalem record from panel (a) superimposed. Sahel precipitation anomalies are calculated from GHCN station data, between 10! and
20!N, relative to the 1961e1990 climatology. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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Annual (October-September) measured anomalous precipitation in 
Jerusalem with respect to the 1961-1990 climatology (color bars in 
mm) and its low-pass filtered counterpart (in red). Also shown (in 
blue) are the low-pass filtered SSTA averaged over the 
extratropical North Atlantic (30N to 70N) in units of 10-3 °C. The 
low-pass filtered curves emphasize fluctuations with a period of 20 
years and longer. Station precipitation is from the NOAA Global 
Historical Climatology Network (GHCN) dataset and SST is from 
the Kaplan analysis.

Jerusalem rainfall and the Atlantic Multidecadal Oscillation

Jerusalem - Sahel anti-phase correlation

Figures: Kushnir and Stein (2010)

Figures: Kushnir and Stein (2010)
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oscillations until the mid-20th century, when its natural state was
disrupted by human intervention.

Gradual wetting of the U.S. West climate in the mid to late
Holocene, is evidence on the high activity of sand dunes in the
Great Plains in the early Holocene compared to scant activity in
the more recent half of the epoch (Forman et al., 2001). Moreover,
the large, glacial period lakes in Western North America such as
Estancia, Lahontan, and Mono Lake, declined upon the transition
from the last glacial maximum to the post-glacial and early Holo-
cene periods (e.g., Quade and Broecker, 2009) and (in the case of
Estancia and Mono Lakes) have somewhat recovered in the mid-
Holocene (Stine, 1990; Menking and Anderson, 2003). Overall this

evolution parallels the gradual wetting of the Levant including the
timing of maximum drying after the end of the YD.

In a broad overview therefore, we can divide the Holocene e
post the YD cold intervale into two parts: an early half, between 11
and 6 ka BP, when the Dead Sea levels, on average, were below the
sill and a recent half, after 6 ka BP, when the levels were, on average
above the sill. These changes occurred as the climate of sub-
Saharan North Africa was changing from a wet to a dry state,
western North America experienced gradual wetting, and the NAtl
Ocean, particularly on its eastern side, cooled byw3 !C. This epoch-
long anti-phase relationship with the Sahel and with NAtl SSTs and
in-phase relationship with North America is thus consistent with

Fig. 8. Dead Sea level in the past 4000 years (thick black line, in m bmsl, dashed grey line represents the sill elevation) compared with the record of reconstructed Sargasso Sea SST
(Keigwin, 1996, top) and Alpine glacier advances and retreats as presented by Schaefer et al. (2009, bottom). Glacier movement reconstruction is based on Holzhauser et al. (2005).
Denton and Broecker (2008) argue that glacier advances occur in association with cold North Atlantic SSTs.

Y. Kushnir, M. Stein / Quaternary Science Reviews 29 (2010) 3843e38603852
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An understanding of the variations in Nile 
!ood discharge must take into consider-
ation the various global and local climatic 
variables in!uencing rainfall in the main 
sources of the Nile. Correlations with prox-
ies of climate change elsewhere are also 
subject to the peculiarities of the proxies, 
the integrity of the evidence, and their lo-
cations. In this respect, it is particularly im-
portant to realize that the main catchment 
areas of the Nile tributaries—the Ethio-
pian Highlands (10°N) and the Equatorial 
Plateau (equator) are more than 1000 km 
apart and are in!uenced by di"erent cli-
matic regimes, and that precipitation in 
the catchments is in!uenced by the prox-
imity to oceans, highland topography, 
land surface moisture, lakes and swamps. 
East Africa, one of the main sources of 
the Nile, is in!uenced by ENSO, and the 
SST of nearby Indian and Atlantic oceans. 

Farther North, the e"ect of NAO is more 
pronounced (Dore, 2005). Zhang and 
Delworth (2006) concluded that multi- 
decadal variability in the Atlantic Ocean 
could cause observed multidecadal varia-
tions of Sahel and Indian summer rainfall. 
Street-Perrott and Perrott (1990) observed 
that several prolonged droughts in the Sa-
hel during the past 14 ka were associated 
with large injections of freshwater into the 
northern Atlantic Ocean.

Using proxy data from Scotland and 
Morocco, Trouet et al. (2009) found per-
sistent positive NAO during the MCA, 
resulting in stronger than average west-
erlies across the mid-latitudes and to a 
northward migration of the Intertropical 
Convergence Zone, a"ecting rainfall both 
in Equatorial East Africa and Ethiopia (the 
main water sources of the Nile; Fig. 2). This 
may explain the two wet episodes from AD 

1070 to 1180 and again in the transition to 
the Little Ice Age from AD 1350 to 1470. 
However, this modality was interrupted by 
a low discharge episode from AD 1180 to 
1350.

The Nile record clearly indicates that 
a distinct anomaly marked by extremely 
low !oods and an overall diminution in 
Nile !ood discharge lasted from AD 930 
to 1070 (Fig. 1). Although the frequency of 
total extreme !oods (blue line) persisted, 
there was a shift to a higher percentage 
(ca. +10% from AD 900 to 1350) of ex-
tremely high !oods relative to extremely 
low !oods (red line). Even though a period 
of relatively high !ood discharge lasted 
from AD 1070 to 1180, a return to lower 
!ood discharge occurred from AD 1180 to 
1350.

By AD 1350 and until 1470, coinciding 
with a transition to the Little Ice Age, the 
Nile !ood discharge was relatively high. 
This was associated with an increase in wa-
ter !ow from Ethiopia relative to that from 
Equatorial Africa (Hassan, 1981). These 
results indicate that Nile !ood discharge 
in the Main Nile is in!uenced by multiple 
variables associated with the di"erential 
e"ects of global climatic mechanisms, 
such as NAO and ENSO, on the catchment 
areas in Equatorial Africa and the Ethiopian 
Highlands. Throughout the period from 
AD 950 to 1350, famines and plagues have 
had an adverse e"ect on society. The fam-
ines were in numerous instances caused by 
clusters of de#cient Nile !ood discharge, 
sometimes at close intervals. The deleteri-
ous impact of the !uctuations in Nile !ood 
discharge were compounded by the im-
pact of extremely high and low Nile !ood 
discharges on the geomorphology of the 
channel and !oodplain, in!uencing land 
use. Shifts in the relative contribution from 
the Equatorial and Ethiopian tributaries 
characterized by di"erent rainfall seasons 
would have also negatively in!uenced ag-
ricultural food production.
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Figure 2: Nile River Basin showing mean annual rainfall in mm in the main Nile catchment areas in Ethiopia and 
Equatorial Africa.
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The Nile basin in the region of Egypt and Sudan can be divided in to two different 
climate types using Köppen’s climate classification (Rudloff, 1981). Köppen’s 
description of the dry and hot climate in the desert can be seen in the right hand column 
of Table 2. This study mostly concentrates on the inland area of the river basin, i.e. the 
right hand side of the table. Considering the information shown in the table, it becomes 
clear how significant Nile is for Egypt with its rare rains, very hot summers and desert 
environment. Without external water source, in this case in the form of river running 
through the area, the area would be mostly waterless. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Present aridity zones in Africa (WMO & UNEP, 2001). 

Nile River Basin showing mean annual rainfall in mm in the main 
Nile catchment areas in Ethiopia and Equatorial Africa. The main 
tributaries are the White Nile - originating in equatorial E. Africa and 
the Blue Nile - flowing north from the Ethiopian Highlands.
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 ʸʥʩʶ1 :ʭʥʩʤ ʭʩʸʶʮ ʬʹ ʺʩʺʸʡʧʥ ʺʩʬʫʬʫ ʤʩʴʸʢʥʠʢ. 

    

 ʸʥʩʶ1ʠ :ʲʷʸʷ ʩʹʥʮʩʹ. 
http://www.biologie.uni-hamburg.de/b-

online/afrika/maps/egypt_land.htm  

 ʸʥʩʶ1ʡ :ʯʩʱʥʬʫʥʠ ʺʥʴʩʴʶ . ʨʥʩʱʠ ʯʩʡʹ ʸʥʦʠʤ ʸʡʲʡ
 ʪʸʥʠʬ ʷʸ ʡʹʥʩʮ ʤʩʤ ʸʩʤʷʬʤʱʥʬʩʰ.  

.http://www.lib.utexas.edu/maps/atlas_middle_east 
  

  

 ʸʥʩʶ2 :ʤ ʺʲʶʥʮʮʤ ʭʩʮʤ ʺʥʮʫʤʰʹʤ ʩʹʣʥʧ ʬʹ ʤʩʶʷʰʥʴʫ ʭʥʨʸʧʡ ʱʥʬʩʰʡ ʺʮʸʥʦ.  

  

Annual cycle of the Nile 
flow at Khartoum, where 
the White and Blue Niles 
meet. The White Nile flows 
all year and controls the 
low-flood levels. The Blue 
Nile is fed by the summer 
monsoon rains and 
determines the high stands 
between July and 
November.

Figure: Feliks (personal comm.)
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The Nile flood celebration depicted on a 5th century AD 
mosaic found in Tzipori, Galilee. The Nilometer is at the 
top and right of center (photographed by Yigal Feliks, 
2005)

THE NILOMETER ON RAWDA (RODA) ISLAND 
IN CAIRO (from http://www.touregypt.net/
featurestories/nilometerroda.htm)

Nile high and low flood levels monitoring: The 
most complete records begin at the time the 
Arabs took control of the country in A.D. 622. 
They were compled by Toussoun (1925) with 
additional data by Ghaleb (1951) and Hurst 
(1952). The data were corrected to account for 
changes in the unit of length (the cubit), the rise 
of the bed of the Nile through siltation, and the 
differences in lunar and solar calendars by 
Popper (1951).
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 ʸʥʩʶ6 : ʱʴʩʱʴ"ʱʥʬʩʰʤ ʢʧ " ʺʩʹʩʮʧʤ ʤʠʮʤʮʤʸʩʴʱʬ ,ʶ ʸʩʲʤʮ ʩʸʥʴʩ ʤʠʮʤ ʯʩʡ ʬʩʬʢʤ ʺʸʩʡ ʤʺʩʩʤʹ
ʺʩʲʩʡʸʬ ʤʰʥʹʠʸʤ .ʲ ʭʬʥʶ"ʱʷʩʬʴ ʬʠʢʩ ʩ ,2005.  

  

ʺʥʩʺʥʠʤ ʺʠ ʬʱʴʮʥ , IZ=)ʦʩ ( ,ʱʥʬʩʰʤ ʺʥʠʢ ʤʡʥʢ ʺʠ ʺʥʰʩʩʶʮʹ ,ʥʰʩʩʤʣ, 17ʺʥʮʠ  . ʲʩʢʤ ʱʥʬʩʰʤ ʸʹʠʫ

 ʺʬʩʧʺʬ ʯʮʩʱʤ ʤʩʤ ʤʦʥ ʺʥʣʹʤ ʺʴʶʤʬ ʤʩʷʹʤʤ ʺʥʬʲʺ ʺʠ ʭʩʧʺʥʴ ʥʩʤ ʤʦ ʤʡʥʢʬ"ʱʥʬʩʰʤ ʢʧ "ʶʮʡʭʩʸ.  

 ʯʩʡ ʱʥʬʩʰʤ ʩʮ ʤʡʥʢ ʬʹ ʭʩʩʺʰʹʤ ʭʥʮʩʱʫʮʤʥ ʭʥʮʩʰʩʮʤ ʬʹ ʺʥʣʩʣʮ  ʺʸʣʱ ʥʰʩʣʩʡ ʤʩʥʶʮ ʭʥʩʫ

ʭʩʰʹʤ.622-1922 A.D  ) ʸʥʩʶ7( . ʥʴʱʠʰ ʺʥʣʩʣʮʤ ʭʩʰʥʹ ʺʥʸʥʷʮʮʲ"ʩ ʩʸʶʮʤ ʪʩʱʰʤ ,Toussoun 

.(1925),ʲ ʥʰʷʥʺʥ " ʩPopper (1951). ʬʹ ʭʩʸʴʱʡ ʭʢ ʭʩʲʩʴʥʮ ʭʩʴʱʥʰ ʭʩʰʥʺʰ Ghaleb (1951)  ʬʹʥ

Hurst (1952) . ʭʩʰʥʷʩʺʤ ʤʸʣʱʬʺʠ ʭʩʬʬʥʫ: ʤ ʪʸʥʠʡ ʭʩʩʥʰʩʹ ʤʮʠʤ) ʥʹʮʺʹʤʹ ʤʣʩʣʮʤ ʺʣʩʧʩ

ʱʥʬʩʰʤ ʱʬʴʮ ʺʣʩʣʮʬ ( ʪʹʮʡ1300ʤʣʩʣʮʤ ʺʥʰʹ ;  ʤʠʶʥʺʫ ʱʥʬʩʰʤ ʬʹ ʺʩʲʷʸʷʤ ʷʮʥʲʡ ʭʩʩʥʰʩʹ 

ʳʧʱ ʺʲʩʷʹʮ; ʪʩʸʠʺʡ ʭʩʰʥʷʩʺʥ ʧʸʩʤ ʺʰʹ ʯʩʡ ʭʩʬʣʡʤʤʮ ʭʩʲʡʥʰʤ ,ʫʬʥ ʩʮʬʱʥʮʤ ʧʥʬʤ ʺʺʹʥʮ ʤʩʬʲʹ ʯ

ʺʥʣʩʣʮʤ ʺʸʣʱ ʬʹ ʪʥʸʠʩʺʤ ʭʢ ,ʬʤ ʺʰʹʤʮʧʥʰʩʮʩ ʯʡ ʩʲʣʮ ʹʥʮʩʹʡ  . ʺʥʣʩʣʮʤ ʭʰʤ ʥʦ ʤʸʣʱʡʹ

 ʸʨʮʥʬʩʰʤʮʸʩʤʷ ʣʩʬ ʤʣʥʸ ʩʠʡʹ.  

http://www.touregypt.net/featurestories/nilometerroda.htm
http://www.touregypt.net/featurestories/nilometerroda.htm
http://www.touregypt.net/featurestories/nilometerroda.htm
http://www.touregypt.net/featurestories/nilometerroda.htm
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In 1047 Nāṣer-e Khosraw, the Persian poet and 
theologian, author of the Safarnāma (“Book of 
Travels”) describes prosperous villages along 
the Jerusalem hills, their high yields and low 
prices. He is convinced that Jerusalem and Syria 
have never experienced a famine. 
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In 1047 Nāṣer-e Khosraw, the Persian poet and 
theologian, author of the Safarnāma (“Book of 
Travels”) describes prosperous villages along 
the Jerusalem hills, their high yields and low 
prices. He is convinced that Jerusalem and Syria 
have never experienced a famine. 

A decade later Syria was inflicted by three 
large-scale droughts (1056, 1077 and 1086). 
The first was the worst; it stretched over the 
entire eastern Mediterranean Basin as well as 
Persia, and the central Asian cities of Bukhara 
and Samarkand. Plague soon followed, 
claiming in some regions a third of the 
population (The Chronography of Bar 
Hebraeus, tran. E. A. Wallis Budge (Gorgias 
Press, Piscataway 2003), vol. 1: 209).
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In 1047 Nāṣer-e Khosraw, the Persian poet and 
theologian, author of the Safarnāma (“Book of 
Travels”) describes prosperous villages along 
the Jerusalem hills, their high yields and low 
prices. He is convinced that Jerusalem and Syria 
have never experienced a famine. 

A decade later Syria was inflicted by three 
large-scale droughts (1056, 1077 and 1086). 
The first was the worst; it stretched over the 
entire eastern Mediterranean Basin as well as 
Persia, and the central Asian cities of Bukhara 
and Samarkand. Plague soon followed, 
claiming in some regions a third of the 
population (The Chronography of Bar 
Hebraeus, tran. E. A. Wallis Budge (Gorgias 
Press, Piscataway 2003), vol. 1: 209).

A survey of contemporary medieval sources from 1050-1400 reveals a high number of droughts in 
the Levant during the second half of the 11th century and all through the 12th century. Thirty-
eight droughts are recorded over this period. Fifteen of these droughts resulted in famines. The 
worst and most frequent famines occurred in the 12th century. Their severity is judged by the size 
of the territory they covered, the duration and impact on the local population (see Supplement). 
Several of these droughts stretched over vast regions and lasted over two years leading to 
destruction of villages, large scale migration, acute famine, sickness and high death tolls.   
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“The city (Jerusalem) lies in arid surroundings, entirely 
lacking in water. Since there are no rills, springs or 
rivers, the people depend upon rain water only. During 
the winter season it is their custom to collect this in 
cisterns, which are numerous throughout the city. Thus it 
is preserved for use during the year. Hence, I am 
surprised at the statement of Solinus (c. mid 4th century 
A.D.) that Judea is famous for its waters. He says in the 
Polyhistor "Judea is renowned for its waters, but the 
nature of these varies." I cannot account for this 
discrepancy except saying either that he did not tell the 
truth about the matter or that the face of the earth 
became changed later.” (William of Tyre, Beyond the Sea, 
vol. 1, Book 8: 346-347.)

One of the most striking accounts that reveal the climatic change and the arrival of the 
“Medieval Climate Anomaly” in the Middle East was written by William Archbishop of Tyre 
(c.1130-1185), the court historian of the first Crusader Kingdom:
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event, or on the ability of a specific government to withstand it, but also on the intensity, 

length, and rhythm of earlier calamities, on the normal productivity of the land and on the 

efficiency of governments to store surpluses. The rhythm of crises and of good years, and 

the dimensions of each single event, are as important as what occurred during the most 

disastrous events themselves. The resilience of administrations is therefore not 

determined by the intensity of hunger, but on their efficiency during periods of plenitude.  

Between the mid-tenth century and 1072, there were ten times (!) more years of famine in 

the Nile valley than in any other period in the history of Egypt, including two famines of 

biblical dimensions of six and seven years, and the medieval administrators were not as 

efficient as Joseph, the biblical ideal of the perfect administrator, and were not able to 

prepare enough reserves for such a long famine. 

 
Fig. 3: Years of drought in the Nile Valley, between 200 and 1072 (above) and between 

900 and 1072 (below) 

 

Disasters depend, therefore, on the amount of grain that a population consumes in a year, 

on the yearly surplus that can be hoarded and on the number of such average surpluses 

that can prevent a one-year long hunger term. It also depends on the length of the famine 

that a bureaucracy prepared itself for, on the length of the "shelf life" of the hoarded 

grain, and on the existence of an uncorrupt and efficient bureaucracy that can distribute 

the grain.  

The spatial effects of the disaster are not equally distributed and their zones of influence 

can be divided into three "circles". The first zone (the inner circle), includes regions 

which were affected directly either by the freeze (the Trans-Oxonian provinces and the 

Balkans) or by the Nile Valley. 

The second circle is composed of the regions that border on the first and were affected by 

dislocation,  nomadization,  and  other  forms  of  ‘domino  effects’  and  shock  waves. 

The third zone includes the Levant and the Mediterranean coast which were affected 

directly by droughts in the Mediterranean and indirectly by the collapse of the Egyptian, 

Mesopotamian and Anatolian bureaucracies.  
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The record of severe droughts in the Nile Valley 
400-1100 AD, as determined from historical 
documents. Source: “The collapse of the eastern 
Mediterranean” by R. Ellenblum, The Hebrew 
University of Jerusalem (Cambridge University Press 
to appear in spring 2012).



SUMMARY

• Historical documents help pin down accurately the timing of 
significant climatic events.

• They add a human description to indirect evidence imprinted in the 
natural environment, i.e., the biological, geological, and geochemical 
proxies.

• In this case they confirm the impression, based on the the DSL 
record, of a marked drawdown of precipitation in the Middle East / 
Levant region during the MCA.

• Through comparing documentary evidence with physical 
observations (i.e., recorded annual flood levels of the Nile) we also 
confirm the multidecadal time scale, negative correlation, between 
Levant rainfall and the strength of the African summer monsoon.
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