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Long term context for recent drought in northwestern Africa
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[1] Anthropogenic climate change is projected to
exacerbate midlatitude aridity. Here, we analyze newly
developed multi-century tree-ring records for a long-term
perspective on drought in Tunisia and Algeria. We use a
new set of 13 Cedrus atlantica and Pinus halepensis
chronologies with a strong signal for warm-season drought
(May—August) to generate a robust, well-validated
reconstruction of the Palmer Drought Severity Index
(PDSI) for the period AD 1456—-2002. Key features of the
reconstruction reveal the magnitude of pre-instrumental
droughts from the historic record. Remarkably, the most
recent drought (1999-2002) appears to be the worst since at
least the middle of the 15th century. This drought is
consistent with the early signature of a transition to more
arid midlatitude conditions, as projected by general
circulation models. Citation: Touchan, R., K. J. Anchukaitis,
D. M. Meko, S. Attalah, C. Baisan, and A. Aloui (2008), Long
term context for recent drought in northwestern Africa, Geophys.
Res. Lett., 35, L13705, doi:10.1029/2008GL034264.

1. Introduction

[2] Drought in North Africa is a recurring phenomenon,
and prolonged dry periods in this region can have a
significant impact on economic and social systems, as well
as natural ecosystems. The most recent drought in Algeria
and Tunisia began in 1999, part of a widespread pattern of
drying throughout the Northern Hemisphere [Hoerling and
Kumar, 2003]. These conditions are predicted as one
potential consequence of anthropogenic climate change
[Seager et al., 2007], but currently general circulation
models forced by observed sea surface temperatures (SSTs)
do not completely capture the magnitude and spatial extent
of observed drought conditions over Algeria and Tunisia
during the last decade [Hoerling and Kumar, 2003; Seager,
2007]. To understand modern droughts and evaluate the
potential for future spatiotemporal patterns of midlatitude
drying, it is necessary to characterise the range of potential
natural climate variability over the past few centuries and
develop an improved understanding of the links between
large-scale climate forcing and regional drought. A few
continuous high-quality instrumental data series in North
Africa start in the early 1900s, but the majority cover only
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the later half of the twentieth century. Tree-ring records,
however, allow for the development of quantitative and
validated paleoclimate drought reconstructions to help un-
derstand climate variability on time scales beyond that of
the instrumental data.

[3] This study is the first large scale and systematic tree-
ring sampling from Algeria and Tunisia aimed at climate
reconstruction. Climate-sensitive chronologies were devel-
oped for 13 Cedrus atlantica and Pinus halepensis sites,
and were applied to reconstruct the Palmer Drought Sever-
ity Index (PDSI) [Palmer, 1965] in northern Algeria and
Tunisia. The resulting 547 year reconstruction is analyzed
for time series features of variability relevant to water
resources planning and for possible teleconnections to
global modes of climate variability.

2. Data and Methods
2.1. Tree-Ring Width Data

[4] Cores from living Cedrus atlantica and Pinus hale-
pensis trees and cross-sections from remnant wood were
collected between 2003 and 2006 at 13 sites from the region
(Table 1, Figure 1 (top), and Table S1'). The samples were
prepared and crossdated using standard dendrochronologi-
cal techniques [Stokes and Smiley, 1968]. Each series of
tree-ring width measurements was fit with a cubic smooth-
ing spline with a 50% frequency response at 67% of the
series length to remove non-climatic trends due to age, size,
and the effects of stand dynamics [Cook and Briffa, 1990].
The detrended series were then prewhitened with low-order
autoregressive models to remove persistence not related to
climatic variations. The individual indices were combined
into a single master chronology for each combination of site
and species using a bi-weight robust estimate of the mean
[Cook, 1985]. Adequacy of sample replication was judged
by the expressed population statistic (EPS), computed from
pooled interseries correlations and the time-varying sample
size [Wigley et al., 1984]. We limited our analysis to the
period with an EPS of at least 0.85 (Table S2).

2.2. Climate Data

[s] The PDSI for Algeria and Tunisia was computed
directly from monthly gridded 0.5° x 0.5° resolution
monthly total precipitation and average temperature data
[Mitchell and Jones, 2005], and was averaged to create a
regional mean drought index. Gridded data for 1920-2002
over the spatial domain 1°E to 11°E and 33°N to 37°N were
used for the computations (Figure 1 (top)). The sign of
significant moisture anomalies over this region is rather
uniform during the instrumental period, although the mag-

'Auxiliary materials are available in the HTML. doi:10.1029/
2008GL034264.
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Table 1. Site Information for Algeria and Tunisia

Site® Species® Elevation (m) Time Span Trees
1 CEAT 1452 1533-2006 19
2 CEAT 1555 1717-2006 20
3 CEAT 1862 1148-2006 27
4 CEAT 1755 1620-2006 23
5 CEAT 1088 1468-2008 22
6 PIHA 1273 1695-2008 22
7 PIHA 1180 1834-2006 19
8 PIHA 1390 1854-2006 20
9 PIHA 1393 1830-2006 20
10 PIHA 950 1890-2003 11
11 PIHA 424 1751-2003 24
12 PIHA 801 1874-2003 15
13 PIHA 1050 1865-2004 20

“Sites numbered as in Figure 1. Sites 1-9 from Algeria. Sites 10—13
from Tunisia.

l’Species codes are CEAT (Cedrus atlantica) and PIHA (Pinus
halepensis).

nitude may vary. We selected this time period as the most
reliable based on our experience with the limited instru-
mental weather data from these countries and comparison
with other gridded drought data sets [Dai et al., 2004].

2.3. PDSI Reconstruction

[6] Response function analysis [Biondi and Waikul,
2004] between the tree-ring indices and monthly and
seasonal groupings of PDSI (not shown) identified May—
August PDSI as the most appropriate predictand for the
reconstruction. May—August was found to account for 62%
of the tree-ring variance over the period of reliable instru-
mental climate data, 1920 to 2002. While May through
August account for only about 14 percent of the annual
precipitation (Figure S1), May—August PDSI reflects the
influence of both precipitation and temperature for preced-
ing as well as current months.

[7] Three complementary reconstructions were devel-
oped using the tree-ring data described above, in order to
objectively assess the potential to accurately capture the
long-term drought history of the region. First, we used the
individual chronologies as the potential predictors to devel-
op a set of nested multivariate stepwise regression models
[Meko, 1997; Cook et al., 2002] to estimate the mean May
through August PDSI over the study region. In this proce-
dure, an estimate of past drought values is calculated from
the stepwise regression model for the period covered by all
the individual site chronologies (1893 to 2002). Additional
statistical models are subsequently developed for progres-
sively longer periods back in time, with their span
corresponding to significant changes in the availability of
the underlying predictor tree-ring series. The individual
reconstructions in this manner are scaled to have the
standard deviation of the best replicated nest (1893 to
2002), and joined into a single long reconstruction such
that each time period is represented by the corresponding
regression model with the greatest available data. This
procedure permits the skill of the drought reconstruction
to be estimated as a function of the changing set of available
predictor data.

[s] Second, using the same nesting technique we devel-
oped an additional reconstruction using as a single predictor
for each nest the simple mean of the available tree-ring
chronologies for the time period covered by each successive
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nest. Finally, a third reconstruction was developed by
simple linear regression of PDSI on the biweight mean of
all individual tree-ring series available in any given year
(See Text S1 and Figure S2). This last technique is essen-
tially an averaging over all trees regardless of site location,
and is similar to a method previously used to develop
drought reconstructions using tree-rings in Morocco [Esper
et al., 2007]. The three complementary reconstructions
permit an assessment of the accuracy of reconstruction as
a function of time, and of sensitivity of reconstruction
features to different choices in spatial aggregation of tree-
ring data and regression approach.

[9] Models for all three reconstruction techniques were
validated with a split-sample procedure that divides the full
period (1920-2002) into two subsets (1920—1961 and
1962—-2002) alternately exchanged for calibration and val-
idation. Calibration accuracy was measured by the adjusted
R?, and validation skill by the Pearson product-moment
correlation coefficient (r), the reduction of error (RE) and
the coefficient of efficiency (CE) [Cook et al., 1994].
Models for the final reconstructions were calibrated on the
full, combined, period, and were further validated by a
leave-one-out jacknife procedure [Meko, 1997].

3. Results and Discussion
3.1. PDSI Reconstructions

[10] The reconstructed May—August PDSI for the nested
reconstructions is plotted in Figure 2. Using either the
individual chronologies or epochal means yields nearly
identical long-term drought timeseries (r = 0.94, p <
0.0001) with similar variance. Split-sample calibration/val-
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Figure 1. (top) Tree-ring sampling sites and (bottom)
temporal sample depth for Algeria and Tunisia. The grid
cells used for the PDSI reconstruction are shown by the box
in Figure 1 (top).
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Figure 2. Reconstruction of May—August PDSI. (a)
Calibration and validation skill over the reliable period of
instrumental data (black line). Numbers at the top and
bottom of each plot show the split-sample calibration and
validation statistics for R*, RE, and CE (see text for details).
(b) Full length long-term reconstruction and confidence
intervals shown by the standard error of prediction in grey
[Wilks, 2006]. Splice points for the nested reconstructions
are indicated by the arrows. (c) Low frequency drought
variability (15-year low pass filter) for reconstructions
based on the three different techniques described in the text.
The two nested reconstruction are virtually identical. (d)
Temporal variability in the nested reconstruction using the
full 1920 to 2002 period for calibration and a leave-one-out
jacknife procedure for validation. Full calibration and
validation statistics for the reconstructions, including split-
sample models, are available in the auxiliary material.

idation shows that the nested reconstructions are skillful as a
function of time and the underlying tree-ring data
(Figure 2a), and account for a significant portion of the
observed variance (25 to 61%) irrespective of which period
is used to develop or verify the regression model (see
Figures S3—S6). The split-sample validation also supports
our use of the reconstructions based on the full period of
reliable observational data (1920—2002) in the following
discussions (Figures 2b and 2d). None of the regression
models showed any trend or first-order autocorrelation in
the residuals.
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[11] While the single regional chronology reconstruction
is similar at interannual time scales to those using nested
regression models, and significantly correlated (individual
chronologies, r = 0.76, p < 0.0001; nested mean, r = 0.88,
p <0.0001), there are some notable discrepancies in decadal-
scale drought variability (Figure 2¢). The largest differences
are in the middle of the 17th and 18th centuries. The
conflicting estimates almost certainly arise because, in con-
trast to the nested reconstructions, the regression model
coefficients are invariant over time and cannot realistically
represent the changes in the predictor tree-ring data as
chronology sites become progressively sparse back in time.
Caution is therefore necessary when interpreting low-
frequency drought variability in reconstructions based on
a single mean regional tree-ring series over a large region
with temporally-varying sample depth [e.g., Esper et al.,
2007]. For these reasons, we consider the nested recon-
structions to be the most accurate and use them here to
describe the long-term drought history of the region.

3.2. Drought History in North Africa

[12] If dry years are arbitrarily defined as reconstructed
PDSI below its 25th percentile based on the 1920-2002
instrumental period (PDSI < —1.05), the longest period of
consecutive drought years in the long-term reconstruction
for the period AD 1456-2002 is 4 years. This drought
extreme occurred in 1999—-2002, and in fact is exceptional
during the last five centuries by either the simple regional
mean reconstruction or nested reconstructions. Single
drought years as defined here typically occur between 12
and 16 times per century, although the number rose to 19 in
the 20th century. The driest single years over the full length
of the reconstruction are 1867 (—3.74) and 2002 (—3.90).

[13] The reconstructions also demonstrate substantial
variation on multi-annual and decadal time scales, with
several significant events in the last five centuries (Figure
2c¢), although there is no long-term linear trend. In addition
to the most recent severe drought, substantial and sustained
dry conditions occurred in the 1540s, the 1860s, the 1870s,
the 1920s, and the 1940s. Interestingly, none of these events
are coincident with the large 19th (the ‘Civil War droughts’)
and 20th century (‘Dustbowl’ and 1950s) droughts in North
America [Seager et al., 2005]. Four times in the last five
centuries there are six year periods where every consecutive
year was below the long-term reconstructed index mean:
15481553, 1737-1742,1770—1775, 1876—1881. The last
of these events had an average six-year average May—
August PDSI of —1.25 in our reconstruction and for that
averaging interval is the worst of the sustained droughts in
the pre-instrumental record. Historical sources also point to
drought, famine, cholera, and plagues of locust during this
period [Taithe, 2006], and in particular to a persistent
drought at Belezma (Batna) that caused massive damage
to the cedar forests [Boudy, 1955]. The middle of the 1940s
is also known from documentary sources as a time of
particularly severe dry conditions. The year 1945 was
known as a ‘year of hunger’, and drought and famine in
Algeria were described by the philosopher Albert Camus in
articles from that era [Kassoul and Maougal, 2006].

[14] Neither SST nor sea level pressure show a clear
relationship with interannual anomalies in May—August
PDSI. Other studies of the limited instrumental data have
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Figure 3. Composite mean sea surface temperature
anomalies [Kaplan et al., 1998] for significant drought
periods 1856 to 2002.

shown that the coherent influence of large-scale Atlantic
ocean-atmosphere modes of variability on the seasonal
mean climate of northwestern Africa is largely confined to
Morocco in the west [Knippertz et al., 2003; Li et al., 2003].
Climate model simulations have shown the North American
drought can be caused by cold sea surface temperatures and
La Nina-type conditions in the eastern tropical Pacific
[Seager et al., 2005; Seager, 2007], and a recent study
suggested that Pacific teleconnections could also be respon-
sible for Medieval drought conditions in Morocco [Esper et
al., 2007]. Our comparison of periods of persistent drought
in Algeria and Tunisia with SST anomalies (Figure 3),
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however, suggests that for this region the climate dynamics
responsible for drier and warmer conditions are more
complicated. While the strongest droughts during the his-
torical period are indeed associated with anomalous temper-
atures in the Pacific, the sign of these anomalies is different
between the earlier and latter portions of the instrumental
SST record. Such associations are therefore either coinci-
dental, or both El Nino and La Nina can influence North
African drought through different mechanisms (perhaps
associated with drought seasonality, the balance between
rainfall and temperature, or the mediating influence of the
Atlantic). Indeed, the most consistent SST anomalies asso-
ciated with drought appear to be warmer than normal
conditions in the Atlantic, especially the tropical Atlantic.
A testable hypothesis is that the association between
drought, remote teleconnections, and atmospheric circula-
tion has changed over the last 150 years. Models do not
currently capture the spatial extent and severity of the
modern and historic drought periods in Algeria and Tunisia
[Seager et al., 2007], although recent analyses of long
HadCM3 control simulations suggest that our study region
sits at the margin of modelled ENSO-influenced telecon-
nections to geopotential heights and zonal winds over
Europe and the western Mediterranean [Busby et al.,
2007]. If this is the case, than relatively small differences
in the nature of the ENSO teleconnections, or the additional
influence of the Indian [Hoerling and Kumar, 2003] or
Atlantic Ocean or radiative forcing, might influence the
position of circulation patterns and the sign of the local
precipitation or temperature anomaly, leading to drought.
Given the importance and potential impact of drought in the
region, further study of the mechanisms associated with
drier conditions in northern Africa should be included in
future general circulation model analyses, as has been done
for North America [e.g., Seager, 2007].

4. Summary and Conclusions

[15] In this paper, we present the first long-term drought
reconstruction for Algeria and Tunisia. The 547-year recon-
struction can now provide a baseline for studying past
climate variability in the region, and provides a simulation
target for general circulation modeling. The relationship
between global SST anomalies and the strongest droughts in
Algeria and Tunisia (Figure 3) indicate that further climate
model studies are necessary to determine how both internal
climate variability and global anthropogenic climatic
change may influence drought conditions in this already
arid region. The 19992002 drought appears to be the worst
since the middle of the 15th century and is potentially
ominous due to the possible link to anthropogenic climate
change [Hoerling and Kumar, 2003; Seager et al., 2007].
Our May—August PDSI drought reconstruction also now
provides essential information concerning hydroclimatic
variability in northern Algeria and Tunisia, including the
long-term return period of severe and multiyear dry periods.
The placement of modern drought characteristics in the
context of several centuries of climate variability can help
natural resource managers apply low-risk and long-term
plans to use, conserve, and sustain water and other natural
resources that are the foundations of social, political, and
economic systems in the region. The information from our
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reconstruction will also provide an additional dimension in
the study of environmental history and its relationship to
human social and population dynamics in North Africa. The
strong drought signal in our Cedrus atlantica and Pinus
halepensis chronologies indicates that further development
of the North African tree-ring network will provide the
necessary proxy data for robust, fine scale regional paleo-
climate field reconstructions.
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