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Although desert dunes cover 5 per cent of the global land surface
and 30 per cent of Africa, the potential impacts of twenty-first
century global warming on desert dune systems are not well
understood1. The inactive Sahel and southern African dune
systems, which developed in multiple arid phases since the last
interglacial period2, are used today by pastoral and agricultural
systems3,4 that could be disrupted if climate change alters twenty-
first century dune dynamics. Empirical data and model simu-
lations have established that the interplay between dune surface
erodibility (determined by vegetation cover and moisture avail-
ability) and atmospheric erosivity (determined by wind energy)
is critical for dunefield dynamics5. This relationship between
erodibility and erosivity is susceptible to climate-change impacts.
Here we use simulations with three global climate models and a
range of emission scenarios to assess the potential future activity
of three Kalahari dunefields. We determine monthly values of
dune activity by modifying and improving an established dune
mobility index6 so that it can account for global climate model
data outputs. We find that, regardless of the emission scenario
used, significantly enhanced dune activity is simulated in the
southern dunefield by 2039, and in the eastern and northern
dunefields by 2069. By 2099 all dunefields are highly dynamic,
from northern South Africa to Angola and Zambia. Our results
suggest that dunefields are likely to be reactivated (the sand will
become significantly exposed and move) as a consequence of
twenty-first century climate warming.
Dune sand transport is significantly inhibited or prevented by

vegetation cover of over 14% (ref. 7). Cover varies with position on
the dune—flanks are normally better vegetated than crests owing to
soil moisture distributions and degree of exposure to wind events.
There is also significant short-term variation in subtropical dune
system dynamics because of high interannual rainfall variability,
droughts, localized fire and human impacts8. These can reduce
vegetation cover on crests and flanks to less than 14%, leading to
aeolian (wind-borne) sediment mobilization5, until vegetation
recovers and crestal stabilization ensues9. This century, global warm-
ing is widely predicted to lead to reductions in net soil moisture and
an increase in high-magnitude climatic events, including droughts in
the subtropics10. Persistent changes in mean climatic parameters
affecting soil moisture and windiness (which affect erodibility and
erosivity) are most likely to markedly affect dunefield activity.
Erodibility relates to vegetation and biocrusts and therefore to
effective moisture (P 2 Ep, where P is precipitation and Ep is
potential evapotranspiration), and erosivity relates to the aeolian
transport capacity, expressed as the cube of mean wind speed, Ū3

(refs 11, 12).
In the southern Kalahari today, low wind energy limits potential

sand transport to higher linear dune slopes and crests, where
vegetation cover controls whether dune sand transport and erosion

takes place13. Eastern and northern dunefields are well vegetated and
largely buffered from erosivity effects5. To assess twenty-first century
dunefield dynamics we developed a methodology for using General
Climate Model (GCM) data and an indexed measure of surface
erodibility and erosivity. With a methodology established and tested,
we applied it to data from a range of GCM scenarios for the three
central southern African Kalahari dunefields (Fig. 1).
Monthly GCMoutputs were used to assess future changes in intra-

annual dune activity. Several indices of dune mobility exist that
include erodibility and erosivity parameters defined by climate
data14–16. M ¼ W/(P/Ep), where W is the percentage of the time
wind is above the threshold for sand transport, was first applied in the
Kalahari6, with subsequent applications and calibration in other
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Figure 1 | The southern African Kalahari basin and dune systems. Mean
annual rainfall and interannual rainfall variability isolines are shown. Most
rainfall occurs October–April. In the driest, southern, areas dunes have a
partial vegetation cover that responds to the high interannual rainfall
variability. Low wind energy today limits sand transport and vegetation
recovers after dry periods to impart stability, except where land-use
pressures create bare hotspots of activity. In northern and eastern areas
dunes are heavily vegetated, including supporting mixed deciduous
woodland in places, owing to higher precipitation levels. Modelled 1961–90
mean Ap, GCM values correctly predict dune inactivity throughout the
Kalahari. Isohyet, lines of equal precipitation.
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dunefields17,18. We modified the index M to account for GCM data
outputs and to determine monthly values, improving sensitivity in
a region of highly seasonal climate (see Methods). GCMs were
evaluated to provide twenty-first century climate predictions, with
consideration given to grid sizes, ability to postdict the 1961–90
climate for index validation, and sensitivity to atmospheric compo-
sition and level of greenhouse gases19. Hadcm3, Hadcm2 and
CGCM1 were selected for their relatively fine resolutions, with
predictions of future global warming ranging from 2.5 8C
(Hadcm3) to 3.5 8C (CGCM1) by 2100. These GCMs allowed
different model generations to be incorporated into the study.
Testing indicated that no one GCM performed well for all key
variables, but for Hadcm3 and Hadcm2, values of the revised index
of potential dune activity, Ap, GCM (see Methods for definition) bore
a close relationship to those derived from observed data for the
1961–90 period. Monthly and annual GCM data runs were used for
future climate scenarios, with results averaged over tridecadal blocks
(2010–2039, 2040–2069 and 2070–2099). We used the IS92a
(2 £ CO2) emission scenario and several SRES scenarios to account
for increases in additional atmospheric gases20. Once predictions
were made for the erosivity and erodibility elements of Ap, GCM, the

results were analysed to consider the impacts of spatial and seasonal21

trends in future climate.
Using IS92a, all the GCMs produced twenty-first century climate

scenarios leading to increased dunefield erodibility, though with
differing changes in P and Ep. Csiro-mk2b predicts a doubling of Ep

throughout southern Africa by 2100. The older CGCM1 predicts a
50% decline in summer rainfall in northern areas, accompanied by a
quadrupling of Ep. Although the newer Hadley GCMs predict smaller
increases in Ep than the other models, the P/Ep ratio was always ,1.
This negative moisture budget applies even to the currently heavily
vegetated northern dunefield, for which using SRES emission
scenarios Hadcm3 predicts a 50% precipitation increase. When
compared, the IS92a and SRES results agree, in that any modelled
annual precipitation increases in the southern African interior are
outweighed by evapotranspiration increases. Some changes in rainfall
seasonality are modelled, but only Csiro-mk2b with SRES scenarios
suggests a heightening of dry–wet season contrasts.
Erosivity is projected to increase in all model and scenario outputs,

with greatest increases in the southern dunefield. The most sensitive
outputs are generated by Hadcm3 with both IS92a and SRES.
Ramped erodibility increases are driven by a doubling of the present

Figure 2 | Ap, GCM dune mobility predictions using IS92a (2 3 CO2)
emissions scenarios. Data are shown as average annual monthly activity
within each tridecadal period. a, Southern dunefield; b, northern dunefield;
c, eastern dunefield. By 2070, dune flank activity is predicted by all model
outcomes in the southern dunefield (bottom panel of a). Significantly,

interdune activity, indicating a fully active dunefield, is predicted in two
scenarios. In the northern Kalahari, significant activity is also predicted after
2040 (middle panel of b), suggesting a marked change in landscape stability
and ecosystems.

Figure 3 | Contemporary and post 2070 Ap, GCM values of Kalahari
dunefield activity. a, Southern dunefield; b, northern dunefield; c, eastern
dunefield. ‘Contemporary’ indicates values calculated using 1961–90
climate data. Post-2070 runs with the Hadcm3 GCM use a range of emission

scenarios: A2, SRES ‘business as usual’ emissions; B2, SRES medium
emissions scenario; A1fa, SRES emissions with increasing fossil fuel use;
IS92a, the 2 £ CO2 scenario.
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mean wind speeds to 4m s21 after 2040. Little change occurs in the
timing of wind-speed maxima throughout the year, with the focus
remaining in the August–October period.
To establish potential future dunefield activity we integrated

temporal determinations of erodibility and erosivity from specific
GCMand emission scenarios intoAp, GCM. Under the present climate
conditions, only the southern dunefield experiences activity and this
is largely limited to dune crests during droughts7. All modelled
outputs project marked increases in dune activity during the
twenty-first century in all dunefields, including after 2040 in the
northern dunefield (Botswana, Namibia, Angola) and in the eastern
dunefield (Zimbabwe, Zambia). Significantly, by 2070 activity levels
even in northern areas exceed the current activity maxima in the dry
southwestern areas. No particular GCMs or emission scenarios
consistently produce the ‘least active’ or ‘most active’ predictions,
but with IS92a emissions CGCM1 often produces the most active
scenarios (Fig. 2).
The GCMs all produce increasing levels of activity over the twenty-

first century, including fully active dunefields, where interdune areas
are devegetated and sand mobility and transfer between dunes is
possible, resulting in marked landscape changes such as plant
community diminutions. These would represent considerable, even
catastrophic, limitations on the present agricultural uses of these
environments. Our model does not account for the potential impact
of enhanced atmospheric CO2 levels on plant productivity, which
may be greatest in dry environments22. These might counter some

of the cover reductions due to reduced future net precipitation;
however, critical advantages may be lost under the impacts of
droughts that are expected to increase in severity and frequency23.
From the middle of the twenty-first century projected values of
Ap,GCM are exceedingly high (.5,000 in many months with several
GCM runs) owing to both substantial moisture depletion and
markedly enhanced windiness.
We evaluated differing emission scenario impacts on potential

dune activity (Fig. 3). Although the extreme situation generated by
the use of the SRES A1fa scenario is notable, perhaps of greater
significance is that even themedium-emission scenario, B2, generates
significant aeolian dynamism across the Kalahari, including the
currently heavily vegetated eastern and northern dunefields. The
limited southern dunefield activity today displays year-to-year fluc-
tuations in association with climate variability9; interannual varia-
bility in dune activity levels is modelled to continue in the late
twenty-first century too, but even in the least active years Ap, GCM

values are sufficiently high that dune crests would remain active.
If these predictions were to be correct, there would be little respite
from sand mobility in the Kalahari dunefields even during relatively
moist years.
Finally, we took Ap, GCM outputs for the post-2070 period using

Hadcm3 and determined the mean status of runs using all four of the
emission scenarios used in this analysis (Fig. 4). This indicates that
the Kalahari has the potential to achieve levels of aeolian activity
that have not operated since 14–16 kyr ago—the last period of

  

  

Figure 4 | Predicted three-month block dunefield activity after 2070. This
is modelled as the mean of Hadcm3 runs using IS92a, A2, A1fa and B2

emission scenarios. Significant dunefield activity occurs all year round in all
three dunefields.
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Kalahari-wide dunefield activity recorded in the luminescence-dated
sedimentary record24.
Our findings show that dunefields are likely to experience

significant reactivations as a consequence of twenty-first century
climate change. This finding is independent of the GCM or emission
scenario used. There are uncertainties within the modelled Kalahari
scenarios but the general trend and the magnitude of possible
changes in the erodibility and erosivity of dune systems suggests
that the environmental and social consequences of these changes will
be drastic.

METHODS
Potential activity index. To adapt M6 to GCM data and apply it to a highly
seasonal climate regime, several changes were made. Because mean monthly
wind velocity, U (in m s21), is the common GCM wind output,W was replaced
by Ū3, which has been employed in other dunemobility indices14,15, and is widely
used in agricultural wind erosion models11,25, and in investigations of short-
event-based sand flux12. At present vegetated dunes extend 108 latitude north of
the arid southern Kalahari, where M was developed; these northerly locations
today receive up to 900mm of precipitation per year. The moisture retention
capacity of dune bodies26 allows for the more persistent impact of prolonged wet
(and dry) periods on soil moisture and vegetation cover through the year27. A
first-approximation weighting for rainy season net precipitation was therefore
introduced, as well as one for the preceding twomonths rainfall16. This weighting
is also likely to have a conservative effect on predictedmobility, through its effect
on erodibility. The revised index is Ap;GCM ¼ �U3=ðPlag=Ep; lag þPrainy=Ep; rainyÞ;
where Ū3 ¼ the cube of the mean wind speed. P lag/Ep, lag is the residual effect of
recent rainfall and potential evaporation, such that Plag ¼ ðP21 þP0Þ=2; where
P21 is precipitation in the previous month and P0 is rainfall in the current
month, and Ep; lag ¼ ðEp;21 þ Ep;0Þ=2; where Ep,21 is potential evapotranspira-
tion in the previous month and Ep,0 is potential evapotranspiration in the
current month. P rainy/Ep, rainy is the effect of rainy season precipitation and
potential evaporation on soil moisture, such that Prainy ¼ ðPN þPD þPJ…Þ=m
and Ep; rainy ¼ ðEp;N þEp;D þ Ep; J…Þ=m; where m ¼ N (November), D
(December), J (January), and so on (abbreviations as in the figures) is the
month under consideration within the rainy season. Ap, GCM is adapted for the
limitations of GCMdata outputs, is specifically developed for the seasonal nature
of southern African climates, and contains determinations of erodibility and
erosivity elements that are not expected to overestimate potential dune
dynamics.
Model validation. For dune activity indices the thresholds between classes are
important for model calibration. A fourfold division of Ap, GCM values was
achieved through a validation exercise that explains different levels of aeolian
activity within dunefields: Ap, GCM . 700 indicates highly dynamic dune land-
scapes, bare dune bodies and sparsely vegetated interdunes; Ap, GCM ¼ 160–700
indicates significant dune activity, dunes crests bare, dune flanks rippled but
moderate interdune vegetation cover; Ap,GCM ¼ 70–160 indicates dune activity
limited to crests, dune flanks vegetated, interdunes well vegetated; and
Ap, GCM , 70 indicates vegetation cover across the whole dune, dunes inactive.
Contemporary tridecadal (1961–90) Ap, GCM values for the southern dunefield
correctly indicate mean dunefield inactivity (Fig. 3); for the northern dunefield
Ap, GCM , 10 for all months,,50 for the eastern dunefield and up to 100 for the
southern dunefield. Within these data, high interannual climatic variability
(Fig. 1) and rainfall seasonality leads to variations in Kalahari activity status9,16.

Validation was achieved using monthly Ap, GCM values from 1960–2000
climatic data from Twee Riverien in the southern dunefield, calibrated against
temporally referenced empirical dune activity and vegetation cover data from
published and field research sources. Ap, GCM values from .9,000 to 1 were
calibrated against: (1) empirical vegetation cover data for September 1999 and
June 2000; (2) dune surface activity data based on eight years (1992–2000) repeat
dry-season measurements and observations at a number of sites within 10 km of
the meteorological station, including published data for 1992 (ref. 7); (3) a
photographic library of dune images from 1983–2000 providing further evi-
dence of vegetation conditions on a range of linear dune and interdune areas;
and (4) remote sensing and field-based analyses of vegetation cover in the
dunefields28,29, including detailed analyses of two Thematic Mapper satellite
image subscenes centred on Twee Riverien in the southern dunefield (1984 and
1993)9. Supplementary Fig. 1 illustrates and exemplifies the calibration. In
addition, monthly Ap, GCM values from 2001–2 automatic weather station data
in the very arid, active, negligibly vegetated Namib dunefield, always exceed
31 £ 106. Projected values for the southern Kalahari dunefield attain 88 £ 106

for August in 2070–2099 with one GCM scenario (Fig. 2).
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