
Noname manuscript No.

(will be inserted by the editor)

Sand dune mobility under climate change in the Kalahari

and Australian Deserts

Yosef Ashkenazy · Hezi Yizhaq · Haim Tsoar

Received: date / Accepted: date

Abstract Vegetation cover on sand dunes mainly depends on wind power (drift potential—

DP) and precipitation. When this cover decreases below a minimal percentage, dunes

will start moving. It is therefore necessary to study the effects of DP and precipitation

on contemporary dune activity in order to predict likely future dune mobility in the

coming decades. We concentrate on the future activity of currently fixed dune fields

of the Kalahari and the Australian deserts. These sand seas include the largest areas

of stabilized dunes in the world and changes in their mobility have significant eco-

nomic implications. Global maps of DP are introduced, based on real and reanalysis

data. Analysis of two global circulation models (GFDL and CGCM3.1) provide future

predictions under the SRES-A1B IPCC scenario, which is a moderate global warming

scenario. According to the GFDL model, both the Australian and Kalahari basin dunes

will apparently remain stable towards the end of the 21st century because the DP will

stay small, while the rate of precipitation is expected to remain much above the min-

imal threshold necessary for vegetative growth which lead to dune stabilization. The

CGCM model predicts insignificant changes in DPs and shows that precipitation rate

is above 500 mm/yr for almost the entire Kalahari basin. The central-northern part of

Australia is predicted to have larger DPs and greater precipitation than the southern

part. Since the predicted changes in DP and precipitation are generally not drastic,

both the Australian desert and Kalahari basin dunes are not likely to become active.

Still, the Australian dunes are more likely to remobilize than the Kalahari ones due to

some decrease in precipitation and increase in wind power.
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1 Introduction

Sand dunes cover vast land areas and are located primarily in arid regions. The large

sand seas are concentrated in Africa, Australia, and Asia (Fig. 1), with about half of

them exhibiting stable, fixed configurations.

Most of the currently fixed dunes were active during the last glacial maximum (e.g.,

Hesse et al., 2003; Fitzsimmons et al., 2007a, 2007b; Stone and Thomas, 2008) when the

weather was colder and drier and air turbulence was stronger (e.g., Harrison et al., 2001;

Lunt and Valdes, 2001, 2002; Duller and Augustinus, 2006). One factor modulating and

weakening wind action on sand is vegetation (Wasson and Nanninga, 1986; Buckley,

1987; Wolfe and Nickling, 1993; Buckley, 1996; Hugenholtz and Wolfe, 2005; Okin,

2008), whose growth can lead to dune stabilization. Therefore, when precipitation is too

low to support vegetation, dunes may be reactivated (Tsoar, 2005). Several indications

of dune reactivation have been reported in the past decades (e.g. Muhs and Maat,

1993; Thomas et al., 2005; Alexander, 2007).

Geomorphologists usually characterize dune mobility in terms of mobility indexes

(e.g., Wasson, 1984; Talbot, 1984; Lancaster, 1988; Tsoar, 2005), which are considered

to depend on climatological parameters, such as precipitation, temperature, (potential)

evapotranspiration, and wind speed. However, dune dynamics are much more compli-

cated and involve various self-interacting processes that cannot be modeled by simple

diagnostic indexes. The recently reported coexistence of fixed and active dunes un-

der similar climatic conditions demonstrates the limitation of dune-stability indexes

(Tsoar, 2005; Yizhaq et al., 2007, 2009). Moreover, this bistability seems to be related

to a hysteresis phenomenon in which dunes experience abrupt, fixed-to-active state

transitions when a particular climatic parameter reaches a critical value (Yizhaq et al.,

2007, 2009). Thus, a future change in a dune’s dynamic state may be generally es-

timated by examining changes in the size of climatic parameters: large changes in a

relevant climatic parameters are more likely to push the dunes beyond their fixed-to-

active (or active-to-fixed) transition point.

We assume here that wind power (wind erosion) is the limiting factor for vegetation

stability on sand dunes and that dune vegetation can exist only when precipitation is

above a minimal threshold of about 50 mm/yr (Danin, 1996; Tsoar and Blumberg, 2002;

Tsoar, 2005, 2008). Above this value, increase in precipitation up to ∼ 370 mm/yr (Sala

et al., 1988) leads to denser vegetation and therefore to increased dune stability. When

precipitation is above 400 mm/yr, the extra water has only a moderate effect on dune

vegetation because the plants already have sufficient water to develop. The active dunes

of northeastern Brazil, where wind power is very high (Yizhaq et al., 2007, 2009; Tsoar

et al., 2009), as well as other coastal dune areas (Hunter et al., 1983; Arens et al., 2004),

continue to demonstrate active movement, despite high local rainfall of up to 2 m/yr.

This fact supports our assumption that precipitation can sometimes have a limited

effect on plant growth on sand. Additional supporting evidence that precipitation plays

a secondary role on dune activity comes from the northwest Negev desert in Israel.

Here, the dunes are stable, despite a very low precipitation rate (between 70 and

170 mm/yr) (Karnieli and Tsoar, 1995; Meir and Tsoar, 1996; Tsoar, 2008; Tsoar et al.,

2008); because the low wind-drift potential (DP<100) allows the growth of vegetation

and biogenic-crust that provide stability (Neuman and Maxwell, 1999; Argaman et al.,

2006). However, although the wind power is the main factor which affects dune mobility,

long droughts and drastic decrease in precipitation can lead to dune reactivation or

to enhanced dune activity (Lancaster, 1997). In addition, in some coastal areas, like
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Frazer Island in Australia, the sand supply from the ocean may play an additional

important role in dune activity. In the work presented below we mainly focus on the

inland large sand seas.

DP is a function of the rate of sand transport (Fryberger, 1979; Tsoar, 2005), which

is given by:

DP = 〈U2(U − Ut)〉, (1)

where the brackets 〈· · ·〉 indicate time averaging, usually of several years, and U is the

wind speed in knots (1 knot=0.514 m/s) at 10 m height. Only wind speeds above the

minimal threshold of Ut = 12 knots necessary for sand transport are considered, while

the weaker winds have zero contribution. Several studies (Fryberger, 1979; Bullard,

1997) have shown that DP is proportional to the potential sand flux. Fryberger (1979)

classified wind energy environments into three categories: (i) low energy with DP < 200,

(ii) intermediate energy with 200 < DP < 400, and (iii) high energy with DP > 400.

Traditionally, the DP calculations are based on annual average tables of specific ranges

for wind speed and wind direction. This approach is less accurate then the one given

in Eq. (1) due to the rough quantization (and hence resolution) of wind speed and

direction. It is clear that in order to obtain a reliable value of DP, wind data with fine

temporal resolution should be used.

The aim of this paper is to verify whether the presently fixed dunes of the Kalahari

basin and the Australian dune fields will be reactivated in the future due to global

warming, as might be expected from an increase in aridity, which would kill off vegeta-

tion. We can accomplish this by: (i) creating a global map of DP derived from measured

wind-speed data and two reanalysis databases, and (ii) estimating future DPs using

the SRES A1B (see below) climate-change scenario of the Intergovernmental Panel

on Climate Change (IPCC) (IPCC, 2007). Regions that are more favorable for dune

reactivation can then be located. We refrain from quantifying the probability for dune

reactivation due to the great uncertainty in extreme wind and precipitation events

provided by the IPCC models (see examples below) and because of the complexity of

predicting vegetation extinction due to climate change.

Generally speaking, active sand dunes are found in areas where the precipitation

rate is very low and/or the DP is relatively large, while stable dunes are found in

areas with very low DP and precipitation rate that is above the minimal threshold of

50 mm/yr. Based on that, the results below indicate that the Kalahari stable dunes are

not favorable for dune reactivation, primarily because the future DPs will remain very

small while the precipitation is predicted to remain significantly above the minimal

threshold of 50 mm/yr. Most of the Australian stable dune areas are expected to

experience an increase in DP and thus are more favorable for dune remobilization

compared to the Kalahari dunes, although the probability for dune reactivation in

Australian is low.

The paper is organized as follows: First, the data sources that are used in this study

are described (Section 2). DP maps, based on measured wind speed and on reanalysis

data, are then presented (Sections 3.1, 3.2). Following that, data of two climate models

are used to calculate the future DP and precipitation under the SRES A1B scenario

(Section 3.3). Finally, there is a discussion of dune mobility in light of the findings of

the climatic models (Section 4), followed by a summary (Section 5).
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2 Data sources

The National Climatic Data Center (NCDC; www.ncdc.noaa.gov) provides an hourly

database of quality-controlled climate data that includes wind measurements. The

database spans a time period from 1900 until the present where the number of stations

included in the database generally increases with time, so that the number now amount

to over 10,000. Unfortunately, most of the stations do not contain sufficiently reliable

hourly data, and we chose only those stations that have more than 80% (≈7013 mea-

surements per year) of reliable hourly wind measurements. We thus could take data

from 1281 stations (distributed global) for 1973 and 4984 stations for 2008.

Two reanalysis databases were used for obtaining uniform coverage of the DP—

(i) the National Centers for Environmental Prediction, National Center for Atmo-

spheric Research (NCEP/NCAR) (Kalnay et al., 1996) and (ii) the European Cen-

tre for Medium-Range Weather Forecasts (ECMWF) ERA40 reanalysis data (Uppala

et al., 2005). These two reanalysis databases are intensively used in climate research.

The NCEP/NCAR provides reanalysis data from January 1948 till present (61 years),

whereas the ECMWF ERA40 data are provided only from September 1957 to August

2002 (45 years). For the calculation of the DP we used the finer temporal resolution

of these reanalysis data, represented by 4 values per day (every 6 hours), which have

a spatial resolution of 2.5◦ latitude/longitude. Both reanalysis databases provide mul-

tilevel coverage of wind velocities while for the NCEP/NCAR DP calculation we used

the wind velocities of the lowest level (σ = 0.995 where σ is basically the ratio between

the atmospheric pressure and surface pressure when assuming that the top of the do-

main pressure approaches zero), which approximately represents wind at 10 m height;

for the ECMWF data we used the 10 m surface winds provided by the model.

For the prediction of future DP levels, we employed the 10 m height wind data of two

coupled atmosphere-ocean-general-circulation-models (AOGCMs): (i) the Geophysical

Fluid Dynamics Laboratory Climate Model 2.1 (GFDL CM2.1) model (Delworth et al.,

2006; Gnanadesikan et al., 2006; Wittenberg et al., 2006; Stouffer et al., 2006) and (ii)

the Canadian General Circulation Model version 3.1 (CGCM 3.1). Both are included in

the latest IPCC report (IPCC, 2007). We used these models because they provide the

finest temporal resolution data we could find for daily wind velocities. The atmospheric

component of the GFDL model has spatial resolution of 2◦ latitude 2.5◦ longitude,

while that of the CGCM is approximately 3.75◦ latitude/longitude (we used the T47

spectral version of the model). For the prediction of future DP levels, we used the

IPCC Special Report on Emissions Scenarios (SRES) A1B scenario runs1. We chose

the A1B scenario because it seems to represent a moderate global warming scenario

(i.e., not too optimistic and not too pessimistic) and because it provides various daily

data streams (including wind). To obtain relative changes in DP and precipitation, we

1 Quoted from the IPCC report (IPCC, 2007): “The A1 storyline and scenario family de-
scribes a future world of very rapid economic growth, global population that peaks in mid-
century and declines thereafter, and the rapid introduction of new and more efficient technolo-
gies. Major underlying themes are convergence among regions, capacity building and increased
cultural and social interactions, with a substantial reduction in regional differences in per capita
income. The A1 scenario family develops into three groups that describe alternative directions
of technological change in the energy system. The three A1 groups are distinguished by their
technological emphasis: fossil intensive (A1FI), non-fossil energy sources (A1T), or a balance
across all sources (A1B) (where balanced is defined as not relying too heavily on one particular
energy source, on the assumption that similar improvement rates apply to all energy supply
and end-use technologies).”
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compare the model’s future predictions with the last part of the IPCC 20th century

experiment of these models.

3 Results

3.1 Real data

The NCDC hourly data was used to construct a map of DP distributions. Fig. 2 depicts

the calculated DP for 2008 (based on 4984 stations); we use Gaussian smoothing to

average several stations that fall on the same grid point. The DP at each grid point

(x0, y0) is calculated as:

DP(x0, y0) =

PNp

n=1
fDP(xn, yn)W (xn, yn)

PNp

n=1 W (xn, yn)
(2)

where Np is the number of measured fDP points within the “influence region” of the

grid point, fDP(xn, yn) is the measured DP; the weighting function W (xn, yn) is defined

as:

W (xn, yn) = exp [−(xn − x0)
2/X2 − (yn − y0)

2/Y 2], (3)

using the mapping scales of X = 2◦ and Y = 2◦. We also assume that the weighting

function is zero when W (xn, yn) < e−4.

Generally speaking, the DP is much larger over the oceans, along coastal areas, and

over high mountains. The DP is very small (less than 50) in many inland areas. The

locations of the wind stations used to construct the DP map, are shown in Fig. 2b.

Almost all of them are located in North America, West Europe, and Japan, making

the DP estimation in these areas much more accurate than elsewhere.

Since we are interested in dune areas, we show in Fig. 1 an estimated sand seas

map, based on the map of Thomas (1997). The stable sand seas are concentrated

in the southern Sahara, Central Asia, Australia, and the Kalahari basin in southern

Africa. It is of great interest to predict the future changes in DP and precipitation

of the stabilized sand seas of Australia and the Kalahari because dune reactivation

would affect ecological, economic, and human activity (Knight et al., 2004; Thomas

et al., 2005). Because the DP is low for these sand seas and the precipitation is above

the rate that is required for vegetative growth, perennial vegetation fixes the dunes

(Ash and Wasson, 1983; Hesse and Simpson, 2006; Wiggs et al., 1995). We will thus

concentrate on the stable dunes in the Kalahari and Australian deserts.

3.2 Reanalysis data

The surface six-hourly winds of the NCEP/NCAR (Kalnay et al., 1996) and ECMWF

(Uppala et al., 2005) reanalysis data were used to obtain a global map of DP distri-

bution (Fig. 3). The DP calculated from the NCEP/NCAR reanalysis for the years

1980-1999 (Fig. 3a) is generally higher than that of the ECMWF (Fig. 3b). The gen-

eral features are high DP over the oceans and low DP over the land, similar to the

observed data (Fig. 2). For both reanalysis databases, the DP is relatively high over

the Sahara and low over the Kalahari basin; this is somewhat similar to the observed

values shown in Fig. 2.
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The reanalysis data is the output of state-of-the-art climate models that assimilate

thousands of measurements every six hours. Thus, at any given time, the reanalysis

models should provide a reasonably accurate picture of the climatic state. In essence,

DP captures the extreme wind events—stronger winds contribute very significantly to

the DP because wind speed appears as a third power factor in Eq. (1). The extreme

wind events of the reanalysis data seem to be problematic as reflected in the differences

between the DP data calculated from the NCEP/NCAR and ECMWF. We note that

the results presented in Fig. 3 are the mean values over 20 years (1980-1999); reanalysis

data at this time period are also based on satellite data that provide continuous and

high resolution coverage of measurements. The difficulties in calculating consistent,

reliable DP values, even from existing reanalysis data that assimilate real data at six-

hour intervals, may hint that future predictions of DP from climatic models must be

taken with reservation.

To allow a better comparison with climate models that are used for future predic-

tions and for which the finest temporal resolution is daily, we show in Fig. 4 the DP

distribution map, based on daily mean values of wind speed; since our main focus in

the rest of the paper is the Kalahari and the Australian deserts we only show the maps

of these regions. As expected from the third-power relationship of DP with wind speed,

these DP values drop significantly from that calculated from the six-hourly wind data

(Fig. 3), although their overall patterns remain similar. Thus, the DP maps that are

based on daily mean wind speed provide only the lower limit of the DP, where the

“real” DPs may be larger. Therefore, comparing daily mean DP maps over various

periods may help to estimate the relative changes over time, but not necessarily the

absolute differences.

To quantify the reduction in DP due to the use of the coarser daily-mean data, we

constructed the ratio:

r = 1 − DPdaily/DP6−hourly, (4)

where DP6−hourly indicates DP that is based on 6-hourly data and DPdaily indicates

DP based on the coarser daily-mean data. When DPdaily = DP6−hourly, r = 0, indi-

cating a zero reduction in DP due to the daily averaging operation. When DPdaily = 0

the ratio is one (r = 1), meaning 100% reduction in DP due to the temporal mean.

Fig. 5 depicts this ratio, showing that the larger reduction is over areas with small DP,

while almost zero reduction is observed in many areas over the ocean where the DP is

relatively large. The reduction over the Kalahari basin is larger than that of Australia,

in part, because the DP over the Kalahari basin is smaller.

Naturally, a comparison between the data (such as in Fig. 2) and the reanalysis data

is required to validate the reanalysis model results. Such a comparison is not trivial

since the data coverage of the DP maps varies from year to year based on the available

data. Yet, when we compare the maps of annual mean DP based on measurements

(such as Fig. 2) over the period between 1980-1999 to the DP based on the 6-hourly

reanalysis of NCEP (Fig. 3a) and ECMWF (Fig. 3b), we clearly see that ECMWF

provides significantly lower values of the DP data, while NCEP overestimates the DP

(mostly of the data coming from North-America, Europe, and Asia). This makes the

NCEP DP a more reliable source for wind power analysis as it resembles the measured

data more closely.

Vegetation affects the dune stability because it increases surface roughness and

reduces wind velocity and momentum (Wasson and Nanninga, 1986; Buckley, 1987;

Wolfe and Nickling, 1993; Buckley, 1996; Hugenholtz and Wolfe, 2005). Empirical stud-
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ies (Danin, 1996) have indicated that precipitation between 50 to 100 mm/yr can lead

to enough vegetation cover, which can reduce dune activity. Vegetation in this low-

precipitation range is limited to the interdune areas and the flanks of linear dunes

(Danin, 1996; Tsoar, 1990, 2005; Thomas and Leason, 2005); however, biogenic crusts

may lead to complete dune fixation even below these low precipitation rates as for the

Nizzana dunes at the western Negev, Israel (Karnieli and Tsoar, 1995).

Vegetation growth rate in sandy soil (as a function of precipitation) increases

rapidly up to 370 mm/yr (Sala et al., 1988) and more moderately above this value.

Once the vegetation cover is extensive and there is more than enough water to satu-

rate the sand, additional precipitation has smaller effect on plant biomass and cover.

It is thus important to examine contemporary measurements as well as future pre-

dictions of precipitation. We compare the precipitation mean rate of 1980-1999 of the

NCEP/NCAR and ECMWF reanalysis databases (Fig. 6) and observe that the over-

all pattern of the two is similar, although there are local differences. Over the dune

areas in the Kalahari basin and in Australia, precipitation is several times larger than

the minimal threshold of 50 mm/yr needed for vegetation growth. Over the Sahara

desert the precipitation is below 50 mm/yr, which is consistent with the bare, active

dunes found in this region. Thus, our main assumption in this work is that, full dune

reactivation is expected under a drastic decrease in precipitation (below 50 mm/yr)

or a drastic increase in DP or by a combination of increase in DP and decrease in

precipitation (Yizhaq et al., 2009).

3.3 Future predictions

The general circulation models used for long term climate predictions (IPCC, 2007)

have large uncertainties in predicting climate variables such as wind speeds and pre-

cipitation. Climate models running with the same parameters but with different initial

conditions can yield different predictions over time due to the “chaotic” nature of the

climate system. However, since the results presented here are averaged over several

years, the difference between different initial conditions runs becomes much smaller.

Still, due to the erratic nature of wind and precipitation and due to the different

parametrizations of these fields in the different models, a large difference between the

models’ prediction of DP and precipitation is expected, a difference that increases the

uncertainty of the mean predictions. As demonstrated in Figs. 3 and 4, two reanal-

ysis models that should yield similar contemporary DP maps, have large differences,

although the overall patterns are similar.

The predictions of DP and precipitation based on the GFDL and CGCM climate

models are shown in Figs. 7-11. Here, our main interest is the possible future dune

reactivation of the fixed dunes of the Kalahari basin and Australia dunes fields. Unlike

most models, which provide monthly mean wind data, the GFDL and CGCM provide

mean wind data on a daily basis, enabling a more reliable estimation of DP. Two

representative future periods, 2046-2050 and 2096-2100 were analyzed; we mainly focus

on the latter time period. Since we desire to compare future DP and precipitation levels

to contemporary values, we use the 1996-2000 data of these models as the baseline.

In Fig. 7 we present the DP of the GFDL and CGCM models calculated for 2096-

2100, based on daily mean wind data. The DP values of the GFDL model (Fig. 7a,c) are

very low, less than 50 over almost all land areas. The GFDL model predicted precipi-

tation for the Kalahari region (Fig. 8a,c) is much higher than the minimum threshold
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for vegetation growth (50 mm/yr). and is even higher than the precipitation rate of

NCEP/NCAR and ECMWF for 1980-1999, shown in Fig. 6. Over Australia, the pre-

cipitation rate is closer to, but still higher than the minimal threshold of precipitation.

This suggests that precipitation reduction over Australia by itself should not lead to

dune reactivation.

Figs. 9 and 10 clearly depict the changes in DP and precipitation between 2096-

2100 and 1996-2000 according to the GFDL and CGCM models. As indicated above,

the predicted DP calculated in the GFDL model is very small, and thus the difference

is also small. However, certain parts of the southern Kalahari basin experience larger

predicted DP values. In Australia, the models show that the majority of dunes will

have somewhat larger DP values.

The analysis of the CGCM data yields much higher DP values (Fig. 7b,d) than

those of the GFDL (Fig. 7a,c), but values closer to the NCEP/NCAR reanalysis data

(Fig. 4a,c). Fig. 8b,d depicts relatively high precipitation over the Kalahari basin (larger

than 500 mm/yr) and a more moderate amount (larger than ∼250 mm/yr) over Aus-

tralia. Thus, changes in precipitation alone are not expected to cause dune reactivation

according to the CGCM. In Figs. 9 and 10, we present the change in DP and precipi-

tation of years 2096-2100 relative to the 1996-2000 mean according to CGCM model.

The DP is predicted to increase over most of Australia, an increase that will increase

dune activity. Over Africa, however, the changes in DP are very small, suggesting that

the DP will essentially remain at its present value. Precipitation is expected to increase

in most areas of Australia and the Kalahari (not shown), except for 2096-2100 for the

Kalahari basin (Fig. 10a,b), where there is a predicted decrease in precipitation; yet

the precipitation rate is much higher than the threshold of 50 mm/yr.

In Fig. 11 we summarize the DP and precipitation of the different models for the

areas in the southern Kalahari and Australian desert as indicated by the rectangles

in Fig. 1; the northern part of the Kalahari is not considered as it is most probably

ancient and very humid. We plotted the DP and precipitation for each of the grid

points falling in the selected areas. For NCEP/NCAR and ECMWF reanalysis data it

is clear that (i) the DP of the Kalahari region is significantly smaller than the DP of

the Australian desert and that (ii) the precipitation over the Kalahari region is higher

than over the Australian desert. These observations are consistent with the relatively

larger areas of stable dune in the Kalahari (see Fig. 1). The above observations are also

valid for different time periods (1996-2000, 2046-2050, and 2096-2100) of the GFDL

and CGCM models. In addition, as indicated above, it is clear that the ECMWF and

GFDL models exhibit smaller values of DP, in contrast to NCEP/NCAR and CGCM.

Mean values and standard deviations of the data sets presented in Fig. 11 are given in

Table 1.

In recent papers (Yizhaq et al., 2007, 2009) we proposed a model that explains

the bi-stability of sand dunes under similar climate conditions. With this model it is

possible to estimate parameters values (mainly DP and precipitation) for which sand

dunes are predicted to be stable (fixed), bi-stable (fixed, active, or both), or active. We

indicated these parameters values with solid lines in Fig. 11 and it is apparent that

almost all the data points associated with the southern Kalahari and the Australian

desert dunes do not fall in the upper zones, indicating active dunes. This is valid both

for the present day and for the future. Still, it seems that the Australian desert dunes

are more favorable for dune reactivation than those in the Kalahari basin due to the

larger predicted increase in DP and the lower predicted amount of precipitation in

Australia. Since the changes in DP and precipitation are not drastic (DP is below 400
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and the precipitation is above 50 mm/yr), it is expected that the Australian fixed

dunes will remain stable.

4 Discussion

In order to predict future changes in dune behavior using climate modeling approaches,

it is first essential to discuss the main mechanisms that control dune stability/mobility.

We assume here that a drastic increase in DP (larger than 400) and a drop in precip-

itation to below the 50-100 mm/yr threshold are most probably necessary (but not

sufficient) for reactivating fixed dunes. Active and fixed dunes can coexist with smaller

value of DP and higher values of precipitation as we recently showed (Yizhaq et al.,

2009).

Lancaster (1988) suggested the following dune mobility index:

M = W/(P/Ep), (5)

where W is the percentage of the time that the wind speed is above the threshold

necessary for sand transport, P is the mean precipitation, and Ep is the mean potential

evapotranspiration. Large M values indicate dune activity. According to Lancaster

(1988) dunes are fully activated for M > 200 and most dunes are completely stabilized

by vegetation for M < 50. This index was first applied to the Kalahari and was

calibrated in other dune fields in South Africa and the USA (Lancaster and Helm, 2000).

Obviously, the M index is sensitive to a decrease in precipitation since it appears in the

denominator of Eq. (5), i.e., when P approaches zero M diverges. Evapotranspiration

can be estimated by Thornthwaite’s formula (Thornthwaite, 1948), which is based on

monthly mean temperatures. As temperature increases, Ep also increases, leading to an

increase in the mobility index. Similarly, increasing wind activity (W ) also raises the M

index. Although Lancaster’s formula was applied with success to model dune activity

in several dune fields (Muhs and Maat, 1993; Lancaster and Helm, 2000), there are

many counter-examples of active dunes in regions with very high precipitation rates

(Yizhaq et al., 2007, 2009; Tsoar et al., 2009), which are characterized by small M

values.

Thomas et al. (2005) analyzed GCM data and concluded that most of the dunes

in the Kalahari basin are likely to be reactivated by the end of the century. Their

prediction is based on a modified “M” index [Eq. (5)] that is basically proportional

to the cube of the monthly mean wind speed and inversely proportional to the ratio

of precipitation over evapotranspiration; the ratio of winter precipitation and winter

evapotranspiration is added to the denominator, thereby weakening the divergence

when the monthly precipitation to evapotranspiration ratio approaches zero. Thus,

since the worldwide temperature is predicted to increase, including that of Africa,

evapotranspiration will also increase and will lead to larger mobility index, indicating

remobilization of the Kalahari basin dunes. Stronger winds and less precipitation rate

may further increase the mobility index. Unlike other mobility indexes, the modified

M index resolves monthly changes in dune mobility, which can vary by more than one

order of magnitude in the Kalahari. This large seasonal variability is associated with

the large seasonality in precipitation and evapotranspiration and also reflects the large

sensitivity of this index to changes in precipitation and evapotranspiration. The main

purpose in using this modified mobility index was to capture the observed interannual

variability of sand transport in the Kalahari (Bullard et al., 1996).



10

There are many issues regarding the use of global circulation models in predicting

sand-dune mobility under global warming. Knight et al. (2004) discussed in detail many

of these questions and concluded that “in light of this, there appears to be still a long

way to go before a comprehensive dune mobility prediction system becomes available.”

Below we detail some of the factors we believe to be important for dune mobility, but

we will not attempt to enter into all the complexities associated with global circulation

model performance and dune mobility predictions.

(i) Both the Kalahari basin and Australian dunes are covered with biogenic, cyanobac-

terial crusts, up to a few millimeters thick (Thomas and Dougill, 2006, 2007; Hesse and

Simpson, 2006). Our preliminary wind tunnel experiments indicate that biogenic crusts

can withstand very strong winds (up to 30 m/s) without experiencing erosion (see also

Neuman and Maxwell, 1999; Argaman et al., 2006). Moreover, a crust can survive in a

dormant mode under drought conditions and return to active growth and development

within a few hours after minor rainfall. It is not clear what driving (climatic) forces

could erode a biogenic crust and lead to the reactivation of a dune.

(ii) Moreover, even without a biogenic crust, a large DP and/or very low precipi-

tation are necessary to destroy vegetation cover. This is not expected to apply to the

Kalahari, where the DP is predicted to remain very low and precipitation to remain

high.

(iii) Some mobility indexes are proportional to the cube of the monthly mean

wind speed (e.g., Thomas et al., 2005) while the DP, which is directly related to the

transported sand, is proportional to the mean of the cube of the wind speed [Eq (1)].

There is a big difference between the two and using the cube of the mean wind speed,

〈U〉3, to quantify dune mobility instead of the mean of the cube of the wind speed,

〈U3〉, may not reflect the future effect of the wind on dune mobility. In Fig. 12, we

present the NCEP climatological monthly mean wind speeds as well as the monthly

DP values for a grid point in the southwest Kalahari and for a grid point in southwest

Australia. While for Australia (Fig. 12b), the seasonal cycle of both mean wind speeds

and DPs is similar, for the Kalahari (Fig. 12a) the mean wind speed is at its maximum

in August while DP peaks in December. This difference in the timing of the maximum

may be attributed, for example, to short, strong storms that drastically increase DP

rather than the mean monthly wind speed. Similarly, frequent but weak winds, caused

for example by a daily sea-breeze, can drastically increase the monthly mean but not

necessarily the DP, leading to difference in the timing of the maximum value in the

annual cycle.

(iv) By definition the potential evapotranspiration is only a potential. Its real value

involves many aspects that relate to plant physiology and not just to meteorological

conditions. Real evapotranspiration can be much smaller than the potential, with the

relationship between the two most likely a nonlinear one, which must involve various

plant-based and environmental factors. Thus, mobility indexes that depend on potential

evapotranspiration may exaggerate the drying up process of vegetation. Moreover, in

desert areas (such as the Kalahari desert and Australian deserts) perennial vegetation

can withstand very prolonged droughts and extreme arid conditions. This point was

discussed by Alexander (2007) and raises a challenge to mobility indexes such as those

of Lancaster (1988) and Thomas et al. (2005).

(v) Atmosphere-dune interactions may drastically change air temperatures. Specif-

ically, the albedo (the reflection of short-wave solar radiation) is different for biogenic-

crust/ vegetation (∼0.1) and bare sand (∼0.4). Thus, when a crust is removed, the

surface albedo increases and reflects additional short-wave solar radiation, producing a
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cooler surface than that covered by a biogenic crust (Oke, 1988; Qin et al., 2002, 2005).

Surface cooling by several degrees will obviously reduce the actual evapotranspiration

and increase the survival of vegetation. This negative feedback tends to preserve vegeta-

tion cover even when assuming that the potential evapotranspiration is a major factor

that affects dune mobility. This may weaken the effect of increased evapotranspiration

under global warming scenario.

(vi) Under the different global warming scenario of the IPCC (IPCC, 2007), atmo-

spheric CO2 is expected to continue to increase significantly. As noted by Thomas et al.

(2005), this increase will lead to a relative decrease in opening of vegetation stomata

in the vascular plants, since there will be much more CO2 available for photosynthesis.

Thus, the actual evapotranspiration, which occurs through the stomata, will be most

probably reduced (which could compensate for the increase in evaporation driven by

the higher temperatures). This effect is roughly equivalent to a proportional increase

in the effective precipitation. It was suggested that for water limited systems the rising

of atmospheric CO2 will increase vegetation cover of woody species (Donohue et al.,

2009). Thus, while an increase in atmospheric CO2 may lead to warmer conditions

and higher potential evapotranspiration, the stomata closing may reduce the actual

evapotranspiration, compensating the effect of the increased temperature.

(vii) Several papers have reported a critical vegetation cover, vc, below which

sand transport is rapidly increased (Wolfe and Nickling, 1993; Lee and Soliman, 1977;

Bullard, 1997). vc is approximately 0.35 for Australia (Ash and Wasson, 1983) and

0.14-0.16 for the Kalahari desert (Wiggs et al., 1995; Thomas and Leason, 2005). Ac-

cording to this idea, much more drying of vegetation is necessary for sand transport

to begin in the Kalahari than in Australia. This makes the Australian dunes more

favorable for activation than those in the Kalahari.

These arguments highlight the complexity associated with dune dynamics, and

point to the difficulties of using standard climatic models to predict dune remobi-

lization in a quantitative manner. Thus, we can currently provide only qualitative

predictions and can only claim, for example, that one region is more likely to undergo

dune remobilization than another.

Our estimation of future changes in DP indicates a higher increase in DP values

over Australia than over the Kalahari. In addition, the amount of precipitation over the

Kalahari will be higher than over Australia. These two estimations make the Australian

dunes more likely to reactivate. However, the chances that the Australian dunes will in-

deed be reactivated are low due to the biogenic crust cover and other factors mentioned

above. In addition, the large uncertainties associated with extreme wind events (which

are captured by DP) and those associated with precipitation levels further multiplies

the uncertainties of future predictions of dune mobility. This is reflected by the large

deviations between the NCEP/NCAR and ECMWF reanalysis data and the differences

between the future predictions of the climate models of GFDL and CGCM.

The majority of the presently stable dunes were active during the last glacial max-

imum (LGM) about 20,000 years ago. There is much evidence of stronger winds during

the LGM than in the Holocene. This is reflected by higher dust deposition and greater

mobility of sand dunes (Rea, 1994; Bigelow et al., 1990; Adams, 2003; Harrison et al.,

2001; Sarnthein, 1978). In addition to the large DP, the global mean precipitation rate

was lower during the LGM (e.g., Braconnot et al., 2006). These are ideal conditions for

dune activity. Temperature at the LGM was colder; however this fact is not necessarily

associated with less evapotranspiration since the winds were stronger at the LGM. The

differences between contemporary conditions and those in the glacial period are very
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drastic, much more so than the changes predicted to occur as a result of the global

warming scenario. In addition, during the warmer period 6000 years ago, the presently

active dunes of the Sahara were stabilized (Sarnthein, 1978; Kropelin et al., 2008), most

probably due to the higher precipitation of that period. Based on these arguments, we

believe that dune reactivation will depend mainly on drastically increased wind power

(DP), as well as on a probable decrease in precipitation. Such extreme changes are

not expected to occur (according to the GFDL and CGCM models under the SRES

A1B scenario) in the end of the 21st century or so, over the Kalahari and Australia,

suggesting that the majority of the currently stable dunes will remain stable.

5 Summary

We present a map of DP that is based on available hourly wind data: high temporal

resolution data that may accurately reflect the potential for wind-based sand trans-

port. We then provide global DP maps that are based on six-hourly NCEP/NCAR

and ECMWF reanalysis data. These two exhibit differences, reflecting the difficulty

in estimation of the DP even with advanced models that assimilate measured data

every six hours. The differences are most likely a result of the difficulties of reanalysis

models to reproduce extreme climatic events (and in particular extreme wind events).

The mean precipitation rates of the two reanalysis models exhibit better congruence.

We then analyzed the DP of future climate using the GFDL and CGCM models under

the SRES A1B IPCC scenario. The DP predictions of the models are quite different—

while the DP of the GFDL model is very low, that of the CGCM is much higher.

According to the models, DP over Kalahari basin is predicted to remain very low in

the future, while major parts over Australia are predicted to have higher DP values.

Precipitation predictions show a decrease in vast areas over Australia, bringing the

precipitation toward the minimal threshold of ∼50 mm/yr necessary for vegetation

growth. Precipitation decrease is predicted over some regions of the Kalahari dunes,

but since the precipitation values are relatively high, this decrease is not expected to

lead to major vegetation extinction. The main conclusion of our study is that, under

the global warming scenario SRES A1B, both the Kalahari and Australian dunes have

low probability to be reactivated, where the Australian dunes have higher probability

to undergo remobilization than those of the Kalahari.
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Table 1 Summary of the data presented in Fig. 11; the mean value ± 1 std. are given. Note
that in many cases the std. of DP is larger than the mean value since DP is positive value
which is stretched toward high values.

Kalahari Australia
data set period p (mm/yr) DP p (mm/yr) DP
NCEP 1980-1999 610±320 16±20 179±108 176±116

ECMWF 1980-1999 551±275 0.7±1.1 213±107 21±29
1996-2000 929±263 0.06±0.12 308±166 1.8±3.1

GFDL 2046-2050 971±290 0.26±0.41 366±230 2.0±3.1
2096-2100 948±328 0.12±0.17 363±217 2.1±3.5
1996-2000 718±296 52±47 323±84 216±95

CGCM 2046-2050 761±322 45±40 349±92 237±112
2096-2100 638±316 46±43 372±102 244±109
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Fig. 1 A map of the world’s dune areas, divided into active (yellow), limited activity (gray),
and fixed (green) regions. The map is based on the approximated sand seas map of Thomas
(1997). The rectangles indicate the areas that their propertioes summarized in Fig. 11. Note
that most of the dunes of central Asia are currently stable although they are indicated as active
according to Thomas (1997). Also note that only the southern part of the Kalahari basin is
indicated as the northern part is, most probably, inactive for many thousands of years.
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Fig. 2 (a) A global map of the wind drift potential (DP) of 2008. The map was constructed
from hourly wind data provided by 4984 stations of the NCDC. The white color indicates
regions with no available data. Gray indicates regions with DP values larger than 800. (b)
The distribution of stations used to construct the map in (a). Note that the majority of the
stations are located in North America, Western Europe, and Japan.
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Fig. 3 Global wind drift potential (DP) maps using 6-hourly wind speeds from the (a) NCEP
and (b) ECMWF reanalysis data for the 1980-1999 time period. Generally speaking, DPs over
the ocean are much larger than over land. The white color indicates DP values greater than
800.
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Fig. 4 DP maps that are based on the daily mean wind speed for Africa (upper panels) and
Australia (lower panels) for the NCEP (left panels) and ECMWF (right panels) reanalysis data
for the 1980-1999 time period. DP values that are larger than 800 are marked with white color.
Note that the DPs based on the daily mean speed are smaller than those of the six-hourly
wind speeds (depicted in Fig. 3).
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Fig. 5 Same as Fig. 3, but shows the reduction ratio r = 1−DPdaily/DP6−hourly. The white
color indicates regions with DP6−hourly = 0
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Fig. 6 Precipitation (mm per year) averaged over 1980 to 1999, for Africa (a,b) and Australia
(c,d) using the NCEP/NCAR (a,c) and ECMWF ERA40 (b,d) reanalysis data. Overall, the
two reanalysis datasets exhibit similar patterns. The white color indicates precipitation larger
than 600 mm/yr.
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Fig. 7 Prediction of DPs for 2096-2100 for Africa (a,b) and Australia (c,d) using the GFDL
(a,c) and CGCM (b,d) ocean-atmosphere-global-circulation-models. We adopt the model’s
output of the SRES A1B IPCC scenario.
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Fig. 8 Same as Fig. 7 for the rate of precipitation (mm/yr). The white color indicates pre-
cipitation larger than 600 mm/yr.
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Fig. 9 The differences between the DPs of 2096-2100 and 1996-2000 of the GFDL (a,c) and
CGCM (b,d) models for Africa (a,b) and Australia (c,d). The solid line indicates the inter-
polated zero-contour line. The white and light-gray colors indicate differences that are larger
than 100 or smaller than -100, respectively.
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Fig. 10 Same as Fig. 9, for the rate of precipitation (mm/yr). The light gray color indicates
precipitation differences that are smaller than -200 mm/yr, while the white color indicates
differences that are larger than 200 mm/yr.
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Fig. 11 DP versus precipitation (mm/yr) for the different models for the Kalahari (circles)
and Australian (triangles) deserts for the grid points included in the rectangles shown in Fig. 1.
(a) NCEP/NCAR and ECMWF reanalysis data comparison for the 1980-1999 mean values.
(b) GFDL and CGCM models comparison for the time period of 1996-2000. (c) Same as b
for years 2046-2050. (d) Same as b for years 2096-2100. The dark-gray area indicates the DP
and precipitation values for which dunes are estimated to be mobile according to Yizhaq et al.
(2009); the light-gray area indicate values for which the dunes can be fixed, active or both
while the white area indicates values for which the dunes are estimated to be stable. Note
that since we present DP values that are based on daily mean wind speeds we have assume a
reduction value of r = 0.7 [Eq. (4)], typical for the Kalahari and Australian deserts; see Fig. 5.
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Fig. 12 A comparison between the seasonality of monthly mean wind speeds (empty circles)
and monthly DP values (full squares) for a grid point in the (a) southwest Kalahari (20◦E
25◦S) and (b) southwest Australia (125◦E 25◦S). We used the 6-hourly NCEP reanalysis data
of period between 1948 to 2007 to obtain monthly climatological mean values. To obtain the
annual DP values, it is necessary to sum the monthly DP values, such that the annual DP for
(a) is 123 and for (b) is 384.


