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Introduction 27

Tropical to sub--tropical southwestern Africa (between about 17°S and 30°S) experiences semi--arid to 28 hyper--arid conditions (Tyson, 1986) due its position in--between the influence of precipitation from 29 low--latitude tropical climate systems in the north and mid--latitude climate systems in the south. It 30 hence provides an important test--region for investigating past changes in the spatial distribution of 31 these climate systems. Unfortunately, due to this aridity, long terrestrial palaeoclimate records are 32 rare and thus our understanding of past changes in precipitation remains incomplete. 33

There is presently debate regarding the behavior of hydroclimate in southwestern Africa in response 34 to the precessional (19--23 kyr cycle) insolation variations. Increased local summer insolation is 35 expected to increase the land--ocean pressure gradient, bringing more warm, moist air on land and 36 increasing precipitation delivered by the summer monsoon, as has been shown in the northern 37 hemisphere (NH; e.g. Pokras and Mix, 1985;Rossignol--Strick, 1985). In line with this, a 200 ka long 38 sedimentological record from Lake Tswaing in southeastern Africa, suggests that precipitation 39 increased during precessional southern hemisphere (SH) summer insolation maxima (Partridge et al., 40 1997), due to an enhancement of the SH summer East African Monsoon. Similarly, a leaf--wax 41 hydrogen isotope record from the Zambezi River (Schefuß et al., 2011) suggests relatively dry 42 conditions during the mid--Holocene SH summer insolation minimum, relative to the deglacial and 43 late Holocene. In contrast, a hyrax--midden record from the Namib Desert, spanning the last 11.7 ka, 44 (i.e. one half of the last precessional cycle), suggests a progressive drying from the mid to late 45 Holocene, i.e. wetter rather than drier conditions during the mid--Holocene SH summer insolation 46 minimum [START_REF] Chase | A record of rapid Holocene climate change preserved in hyrax 498 middens from southwestern Africa[END_REF]. It was thus suggested that southwestern Africa responds in phase with 47 northern hemisphere summer insolation [START_REF] Chase | A record of rapid Holocene climate change preserved in hyrax 498 middens from southwestern Africa[END_REF]. As such, on precessional timescales it is terrestrial material mainly as dust from southwestern Africa. The sediment core extends back to 140 75 ka, covering six precessional cycles and allowing us to determine the control of NH or SH summer 76 insolation on southwestern African climate. This time span also allows us test the effect of glacial 77 boundary conditions during the last glacial period (Marine Isotope Stages; MIS 5.4 to MIS 2) on 78 climate by comparison with two interglacial periods; the Holocene (MIS 1; from 10 ka to the present) 79 and the last interglacial period (MIS 5.5; between 130 ka and 116 ka; [START_REF] Kukla | Last interglacial climates[END_REF]. Finally, in 80 order to understand regional--scale shifts in precipitation distribution, we compare our findings with 81 other records from southwestern and tropical Central Africa. 82 2. Background and Regional Setting 83

Precipitation, moisture sources and controls on δD of precipitation 84

Southwestern Africa experiences arid conditions due to the South Atlantic Anticyclone, which is 85 strongest and furthest south during SH winter (e.g. Tyson, 1986). The western part of Namibia 86 experiences the most pronounced aridity due to the cold sea surface temperature of the Benguela 87 upwelling region, which stabilises air and prevents convection (e.g. Eckardt et al., 2013 and 88 references therein). Most precipitation delivered to southwestern Africa is tropical convective 89 precipitation, which is delivered by the southernmost extension of the East African monsoon in SH 90 summer (the northerly East African monsoon), resulting in decreasing precipitation amounts from NE 91 to SW (Fig 1a). SH summer rainfall is associated with Tropical--Temperate Troughs (TTTs), the Congo 92 Air Boundary (CAB) and the Angola Low [START_REF] Eckardt | The nature of moisture at Gobabeb, in the central Namib Desert[END_REF]. TTTs form when tropical systems 93 connect with mid--latitude low pressure systems and form cloud bands which move eastward across 94 southern Africa and are thought to be the most important source of moisture in southern Africa 95 [START_REF] Harrison | A generalized classification of South African summer rain-bearing 542 synoptic systems[END_REF]Todd et al., 2004). As well as tropical systems, the mid--latitude westerly winds bring 96 a limited amount moisture to the very south of southwestern Africa when they shift northward 97 during the SH winter season (Fig. 1b). Finally, in the hyper--arid Namib Desert, fog constitutes a 98 regular but minor source of moisture [START_REF] Olivier | Spatial distribution of fog in the Namib[END_REF]. Most of the moisture delivered to southwestern 99 Africa originates from the Indian Ocean [START_REF] Gimeno | On the origin of continental precipitation[END_REF]Rouault et al., 2003;Tyson, 1986). The Upwelling, the SE tradewinds are deflected clockwise (e.g. Leroux, 1983, Servain andLegler, 1986), 102 carrying some moisture on--land (e.g. [START_REF] Eckardt | The nature of moisture at Gobabeb, in the central Namib Desert[END_REF]Rouault et al., 2003), and the winter westerlies 103 also source moisture from the Atlantic Ocean (Rouault et al., 2003). 104

In the tropics, δD of precipitation (δD p ) is negatively correlated with precipitation amount, which is 105 known as the amount effect [START_REF] Dansgaard | Stable isotopes in precipitation[END_REF] and is evident in station data from southern Africa on 106 seasonal to interannual timescales (IAEA/ WMO, 2006). Two main mechanisms cause the isotopic 107 depletion of precipitation: a) reduced re--evaporation of falling raindrops under a wetter atmosphere, 108 and b) greater downdraughting of isotopically depleted vapour from high altitudes during stronger 109 convection (Risi et al., 2008a). Because these processes control δD p on timescales of a few days (Risi 110 et al., 2008b), δD p likely reflects the intensity of wet season precipitation, rather than the length of 111 the wet season or overall amount of precipitation. In addition to local precipitation amount, non--112 local precipitation processes (e.g. [START_REF] Pausata | Chinese stalagmite δ 18 O controlled by changes in the Indian[END_REF]) may be controlling δD p in southwestern Africa. 113 Thus, δD p has also been interpreted as reflecting the intensity of the large--scale monsoon rather than 114 local rainfall amount (Tierney et al., 2011). Lastly, δD p can also controlled by moisture source. Due to 115 greater rainout (continental effect) as air masses travel over land (e.g. [START_REF] Dansgaard | Stable isotopes in precipitation[END_REF]Rozanski et 116 al., 1993), southwestern African moisture sourced from the Indian Ocean is more isotopically 117 depleted than moisture sourced from the Atlantic Ocean. Thus, a relative increase in the proportion 118 of Indian Ocean moisture would yield lower δD p in southwestern Africa. 119

Sediment core and source areas of terrestrial material 120

To understand past climate in southwestern Africa, we investigated calypso core MD08--3167 121 (23°18.91'S; 12°22.61'E; Fig. 1a) which was retrieved from the continental slope off Namibia at 1948 122 m water depth during IMAGES cruise MD167/RETRO (Waelbroeck et al., 2008). Most of the clay 123 material in marine sediments off the coast of Namibia today is illite, thought to be sourced as dust 124 from the Namib Desert [START_REF] Bremner | Mineralogy and geochemistry of the clay fraction of 488 sediments from the Namibian continental margin and the adjacent hinterland[END_REF]. In terms of dust availability, the sand dunes and 125 gravel plains which cover most of the Namib Desert are in a supply--limited state, due to prolonged aridity and wind--erosion [START_REF] Lancaster | How dry was dry?-Late Pleistocene palaeoclimates in the Namib 570 Desert[END_REF]. However, dry ephemeral river beds and pans are major 127 'point--sources' of dust [START_REF] Eckardt | SeaWiFS identifies dust sources in the Namib Desert[END_REF]. This dust is carried offshore by Bergwinds which 128 blow perpendicular to the coast during SH autumn and winter (Fig. 1b; [START_REF] Eckardt | SeaWiFS identifies dust sources in the Namib Desert[END_REF]. 129

Much of the catchment of the ephemeral rivers is located on the Namibian plateau (Fig. 1a; Eckardt 130 and Kuring, 2005;[START_REF] Eckardt | The nature of moisture at Gobabeb, in the central Namib Desert[END_REF]. Ephemeral rivers occasionally reach the ocean, delivering 131 large amounts of sediment [START_REF] Bremner | Mineralogy and geochemistry of the clay fraction of 488 sediments from the Namibian continental margin and the adjacent hinterland[END_REF] and recharging dust sources in the desert 132 [START_REF] Eckardt | SeaWiFS identifies dust sources in the Namib Desert[END_REF]. In addition to the point sources, the Makgadikgadi Basin in the Kalahari 133 Desert and the Etosha Pan in Namibia have been identified as major dust sources by the Total Ozone 134

Mapping Spectrometer (TOMS) satellite (Fig. 1b; Prospero et al., 2002). In summary, the core site 135 likely receives terrestrial material from a mixture of local point sources, (which in turn receive 136 material from the Namib and the plateau) as well as more distal sources from the Kalahari Desert 137 and from the Etosha Pan. Thus, the main terrestrial catchment spans the area between about 17°S 138 and 30°S and between the west coast and 25°E. 139

In addition to dust, a small amount of river--suspended material is transported from major rivers to 140 the core site by ocean currents [START_REF] Bremner | Mineralogy and geochemistry of the clay fraction of 488 sediments from the Namibian continental margin and the adjacent hinterland[END_REF]. Two major rivers in this region are the 141 Cunene River, which enters the ocean at about 17°S, and the Orange River at about 29°S, although 142 most material from the Orange River is transported southwards [START_REF] Bremner | Mineralogy and geochemistry of the clay fraction of 488 sediments from the Namibian continental margin and the adjacent hinterland[END_REF]. 143

Leaf--wax δD as a recorder of δDp 144

To understand past hydrological changes in southwestern Africa, we use δD of plant leaf wax n--145 alkanes. Leaf--wax δD is mainly controlled by the δD of precipitation (δD p ) and thus records the 146 hydrological history of precipitation. However, in addition to δD p , vegetation type and the relative 147 humidity of near surface air are also thought to exert second--order controls on leaf--wax δD (e.g. 148 Sachse et al., 2012). Studies have shown that C 4 grasses exhibit a greater apparent fractionation 149 relative to meteoric water than C 3 trees (Sachse et al., 2012 and refs therein). Although, less 150 information exists, CAM plants exhibit similar apparent fractionation factors to C 4 grasses (Sachse et 151 al., 2012). Greater apparent fractionation factors for C 4 plants is thought to be caused by less transpirational isotopic enrichment relative to C 3 trees and shrubs (Smith and Freeman, 2006). 153 However, other studies suggest limited control of vegetation type on leaf--wax δD [START_REF] Hou | Can sedimentary leaf waxes record D/H ratios of continental 546 precipitation? Field, model, and experimental assessments[END_REF]. 154

In addition to transpiration, biosynthetic differences may exert some control on leaf--wax δD, and 155 other plant physiological characteristics such as water use efficiency and leaf structure may also 156 contribute to differences in apparent fractionation between plant types (Sachse et al. 2012). The 157 seasonal timing of leaf--wax formation may also exert a bias on the hydrogen isotopic signal that is 158 recorded (Sachse et al., 2012;Tipple et al., 2013). For southwestern Africa, where most vegetation 159 growth is limited to the short wet season, there is probably a bias to the beginning of the wet season 160 when most plant leaves are formed. 161 Evapotranspiration of water from soils and leaves is also controlled by the relative humidity of the 162 atmosphere; lower relative humidity favors more evapotranspiration, leading to higher leaf--wax δD 163 [START_REF] Hou | Can sedimentary leaf waxes record D/H ratios of continental 546 precipitation? Field, model, and experimental assessments[END_REF]Sachse et al., 2006). Although some studies (Kahmen et al., 2013b;Kahmen et al., 164 2013a) suggest that relative humidity is a major control on leaf--wax δD, others suggest that the 165 control of relative humidity is minor [START_REF] Feakins | Controls on the D/H ratios of plant leaf waxes in an arid 533 ecosystem[END_REF][START_REF] Mcinerney | Hydrogen isotope ratios of leaf wax n-alkanes in grasses are 577 insensitive to transpiration[END_REF]. If relative 166 humidity exerts a large effect on our leaf--wax δD values, this would anyway act to amplify amount--167 effect changes: greater precipitation amount goes hand--in--hand with more humid conditions and 168 both would cause lower leaf--wax δD. 169

Controls on modern leaf--wax δ 13 C in southwestern Africa 170

To understand past vegetation changes in southwestern Africa, we analysed leaf wax δ 13 C. δ 13 C in 171 Africa has been interpreted as an indicator of C 3 versus C 4 vegetation (Castaneda et al., 2009;Schefuß 172 et al., 2003;Tierney et al., 2010). Trees, herbs and shrubs normally use the C 3 pathway, while most 173 grasses in Africa use the C 4 pathway (Castaneda et al., 2009, Vogts et al., 2009). 174

The vegetation in our core source--area (Namib Desert, Namibian Plateau, Kalahari) comprises mainly 175 C 4 grasses and some C 3 trees, C 3 shrubs, C 3 herbs and CAM plants (White, 1983;Rommerskirchen et 176 al., 2006;[START_REF] Leistner | The plant ecology of the southern Kalahari[END_REF]. C 3 trees are mostly restricted to areas where groundwater is accessible e.g. 177 ephemeral river beds (Schachtschneider and February, 2010). C 3 grasses are sparse and make up only the south of our source area, in southern Namibia and South Africa [START_REF] Carr | Leaf wax n-alkane distributions in arid zone South African flora: 491 Environmental controls, chemotaxonomy and palaeoecological implications[END_REF] and they 180 exhibit a wide range of δ 13 C values (Boom et al., 2013). However, given the distal location of this 181 region from our core site compared to the relatively proximal Namib, Namibian Plateau and the 182 Kalahari, it is unlikely that the leaf waxes in core MD08--3167 are dominated by contributions from 183 CAM plants. 184 Grasses are annual plants and are thus better suited to short wet season environments such as 185 southwestern Africa than perennial C 3 woody plants [START_REF] Gritti | Simulated effects of a seasonal precipitation change on the 540 vegetation in tropical Africa[END_REF][START_REF] Clary | Rainfall seasonality determines annual/perennial grass balance in vegetation 500 of Mediterranean Iberian[END_REF]. As such, a C 4 186 grass--dominated environment is indicative of a brief but relatively humid wet season i.e. high 187 seasonality [START_REF] Clary | Rainfall seasonality determines annual/perennial grass balance in vegetation 500 of Mediterranean Iberian[END_REF]. The interpretation of past shifts between C 3 and C 4 vegetation depends on 188 the climate setting. In relatively humid areas, past shifts towards C 4 (C 3 ) vegetation dominance are 189 normally interpreted to reflect a decrease (increase) in wet season length [START_REF] Collins | Interhemispheric symmetry of the tropical African rainbelt over the 510 past 23,000 years[END_REF], 190 Schefuß et al., 2003). In arid areas, the interpretation has been made in the opposite sense with a 191 shift towards C 4 indicating more humid conditions (e.g. [START_REF] Chase | A record of rapid Holocene climate change preserved in hyrax 498 middens from southwestern Africa[END_REF], because greater water 192 availability permits an expansion of grasses into areas previously barren of vegetation. Given that 193 southwestern Africa is arid to semi--arid, the latter interpretation likely applies to our δ 13 C values. 194 As well as shifts between C 4 and C 3 vegetation, δ 13 C values of C 3 vegetation respond to changes in 195 aridity, due to the effect of stomatal conductance on 13 C discrimination [START_REF] Farquhar | Carbon isotope 530 fractionation and plant water-use efficiency[END_REF]196 Diefendorf et al., 2010;Tipple and Pagani, 2007), with higher δ 13 C values expected under arid 197 conditions. In addition, C 3 plants, exhibit variation in δ 13 C between different growth forms (Vogts et 198 al., 2009). However, because C 3 is not the dominant vegetation type in our region, there will be a 199 small contribution to the sedimentary δ 13 C signal from the response of C 3 vegetation to aridity: 200 instead the signal is likely dominated by C 3 --C 4 changes. 201

Lipid extraction and purification 225

Between 10ml and 20ml of sediment were sampled using 10ml plastic syringes, which yielded 6g to 226 9g of sediment (dry weight). Samples were oven dried at 40°C and homogenised. Squalane internal 227 standard was added to the samples before extraction. Organic compounds were extracted with a 228 DIONEX Accelerated Solvent Extractor (ASE 200) at 100°C and 1000 psi using a 9:1 mixture of 229 dichloromethane to methanol for 5 minutes, which was repeated 3 times. Saturated hydrocarbon 230 fractions were obtained using silica gel column chromatography (mesh size 60) with subsequent 231 elution with hexane over AgNO 3 --coated silica to remove unsaturated hydrocarbon compounds. 232

Sedimentary concentration of n--alkanes 233

The concentration of long--chain leaf wax n--alkanes in the saturated hydrocarbon fractions was 234 assessed using a ThermoFischer Scientific Focus GC--FID. Concentrations for analysis were estimated 235 by comparison with the external standard containing even numbered n--alkanes in the range C 18 --C 34 236 at a concentration 10 ng/μl that was run every 6 samples (n=14). Precision of the quantification 237 based on the standard deviation of repeated standard measurements is 9%. The concentration of n--238 alkanes per gram sediment was estimated by comparison with the squalane internal standard. To 239 remove the effect of changes in terrigenous--versus marine--derived material on the measured 240 sedimentary n--alkane concentrations, n--alkane concentrations were normalised to the terrigenous 241 fraction. Terrigenous--normalised concentrations therefore represent an estimate of the amount of n--242 alkane per gram of terrigenous sediment (ng. g terr sed --1 ). 243

The origin of sedimentary n--alkanes was assessed with the Carbon Preference Index (CPI; 244 [START_REF] Kolattukudy | Chemistry and Biochemistry of Natural Waxes[END_REF], the abundance ratio of odd--to even--numbered n--alkanes in the carbon number 245 range C 25 to C 33 . 246
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5 Discussion 297

Terrigenous fraction and terrigenous--normalised n--alkane concentrations 298

The terrigenous fraction of the sediment is higher during MIS 2 and MIS 4 and lower during MIS 1, 299 MIS 3 and most of MIS 5 (Fig. 3b). Changes in the terrigenous fraction depend on changes in either 300 marine productivity or terrestrial input. Sedimentation rate (Fig. 3a) was lowest during the Holocene 301 and last interglacial period, and higher during the last glacial period, particularly at MIS 2, suggesting 302 that the increased terrigenous fraction during the glacial and particularly during MIS 2 was due to 303 increased terrestrial sediment input. This may reflect increased tradewind strength during the last 304 glacial period, as previously suggested (Shi et al., 2000). Additionally, because the Namib Desert is 305 sediment--starved (Lancaster, 2000), increased terrestrial input probably indicates increased 306 precipitation and flooding in the desert or in the upper catchment of the ephemeral rivers, which 307 would have enhanced weathering and erosion, increasing the amount of fine material in the desert 308 available for wind deflation (e.g. Rea, 1994). Other changes in terrigenous fraction not mirrored in 309 the sedimentation rate are probably due to the dilution effect of marine productivity variations. 310

The terrigenous--normalised n--alkane concentrations were higher during SH summer insolation 311 maxima and during the last glacial period versus the Holocene and the last interglacial period (Fig. 312 3c). This may indicate greater continental vegetation coverage during these periods. Alternatively, 313 however, this may partly be reflecting the greater organic matter adsorption capacity of finer grain 314 size sediments [START_REF] Meyer | Relationships between mineral surfaces and organic carbon 579 concentrations in soils and sediments[END_REF] that were deposited off Namibia during the last glacial period (Fig 3g. 315 Stuut et al., 2002). 316

Leaf--wax δ 13 C 317

Past vegetation changes in southwestern Africa 318

For the late Holocene section of the sediment core (last 4 ka) the n--C 31 alkane exhibits a mean δ 13 C 319 value of --25.7‰ ± 0.4‰. We interpret this to represent a mixture of mainly C 4 grasses (δ 13 C 31 = --2009), and CAM plants (δ 13 C 31 = --25.9%; mean of FCAM and CAM; [START_REF] Boom | Leaf wax n-486 alkanes and δ 13 C values of CAM plants from arid southwest Africa[END_REF]. 323

Over the last 140ka, sedimentary leaf wax δ 13 C values range between --24.4‰ and --26.1‰ (Fig. 3d), 324 with variations on precessional and glacial--interglacial timescales. We suggest that δ 13 C variations 325 represent relative changes in the C 4 end--member versus the C 3 / CAM end--member. δ 13 C values were 326 higher (suggesting relatively more C 4 grasses) during SH summer insolation maxima and the last 327 glacial period versus the Holocene and last interglacial period. We suggest these periods to represent 328 increases in the absolute contribution from C 4 grasses, in line with evidence for increased grass 329 charcoal abundance during SH summer insolation maxima in sediments off the coast of Namibia 330 [START_REF] Daniau | Orbital-scale climate forcing of grassland burning in southern 513 Africa[END_REF]. 331

The range of leaf--wax δ 13 C values (--24.4‰ to --26.1‰), i.e. the amplitude of vegetation type changes, 332 is small, indicating that C 4 grass vegetation has remained dominant relative to C 3 trees/shrubs or 333 CAM plants in southwestern Africa over the past 140 ka. C 3 trees probably remained restricted to 334 areas where groundwater was accessible. 335

Potential bias by CO2 and source area shifts 336

Lower atmospheric CO 2 is thought to favour C 4 over C 3 photosynthesis [START_REF] Collatz | Effects of climate and atmospheric CO 2 partial pressure on the 504 global distribution of C 4 grasses: present, past, and future[END_REF]Ehleringer 337 et al., 1997) and thus could explain the relative increase in C 4 vegetation seen in our δ 13 C record 338 during the last glacial period relative to the Holocene and last interglacial period (Fig. 3d). However, 339 CO 2 cannot explain the precessional timescale variability of leaf--wax δ 13 C, which is of larger 340 magnitude than glacial--interglacial variability (Fig. 3d). This suggests that hydrology rather than CO 2 341 was the main control on C 3 --C 4 shifts in southwestern Africa over the last 140 ka. 342 An alternative explanation for the downcore changes in leaf--wax δ 13 C could be source--area shifts. For 343 example, pollen data suggest that increased wind strength caused an increase in delivery of material 344 from western South Africa during the last glacial period (Shi et al., 2000). However, in southern 345 Namibia and South Africa modern vegetation displays lower leaf--wax δ 13 C values due to the cannot be explained by a southward shift of the source area. 348

Hydrological inferences from vegetation 349

Today the Namib and Kalahari Deserts are partly savanna vegetated, partly barren. Instrumental data 350 indicate that during 2011, the wettest year on record (since 1962), most of the rain was delivered in 351 a few rainy days and this transformed the barren gravel plains into savanna grassland (Eckardt et al., 352 2013). We suggest an analogous scenario to have taken place in southwestern Africa in the past: 353 higher δ 13 C (Fig. 3d) values during the last glacial period and insolation maxima indicate an 354 expansion/thickening of C 4 grasses across barren areas of the Namib Desert, Namibian Plateau and 355 Kalahari Desert due to increased SH summer rainfall. These periods hence represent maxima in 356 seasonality, in line with [START_REF] Daniau | Orbital-scale climate forcing of grassland burning in southern 513 Africa[END_REF]. The dominance of C 4 grasses over C 3 vegetation 357 throughout the record suggests that semi--arid conditions and high seasonality were a persistent 358 feature of southwestern African climate over the past 140ka. This is in line with indications of the 359 persistence of aridity based on sedimentary landforms in this region [START_REF] Lancaster | How dry was dry?-Late Pleistocene palaeoclimates in the Namib 570 Desert[END_REF]Stone and 360 Thomas, 2012). 361

Past leaf--wax δD 362

Although leaf--wax δD is commonly interpreted to reflect past δD p , the extent to which vegetation--363 type changes may have controlled leaf--wax δD first needs to be assessed. The magnitude of the 364 downcore C 3 --C 4 vegetation--type changes is small (maximum δ 13 C change 1.7‰). Based on existing 365 fractionation factors for C 3 (--123‰;Sachse et al., 2012) and C 4 (--139‰) vegetation, the maximum 366 leaf--wax δD shift caused by vegetation changes would be about 2‰. This would hence argue against 367 vegetation--type changes as the main cause of the past leaf--wax δD variations. Nonetheless, more 368 work is needed to assess fractionation factors for vegetation types specific to southwestern Africa. 369 Given that δD changes associated with vegetation type appear to be small, we interpret past leaf--370 wax δD to represent changes in δD p and relative humidity. As described above (section 2.3), 371 environmental controls on δD p are complex: past δD p in southwestern Africa may have been dominant moisture source. Lower δD p values would imply greater local amount, greater non--local 374 amount and/or greater proportion of Indian--sourced moisture. Given that precessional and glacial--375 interglacial timescale shifts towards C 4 vegetation (wetter conditions; Fig. 3d) were coeval with 376 periods of lower leaf--wax δD (Fig. 3f), it is likely that lower (higher) δD p values at least partly reflect 377 an increase (decrease) in local precipitation amount. We cannot completely rule out that non--local 378 precipitation changes (for example increased rainout over southeastern Africa), or moisture source 379 changes (increased amount of Indian Ocean--sourced moisture) are partly responsible for periods of 380 lower past δD p . For example, a shift to more Indian Ocean moisture during the last glacial period 381 (Collins et al., 2013a) may explain the larger glacial--interglacial leaf--wax δD difference (Fig. 3f) 382 compared to the glacial--interglacial δ 13 C difference (Fig. 3d). Reduced Atlantic Ocean moisture may 383 have been associated with a colder and northward shifted Benguela Current during the last glacial 384 period [START_REF] Jansen | Late Quaternary movements of the 551 Angola-Benguela Front, SE Atlantic, and implications for advection in the equatorial ocean[END_REF], Ufkes et al., 2000). Overall, we take lower leaf--wax δD to represent an 385 increase in local amount with some overprint from increased non--local precipitation and increased 386 proportion of Indian Ocean--sourced moisture. In addition, relative humidity changes would have 387 shifted leaf--wax δD in the same direction (more humid conditions, lower leaf wax δD) thus enhancing 388 the hydrologic signal. 389

Given that the isotopic signature recorded by leaf wax n--alkanes was likely 'locked in' early in the 390 growth season (Tipple et al., 2013) and also considering that the amount--effect operates on sub--391 seasonal timescales (Risi et al., 2008b), our leaf--wax δD data point to more intense early SH summer 392 precipitation during SH summer insolation maxima and during the last glacial period versus the 393 Holocene and last interglacial period. 394

Comparison with other climate records 395

On precessional timescales, increased summer precipitation in southwestern Africa during SH 396 summer insolation maxima (Fig. 3d,f) is in agreement with the record from Lake Tswaing in South (Schefuß et al., 2011). Together these records and ours would suggest that SH summer insolation 400 maxima resulted in wetter conditions throughout most of southern Africa. However, our record 401 contrasts with the hyrax--midden record from the Namib Desert [START_REF] Chase | A record of rapid Holocene climate change preserved in hyrax 498 middens from southwestern Africa[END_REF]Fig. 1b), which 402 indicates wetter conditions during the mid--Holocene SH summer insolation minimum. Although the 403 Holocene is less well--resolved in our record, it is clear for the rest of our record that SH summer 404 insolation minima were drier. One explanation for the mismatch may relate to the source 405 areas of the two records. The hyrax--midden record reflects the climate of the hyraxes' habitat (in 406 close proximity to the midden), situated in the Namib Desert. Our record reflects a wider catchment 407 including material from the Namibian plateau [START_REF] Eckardt | SeaWiFS identifies dust sources in the Namib Desert[END_REF] and the Kalahari Desert 408 (Prospero et al., 2002), further east of the Namib. Consequently, climate in the Namibian Desert may 409 indeed respond in phase with NH summer insolation, perhaps via a control by upwelling intensity, 410 while the Namibian plateau and the Kalahari Desert respond in phase with SH summer insolation. 411 Further records or model simulations are needed to verify this hypothesis. 412

On glacial--interglacial timescales, our data suggest increased summer precipitation during the last 413 glacial period relative to the Holocene and last interglacial period. This is consistent with the 414 deposition of river--derived silts (the 'Homeb silts') in the Namib Desert during the LGM, thought to 415 indicate increased flow of ephemeral rivers due to wetter conditions on the Namibian plateau (Heine 416 and Heine, 2002). Our record is also in agreement with the grain--size record (Stuut et al., 2002) from 417 the Walvis Ridge (Fig. 1a) which indicates the deposition of finer material during the last glacial 418 period (Fig. 3g), thought to reflect increased river derived material southwestern Africa and perhaps 419 also attributable to increased flow of ephemeral rivers. Enhanced tropical precipitation in southern 420 Africa during the last glacial period is also in agreement with climate models (e.g. Kageyama et al., 421 2013) and this would explain lower leaf--wax δD in other southwestern African cores during the LGM 422 relative to the Holocene (Collins et al 2013a).

suggest that the increased glacial wetness was due to more tropical summer precipitation, mainly 449 from TTTs. 450

Although wetter conditions during the last glacial period in southwestern Africa (Fig. 3d,f) were 451 coeval with drier conditions in the Congo Basin (Fig. 3h), this is unlikely to be due to a 452 straightforward displacement of the tropical precipitation from the Congo Basin towards 453 southwestern Africa because the southern boundary of the rainforest belt was shifted equatorward 454 in western Africa during the LGM [START_REF] Collins | Interhemispheric symmetry of the tropical African rainbelt over the 510 past 23,000 years[END_REF][START_REF] Dupont | Thirty thousand years of vegetation development and climate 518 change in Angola (Ocean Drilling Program Site 1078)[END_REF][START_REF] Ning | Vegetation and climatic history of southwest Africa: A marine 585 palynological record of the last 300,000 years[END_REF]in 455 turn suggesting a wider SH savanna belt during the last glacial period). Instead, the glacial--interglacial 456 antiphase may represent an increase of the northerly East African monsoon (Indian Ocean) at the 457 expense of the Central African monsoon (Atlantic Ocean) similar to the mechanism on precessional 458 timescales. This was perhaps associated with the relatively cold glacial SE Atlantic Ocean (Jansen et 459 al., 1996;Kim et al., 2003) compared with the relatively warm glacial Indian Ocean (Sonzogni et al., 460 1998). pans in the vicinity of the core site that act as sources of dust [START_REF] Eckardt | SeaWiFS identifies dust sources in the Namib Desert[END_REF]. Isolines on 699 map mark dust sources identified with TOMS (Prospero et al., 2002): M and E mark Makgadikgadi 700

Basin and Etosha Pan dust sources, respectively, and units are number of days per month when 701 absorbing aerosol index exceeds 0.7. Study sites referred to in the text are given as white dots: Lake 702 Tswaing [START_REF] Partridge | Orbital forcing of climate over South Africa: A 200,000-year 588 rainfall record from the pretoria saltpan[END_REF]; Spitzkoppe hyrax midden [START_REF] Chase | A record of rapid Holocene climate change preserved in hyrax 498 middens from southwestern Africa[END_REF]GeoB1008--3, Congo 703 River (Schneider et al., 1997) and MD96--2094, Walvis Ridge (Stuut et al., 2002). 704 Black line is benthic δ 18 O of MD95--2042 [START_REF] Shackleton | for the lower part (Fig. 2b). The age 210 model of core MD95--2042 has been revised[END_REF]2002). The age model of MD95--708 2042 has been revised [START_REF] Govin | Terrigenous input off northern South America driven by changes in 537 Amazonian climate and the North Brazil Current retroflection during the last 250 ka[END_REF] based on the AICC timescale [START_REF] Bazin | An optimized multi-proxy, multi-site Antarctic ice and gas orbital 484 chronology[END_REF]Veres et 709 al., 2013). Blue line is benthic δ 18 O of GeoB1711--4 (Little et al., 1997). Age model of GeoB1711--4 is 710 based 14 C dating (triangles) and correlation of benthic δ 18 O with MD95--2042 (tie--points are marked 711 as diamonds). 
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 2 Figure 2. Derivation of age model for MD08--3167. a) Blue line is ln(Ca/Fe) ratio of GeoB1711--4. 705 Green line is ln(Ca/Fe) of MD08--3167. Age model of MD08--3167 is based on 14 C ages (triangles) and 706
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22.1‰;Rommerskirchen et al., 2006) with some contribution from C 3 trees (δ 13 C 31 = --34.0‰; Vogts

Africa[START_REF] Partridge | Orbital forcing of climate over South Africa: A 200,000-year 588 rainfall record from the pretoria saltpan[END_REF]; see location in Fig.1b), and with relatively dry conditions during the

Indian Ocean--sourced monsoonal systems over the last 140 ka.
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Pokras, E.M., Mix, A.C., 1985 stack [START_REF] Lisiecki | A Pliocene-Pleistocene stack of 57 globally distributed 575 benthic δ 18 O records[END_REF], reflecting global ice volume (blue dashed line). f) δD of the n--C 31 719 alkane from MD08--3167 corrected for ice volume (black line) and February insolation at 25°S (red 720 dashed line). g) Grain--size aridity index from core MD96--2094;20°S;Walvis Ridge (Stuut et al., 2002). 721 h) Al/K from core GeoB1008--3 at 6°S, an indicator of Congo River discharge (Brown line;Schneider et 722 al., 1997) and August insolation at 20°N (red dashed line). Marine Isotope Stages (MIS) are indicated 723 above the age scale.