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Abstract. We have implemented a new albedo scheme thatl Introduction

takes the dynamic behaviour of the surface below the canopy

into account, into the land-surface scheme of the MPI-ESM.Investigating climates of the past offers an opportunity to im-
The standard (static) scheme calculates the seasonal canop§ove our understanding of future Earth system dynamics.
albedo as a function of leaf area index, whereas the backDuring the mid-Holocene, around six thousand years ago,
ground albedo is a gridbox constant derived from satel-the West African monsoon reached much further north than it
lite measurements. The new (dynamic) scheme additionallyloes today. The area that today is covered by the Sahara was
models the background albedo as a slowly changing funclargely vegetated, as established using e.g. pollen reconstruc-
tion of organic matter in the ground and of litter and standingtions (e.gJolly et al, 19980). The vegetation cover extended
dead biomass covering the ground. We use the two schemed least up to 23N (Jolly et al, 19983, if not across the

to investigate the interactions between vegetation, albedo an@hole of North Africa Hoelzmann et a] 1998, compared to
precipitation in the Sahel/Sahara for two time-slices: pre-about 12 N today (e Noblet-Ducoudre et al2000. Lake
industrial and mid-Holocene. The dynamic scheme repre-2bundance and lake levels also increased throughout North
sents the seasonal cycle of albedo and the correspondenddrica and on the Arabian Peninsuldigelzmann et a|.
between annual mean albedo and vegetation cover in a mork998.

consistent way than the static scheme. It thus gives a bet- The mechanisms responsible for the northward shift and
ter estimate of albedo change between the two time periintensification of the palaeo-monsoon and subsequent green-
ods. With the introduction of the dynamic scheme, precip-ing have been studied extensively using models, including
itation is increased by 30 mmy# for the pre-industrial sim- ~ general circulation models (GCMs). The largest differences
ulation and by about 80 mmy# for the mid-Holocene sim-  in external forcing between the mid-Holocene and today
ulation. The present-day dry bias in the Sahel of standarcfre radiative forcing anomalies arising from changes in the
ECHAMS is thus reduced and the sensitivity of precipita- Earth’s orbital parameter®grger 1978. It is now largely

tion to mid-Holocene external forcing is increased by aroundaccepted that the main reason for changes in the palaeo-
one third. The locations of mid-Holocene lakes, as estimatednonsoon was an increased seasonal cycle of insolation in
from reconstructions, lie south of the modelled desert bordethe Northern Hemisphere due to a change in these parame-
in both mid-Holocene simulations. The magnitude of sim- ters @de Noblet-Ducoudre et a000. However, as demon-
ulated rainfall in this area is too low to fully sustain lakes, Strated by several modelling experiments, a change in just the
however it is captured better with the dynamic scheme. Theorbital parameters is not sufficient to induce strong enough
dynamic scheme leads to increased vegetation variability iffhanges in the monsoon to agree with reconstructed vegeta-
the remaining desert region, indicating a higher frequency oftion and precipitationJoussaume et al1999. In order to
green spe”S, thus reaching a better agreement with the Veg@btain the correct signal, several feedback mechanisms have

tation distribution as derived from pollen records. been suggested, such as ocean amplification Keigzbach
and Liu 1997 and vegetation-atmosphere feedbacks (e.g.

Claussen and Gayler1997 de Noblet-Ducoudre et al.
2000. The combined effect of orbital change, ocean feed-

@ Correspondence tdE. S. E. Vamborg backs and vegetation feedbacks corresponds best to palaeo-
~ (freja.vamborg@zmaw.de) reconstructionsBraconnot et a).20073.
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Fig. 1. Sketch illustrating the components needed to calcutatehe land surface albedo of the tile containing AFdccording to the

static(a) and dynamidc) background albedo schemes. Arrows and colours indicate the correspondence between albedo and a modelled
tile (b). Several PFTs are depicted in this tile to illustrate the origin of the different albedo layers.

Notations are as follows:

(€) oté: — canopy-albedo for PFl, apg — background albedo defined per gridbgfé,— the fraction o’ that is calculated fromé

(b) SOM — organic soil layer, ROCK - mineral soil layé&fnax — vegetated fraction of tile),"c"over— fraction of gridbox covered by PRT

(© af, f& asin (a)ef - litter and phytomass albedo for pft f| — the fraction ofoef)g that is calculated frona| , asom — albedo of the

gridbox bare groundyrock — albedo of SOM-free bare groumaf)g — background albedo for PRT

A positive vegetation feedback in the Sahel/Sahara transifraction of PFTi, fé, is based on the presence of green
tion region was first proposed tharney(1979. He sug- leaves, which is defined through the leaf area index (LAI).
gested that areas with an elevated albedo (e.g. deserts) hav@ae background albedo is based on a time-invariant map, ei-
more stable air column than surrounding areas and thus preher derived from satellite data or from soil type data. In
cipitation is suppressed above the desert. With aridificationsome cases the background albedo varies with soil moisture
this mechanism is extended and a positive feedback loop octe.g.Oleson et al.2004 Wang 2005, but in many schemes,
curs, leading to self-stabilisation of the desert. If, reversely,e.g. in JSBACH, the land surface scheme of the Earth system
vegetation growth is extended into a desert area, albedo imodel of the Max Planck Institute for Meteorology (MPI-
reduced and the mechanism works the opposite way. DurindeSM), it is constant. For the present-day situation the back-
the mid-Holocene, rainfall in the Sahel was increased by theground albedo can be captured well by satellite observations
insolation anomaly and this feedback could have taken placeand the method described above is appropriate. However, if
The main driver behind Charney’s theory is a change in surthe vegetation cover differs substantially from the one of to-
face albedo, but the theory ignores other vegetation-relateday, for instance in the past or in possible future scenarios,
moisture feedbacks, such as increased transpiration, whicthis approach may be inadequate, since background albedo as
could also affect rainfallXue and Shukla1993 Brovkin well as canopy cover could change significantly within those
etal, 1998. Nevertheless, several GCM studies have showrtime frames.
that surface albedo is the key variable for obtaining a posi- In arid to semiarid regions, the land surface albedo varies
tive feedback between land surface and precipitation in theseasonally, with changes in LAl being one of the main mod-
Sahel/Sahara region (e @laussen1997 Levis et al, 2004 ulators of these changes. During the dry season, when LAl is
Schurgers et 312007, rather than other processes. Thus, to close to zero, the albedo is controlled partly by the albedo of
correctly quantify the magnitude of this feedback, the land-bare ground and partly by the amount of litter and standing
surface albedo of both deserts and vegetated areas has to lead phytomass masking the grousdupain et aj.2008.
modelled realistically. To capture albedo changes in the Sahel/Sahara one should

Land surface albedo schemes in the current generatiothus consider, not just the LAI-cycle, but also the albedo
of GCMs are usually based on the following considerationsof bare ground and the albedo of litter. The background
(Wang et al.2007): land surface albedas, is calculated as  albedo values in the Sahara are very inhomogeneous, with
the sum of the albedo of all plant functional types (PFTs),some areas (hot desert) having extremely high albedo values.
o', weighted by their cover fractiong, .. The albedo of Albedo in these areas is linked to soil formation processes
PFTi, o, is calculated as the weighted average of the canopysuch as lake dessication and salt crusting. High albedo areas
albedo of PFTi, aic, and the albedo of the surface below the in the present day act to suppress precipitatkmofr et al,
canopy, the background albedgy (see Figl1). The canopy 2001, Knorr and Schnitzler2006. In many models these
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inhomogeneities are ignored, leading to inter-model biases'Fable 1. Albedo values used in the dynamic albedo scheme.
in the strength and extent of the present-day West African

Monsoon (WAM) Bonfils et al, 200]). Levis et al.(2009

showed that altering the soil composition and soil colour to
represent different amounts of soil organic matter (SOM) in  tropical broadleaf evergreentrees  0.03 022 0.09  0.07
the Sahara during the mid-Holocene also leads to a further "oPical broadieafdeciduous trees  0.04 - 0.23 = 0.1 = 0.08

; i i i i
Plant functional type Acyis  %Cnir Yvis YL onir

. . N . extra-tropical evergreen trees 0.04 0.22 0.07 0.07
increase in precipitation, compared to using present-day val- eyira-tropical deciduous trees 005 025 008 01
ues. This increase mainly arises from a reduction in albedo. raingreen shrubs 005 025 011 02
These studies highlight the importance of considering all deciduous shrubs 005 028 011 023
these components dynamically to fully capture the albedo ©39rass 008 034 014 029
P y y y P C4 grass 0.08 0.34 0.14 0.29

differences between the mid-Holocene and today and thus
to better quantify the vegetation-precipitation feedback.
In this paper, we present a land surface albedo scheme,

in which theapg changes in time as well as in space. We g 5ihedo of the canopy (green leaves), is PFT-specific
compare the effect on precipitation of two albedo schemes(See Tablet), whereas the background albesg, is defined

. . y ; erSer gridbox independent of PFT@,g is constant in time and
mdustrlal_ setup) and for_ the ml_d-HoIocene, focusing ON oad in as two maps, one for each of the spectral bands, at
North Africa and the Arabian Peninsula. the beginning of each experiment. These maps have been
derived from MODIS reflectance data in a manner similar to
Rechid et al(2009. The fraction of the tile for PFT that

is covered by the canopy (Eq.2), varies with the fraction

For the experiments in this paper we used the spectral atc_)f the gridbox that is vegetatedfiga,) and with the leaf area

mosphere model ECHAMS5Rpeckner et al.2003 in T31 index (LAI) of PFTi:
resolution with 19 levels in the vertical coupled to the land i _ _ -LAiiy2

. . J& = Vmax (1 e ) (2
surface scheme JSBACH extended with a dynamic vegeta-
tion module Raddatz et a).2007 Brovkin et al, 2009. A |t can thus vary in space and time. Note that the stem area
tiling approach is used to represent sub-gridbox vegetatioreffect on albedo is only taken into account in snow-covered
dynamics. Tilei is the gridbox space that is occupied by areas, and is thus not reflected here. Finally the albedo values
PFTi. of all PFTs are weighted by their vegetation cover fraction

All albedo values in JSBACH are calculated separately, i and summed to a gridbox-averaged surface alhesto,

but according to the same equation, for the two spectral _ '
bands; visible (VIS) and near infrared (NIR). Throughout the s = Z Jeover@'- 3
paper, we only refer to albedo valuesdds or ayx, wherei PFT
indicates PFT-specific values aixdis the type of albedo re-
ferred to (such as for surface,C for canopy etc.). The de-

pendence on the spectral bands is thus implicit in the equam the above version of the schemay is constant in time
tions and only explicitly shown for parameterisation in Ta- and defined per gridbox. We introduce a time-varying and
ble 1. The radiation scheme in ECHAMS5 used in these sim- PFT_SpecifiC background a|bed§g, which rep'aces thebg
ulations represents six bands for incoming short-wave radiin Eq. (1). The standard (static) and the dynamic approach

ation in the range 0.25-4.00 um; three ultraviolet (UV) and gre jllustrated in Figl. All other albedo calculations remain
VIS bands, and three NIR bands. The VIS and NIR albedothe same.

values calculated in JSBACH are used by ECHAMS accord-  There are two main factors that affect the background

ingly (the VIS albedo for the UV +VIS bands and the NIR zlhedo; bare ground and the standing non-green phytomass
albedo for the NIR bands). The albedo discussed in the reand litter. We will discuss the dynamic scheme around these

sults section is the combined mean land surface albedo catwg factors. The albedos corresponding to these factors are
culated by ECHAMS, at each output time-step, from the VIS 44, anda! . The new albedo of the background is then cal-

2 Dynamic background albedo scheme

2.2 Dynamic background albedo

and NIR albedo values calculated by JSBACH. culated per PFT as the weighted sum of these factors, where
] the weighting factorf represents the area of the tile covered

2.1 Standard albedo scheme in JSBACH by litter:

For snow-free land in JSBACH the albedo of each RRF,  of — fi of + (1 _ fﬁ) - (4)

is calculated according to:
As for the surface albedo, this albedo is calculated separately
o = flak + (1 — fé) bg- (1)  for the two spectral bands VIS and NIR.
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2.2.1 Albedo of bare ground:asom We did not include the dependence of bare ground albedo
on soil moisture in this relationship, even though it is well
The main properties modulating the reflectance of barejocumented that background albedo generally decreases
ground are the different mineral components (the underly-with increasing soil moisture (e.fomingo et al,200Q Lo-
ing parent material) and soil organic matter (SOMadoni  bell and Asner2002 Gascoin et a)2009. This limitation is
etal, 2010. The relationship between SOM and reflectancejustified for two reasons: First, soil hydrology is represented
is often assumed to be linear, with SOM being negativelypy a rather crude bucket model in JSBACH of 1 m depth,
correlated to reflectance up to a saturation limit of aroundwhile albedo is only affected by soil water if the upper few
5% SOM in the top soil layerQurran 1985 Ladoni etal,  millimetres to centimetres of the soil are w&dscoin et a).
2010. The maximum change in VIS and NIR reflectance due2009. This effect can thus not be included in the current
to SOM @ - Ciim, in Eq.5) is between 0.1 and 0.3 (e toner  yersion of JSBACH in an appropriate way. Second, the map
and Baumgardned 981, Curran 1985 Bartholomeus etal.  ysed to derive the rock albedo is an annual mean and there-
2008. Here we use a conservative estimate of 0.15. The refore neither represents completely dry nor completely wet
lationship may vary spatially, mainly due to different parent soil, an appropriate dry albedo could thus not be derived.

materials flenderson et al1992. To capture this, we de- However, in principle, the soil moisture effect could easily
fine a variable representing the albedo of the bare ground thaje included.

does not contain any SOMgock. We assume, for the pur-

pose of our study, that the time-scales are too short for majo.2.2 Albedo of non-green phytomassa|

changes in soil mineral composition atfock is thus con-

stant in time in our simulations. We use the grldbox averagelitter storage is represented for each PFin JSBACH

of the modelled slow soil carbon po6ks (mol(C) mg”dbox) by two carbon pools: woody litte’ and leaf litter L

as a proxy for SOM. The slow soil carbon pool represents(mol(C) W\,egetated arda 1he turnover time of the leaf litter
the carbon in the soil that mineralizes at a slow rate and 00l depends on soil moisture and temperature and is about
has a turnover time of 150 years. We introduce a saturatiolne and a half years. We ug¢ as a proxy for the com-
limit Cjim beyond which increasing SOM does not affect the bined amount of litter and aboveground dead phytomass in
albedo. The value ofjim was chosen on one hand to cor- @ tile. We assume that' is spread equally across the veg-
respond to the geographical transition from low to mediumetated part of the tileWnay). Further we assume that the
amounts of soil organic carbon (SOC) inthe top -soils of trop_fraction of the tile covered by litter can be derived in a simi-
ical Africa (FAO, 2007 and on the other hand to obtain rea- lar way to the derivation of the fraction of the tile covered by
sonable estimates farrock (see below). The albedo of a green leaves (see E2). The LAI' (Mmf, ;Mo in Eq.2is
bare ground surface containing SOlkow, is thus derived  derived by multplying the specific leaf area SL@eaf area

as a linear function of SOM up to the saturation lifjjy, per unit mass, ?Qafmol—l(C)) with the mass of green leaves
with arock as intercept: M? (mol(C) mc—aznopg Here we introduce a leaf area index for
@SOM = @ROCK — @ - MiN (Css Ciim) (5) litter, LAl (mleafmvegetated arda derived by multiplyingL’

with SLA':

wherea =3x 1074m , o
LAIi = SLA' LI, (6)

GridboxMoI~(C) andCiim =500 mol(C)

mgndbox This calculation is done per gridbox and is not PFT
specific. For the canopy, the factor of 0.5 in the exponent represents
Rock albedo,erock, should ideally be derived from the non-ordering of leaves, i.e. that leaves hang at different
bedrock or sediment properties. The standagg is de-  angles and thus do not cover the ground with maximum area.
rived from satellite data, by considering the times of the yearFor litter it would be possible that all leaves align, in which
with the lowest LAI. For the variablerock it is not pos-  case this factor underestimates the actual coverage by litter.
sible to derive the information directly from satellite data, Litter is however freer to move than leaves in the canopy,
except for desert regions. There have been attempts to correvhich means that it could be subjected to clumping, in which
late MODIS albedo with FAO soil maps and USGS geolog- case this factor would over-estimate the area covered by lit-
ical maps Tsvetsinskaya et al2002 2009. These correla-  ter. Since we lack data on which of these effects is stronger,
tions are region-specific and only give data for present-daywe keep this factor at 0.5 for the litter equation. The frac-
desert areas. Since we are interested in global data, this agion of the tile that is covered by litter is thus calculated as
proach does not provide additional information for extracting follows:
arock compared to the MODIS-derived maps gy cur- ; LAl /2
rently used in JSBACH. We deriverock by assuming that JL = Vimax <1 - ¢ g ) @
for the present-day simulatiarsom = abg and using the in-
verse calculation of Eq5§. This of course does not hold for
areas where litter and phytomass cover the bare ground.

To derive the albedo values for Iitterg, we grouped the
PFTs into two larger groups, the first representing trees and
the second shrubs and grasses, and assumed that the change
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Table 2. Experimental setup. Experiment: analysed (bold), Component: AV = echam5-jsb@chcoupled to MPIOM, Veg: prescribed |

or dynamic (dyn) vegetation, Albedo: statie) or dynamic (dyn) albedo scheme, Init veg: run from which initial or prescribed vegetation
was taken, Cpool: run from which forcing for carbon offline model (used to initialise carbon pools) was derived, SST: run from which SST
and SIC were derived, Orbit: OK or 6K orbital forcing, Years: length of run in years.

Experiment Component Veg Albedo Initveg Cpool SST Orbit Years
OK _ctrl AV-O dyn - - - - 0K >4500
0K AV - - OK.ctrl — OK_ctrl  OK 200
OK _st AV dyn - OK_ctrl 0K OK_ctrl OK 300
OK_dyn AV dyn dyn OK.ctrl  OK,0K.dyn OKctrl 0K 100+ 300
6K _ctrl AV-O dyn - - - - 6K >4500
6K AV - - 6K ctrl - 6K ctrl 6K 200
6K _st AV dyn - 6K ctrl 6K 6K_ctrl 6K 300
6K_dyn AV dyn dyn 6K ctrl 6K, 6K.dyn 6Kctrl 6K 100+ 300

from canopy to litter albedo was the same within the groups.pools, the carbon model has to be run into equilibrium. The
We used the values for live and dead leaveSdflers et al.  simulations with dynamic background albedo were first in-
(1996 as guidance for the direction of change. The gen-tegrated for 100 years to produce a preliminary climatology.
eral pattern is that dead leaves have a higher reflectivity inThis climatology was used as forcing for the JSBACH carbon
the visible spectrum than green leaves, in the near infrareanodel until equilibrium was reached. The carbon pools thus
the tendency is rather the opposite, although this is not alobtained were used to re-initialise the ECHAM5-JSBACH
ways the caseAsner et al.1998. The MODIS maps foing simulations, which were run until a reasonable equilibrium in
are the best approximation that we have for the backgroundhe vegetation distribution and the carbon pools was reached.

albedo. We calculated a new gridbox average albeﬂéﬂ, The experiments were performed with either: (1) Orbital-
using the new scheme: and SST-forcing for pre-industrial or mid-Holocene and
dyn ; ; (2) static or dynamic background albedo (see TaBe

Upg = ;fcoverabg' (8) We focussed our analysis on four of these simulations:

OK_st (pre-industrial, static), 6§t (mid-Holocene, static),
The carbon pools needed for this calculation were taken fron‘Odeyn (pre-industrial, dynamic), 6Klyn (mid-Holocene,

a pre-industrial control simulation with fixed vegetation and dynamic). Dynamic vegetation was used in all simulations.
static background albedo scheme (exp. OK in Ta&)leBy e used the last 100 years of each multi-century simulation
assuming thadyggn should fitapg as closely as possible, we (see “Years” in Tabl®) as analysis period. We focussed on
adjusted the litter albedo values to arrive at the final param+the region 10 W-50 E, 10 N-32 N, subdivided zonally in:
eterisation (see Tabl¥). In the VIS we subdivided the tree WS - Western Sahara, 1W-10 E, ES — Eastern Sahara,
group into extra-tropical and tropical trees to obtain a betterl(® E-30 E, and AP — the Red Sea and the Arabian Penin-
fit. sula, 30 E-50 E. We refer to the scheme presented in this
paper as the dynamic scheme and the static scheme for the
standard version in JSBACH. The terms pre-industrial and
mid-Holocene simulations refer to the two sets of simula-

The main purpose of the dynamic background albedo schemfions for each time-slice (Olst and OKdyn resp. 6Kst and

is to investigate the interaction between the land surface6K*dyn)'

and precipitation in the mid-Holocene Sahara. We focus

on the interactions between the land and the atmospherg, Results

which means that it is sufficient to run the model with only

atmospheric components, forced with sea surface tempera.1  Mean changes in albedo, precipitation and desert
tures (SSTs) and sea ice cover (SIC). To capture interannual  fraction

variability in the SSTs, we use 100 years of monthly mean

SSTs and SIC from two coupled atmosphere-ocean simulaThe observed annual mean land-surface albedo in north
tions with the MPI-ESM that only differ in the orbital forc- Africa has a distinct meridional geographical pattern, with
ing, one for pre-industrial and one for the mid-Holocene, asan abrupt transition from low albedo values in the south
described inFischer and Jungclay2010. Since the dy- (ca. 0.2), progressively increasing through the Sahel, culmi-
namic background albedo scheme depends on the carbamating in high to very high albedo values (0.35-0.5) in the

3 Experimental design
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Fig. 2. Land surface albedeg averaged over 100 years fi@) OK_st, (b) OK_dyn, (c) 6K_st, (d) 6K_dyn. 100-year mean land surface albedo
differences betweefe) 6K_st and OKst, (f) 6K_dyn and OKdyn.

Sahara within some four degrees latitude (Rgchid et al. ~ northward, still agrees well with observations (ekgqorr
2009. This pattern is closely linked to the vegetation cover, et al, 2001 and as with the static scheme, the vegetation
from fully covered in the south to sparse and no cover incover and albedo correspondence is captured well @8g.
the north Tucker and Nicholsan1999. The transition in  The reduction in albedo in the Sahel leads to a local intensifi-
albedo is also clearly seen in the dry-season albedo and thusation of precipitation across the region of about 30 mriyr
does not only arise from varying amounts of canopy cover(Fig. 4e). The observed regional annual mean precipitation
(Samain et a).2008. is almost twice as large as the precipitation inK(1906—

We use the model-simulated variable desert fraction as 2006, CRU TS 3 0.5 (landMitchell and Jones2005 and
measure for vegetation in the simulations. The desert fracthe modelled 200 mm/yr* isoline (Fig.4a) is some degrees
tion is the fraction of a gridbox that has been completelytoo far to the southRink et al, 2010Q. The introduction of
non-vegetated for 50 years. The remaining part of the gridthe dynamic scheme thus reduces the dry bias in the Sahel
box may display intermittent bare ground behaviour. In that is apparent in Okt (standard ECHAMS).

OK_st, the desert border (the border of 0.5 desert fraction) It has previously been shown that the parameterisation of
is at around 124N (Fig. 3a), which corresponds well to hot desert albedo controls the northward extent of the mon-
the present-day Sahel/Sahara bordeicker and Nicholsan  soon Bonfils et al, 2001 Knorr et al, 200% Knorr and
1999. As in observations, the fast transition from low to Schnitzler 200§. With the dynamic scheme, most of the
high albedo values coincides with the desert border and théot desert gridboxes persist and the albedo is reduced mainly
gridboxes with very high albedo values (above 0.35) all liein areas where the albedo values with the static scheme are
north of the desert border (Figa). The general correspon- relatively low as well. This indicates that it is not just the
dence between vegetation cover and albedo seen in the aextent of rainfall that is controlled by the albedo, but that the

nual mean observations is thus well represented irsOK annual mean albedo in the Sahel controls the intensity of the
In OK_dyn, the albedo (Fig2b) remains close to that of annual mean precipitation for time-scales above decadal.
OK_st, except across the Sahel, from arountiN@ 18> N, In 6K_st, the desert border is shifted northward by some

where the albedo is reduced by around 0.06. The transifour degrees, both in the Sahel/Sahara and on the Arabian
tion from low to high albedo values, though shifted sligthly Peninsula (Fig3c). The albedo differences are very small
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Fig. 3. Desert fraction (DF) averaged over 100 years (Byr OK_st, (b) OK_dyn, (c) 6K_st, (d) 6K_dyn. 100-year mean desert fraction
differences betweefe) OK_dyn and 0Kst, (f) 6K_dyn and 6Kst.

between OKst and 6Kst (Fig.2e). Since gridboxes in the 4.2 Spatial variability of albedo and precipitation
newly vegetated areas have desert-like albedo values, the cor-

respondence between vegetation cover and albedo, partick, investigate spatial variability in more detail we consider

larly at the Qesert bordgr, is not apparent in this simulationzona| means over land for WS, ES and AP (Fig—c respec-
(BK_st). This geographical correspondence between modgy e and Table3). As discussed in the previous section, the

elled vegetation and albedo is captured much better in they \amic scheme increases precipitation in the pre-industrial

dynamic simulation 6kdyn (Figs.3d, 2d). Since the corre- g 1ation. However, the desert borders in WS and ES are
spondence between vegetation cover and albedo is captur rely affected and the largest changes in precipitation oc-

well with the dynamic scheme for both the pre-industrial and ;. around or south of this border, showing that the dynamic

the mid-Holocene, we expect the albedo change betweeg neme does not shift the rainfall substantially northwards
the two times-slices to be more realistic with the dynamic ., the Sahara. In AP the change in precipitation is smoother
scheme than with the static scheme (Fitys. €). and stretched over a larger latitudinal band, which results in

The lower albedo in the mid-Holocene simulation 8 5 1o rhward shift of the desert border. The albedo change

Iead_s to an increase in precipitation of 80 mmlylin. .th.e introduced by the dynamic scheme peaks south of or around
studied region compared to 68t (Table3). The sensitivity o qesert border in all the regions.

of precipitation to mid-Holocene orbital and SST forcings is ] o )
thus increased by over a third through the introduction of the ' the mid-Holocene static simulation (6&t), the desert
border is shifted northwards by some four degrees in WS

dynamic scheme. . ) ;
and ES and by almost six degrees in AP. This leads to a
slight reduction in albedo compared to the pre-industrial sim-
ulation (6K st—0Kst). This reduction is at most as large
as the reduction seen between the pre-industrial simulations
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Fig. 4. Precipitation (mmyear!) averaged over 100 years fa) OK_st, (b) OK_dyn, (c) 6K_st, (d) 6K_dyn. Differences in annual mean
precipitation betweele) 0K_dyn and OKst, (f) 6K_dyn and 6Kst, gridbox differences significant (Student’s T-test) at the 95% level are
marked with an asterix.

(OK_dyn—0K st). Even so, the difference in precipitation be- by the dynamic scheme. This shift is relatively small and
tween the static simulations is at many latitudes more thamegligibly affects the desert border. A reason for this might
twice as large as the one between the pre-industrial simulabe the inhibiting mechanism proposedtgorr et al.(2007)
tions. It is thus clear that the orbital and SST forcings playfor the present-day, since many high-albedo gridboxes per-
an important role in the northward extent and the intensifi-sist north of the desert border even with the introduction of
cation of precipitation during the mid-Holocene. This is in the dynamic scheme.
line with many other studies (e.graconnot et a).2007h), In ES, both the static and dynamic differences show a pre-
but not in line with a previous study using ECHAM, where cipitation increase that is spread evenly across all latitudes.
albedo forcing was a stronger driver for a northward migra-There is no reduction in rainfall to the south as seen in WS,
tion of the intertropical convergence zone (ITCZ) than orbital neither for the static nor for the dynamic scheme. The dy-
and SST forcingsKnorr and Schnitzlgr2009. namic scheme introduces large albedo differences across the
The different response of the regions is most apparentvhole desert region, even though the desert border barely
when comparing the differences between pre-industrial andghifts northwards. High albedo values can thus not be the
mid-Holocene simulations for both schemes (red resp. yel+eason for the lack of northward shift of rainfall, as they may
low lines in Fig.5). In WS the precipitation difference be- bein WS.
tween the two static simulations is negative south ON8 The mid-Holocene response to the increased albedo forc-
and positive betweer*® and 25 N. We can thus infer that  ing due to the dynamic scheme is strongest in AP. South of
precipitation is simultaneously increased and shifted north-20° N, the response is similar to that of the other regions, with
ward. The dynamic scheme intensifies both the positive andhe dynamic scheme additionally increasing the response by
the negative anomalies seen in the static case, showing thatne third or below. North of 20N, the dynamic scheme
in the zonal mean, the rain belt is shifted even further northincreases the precipitation by almost 100% and this occurs
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Table 3. 100-year mean albedo, precipitation (mm yg9rand -
desert fraction for the three areas WS, ES and AP. 0;
E
Experiment ws ES AP Total S ~
Albedo 2 S
OK _st 0.34 0.36 0.26 0.32 > =
6K_st 0.32 0.34 0.24 0.30 < ‘<
OK_dyn 0.31 0.33 0.23 0.29 o =
6K_dyn 0.26 0.25 0.17 0.23 o a
6K_st—OK st —0.02 —0.02 —0.01 —0.02 b -
6K_dyn—OK_dyn? —0.05 —-0.08 —-0.06 —-0.06 S °
Precipitation (mm yearl) @ 2B
OK _st 86 (-37)F 58 (£36) 114 ¢83) 90 @55) = c
6K _st 195 @39) 167 (47) 261 ¢99) 217 ¢62) « «©
OK_dyn 115 @40) 77 €39) 152 ¢87) 119 @57) - g
6K_dyn 247 @40) 214 (£44) 382 (102) 295 ¢57)
6K_st—0K st 109 109 147 128 =
6K_dyn—0K dyn? 131 137 230 175 2
Desert fraction <
OK_st 0.70 0.75 0.62 0.69 40N 30N 20N 10N 0 <
6K _st 0.53 0.53 0.41 0.49 Albedo Precipitation
OK_dyn 0.69 0.74 0.57 0.67 —————— OK_dyn-OK_st — — — —
6K_dyn 0.49 0.50 0.33 0.45 ———— 6K_dyn-6K_st — — — —
6K _st—0K st -0.17 -0.21 -0.21 -0.20 6K_st-0K_st
6K_dyn—OK dyn? ~0.19 —0.24 —0.24 —0.23 T GKodyn-OKdyn — — — —
Southern desert border (Desert fraction = 0.5)
——————— OK_st, OK_dyn ——————-
12 pifferences in mean between 64t and OKst resp. between 6idyn and OKdyn. ~ cceeemeeeeaas 6K_st, 6K_dyn -------------
* Standard deviations in precipitation calculated from 100-year climatology for each
area. Fig. 5. Change in precipitation (mmyeat) and albedo averaged
zonally over land and over 100 years for the regi@avs, (b) ES
and(c) AP.

even though the absolute albedo anomalies are smaller in this
region than they are in the other two.

The dynamic scheme thus shifts the most sensitive region For the pre-industrial simulations the introduction of the
eastward compared to the static scheme. A large responsgynamic scheme leads to anomalies of around 0.25 to
across the Red Sea and the Arabian Peninsula was also fourid75 mm day ! (Fig. 6a—c) that are evenly spread across the
by Levis et al.(2004 when prescribing the albedo of loam- rainy season (indicated by the overlayed contours) for all
like soil in the Sahara. Here we show that this response is nothree regions. Since the rainy season is longer in WS than in
just the result of imposing an uncertain but plausible bound-ES, the absolute change is larger. The difference between the
ary condition, but that it is possible to dynamically simulate seasonal cycles of albedo for the two schemes (not shown)

this response. is almost constant throughout the year. The dynamic scheme
] o thus does not affect the seasonality of neither albedo nor pre-
4.3 Seasonal changes in precipitation and albedo cipitation.

During the mid-Holocene (Figsd—f) the positive precip-

Precipitation in North Africa is seasonal and mainly occurs iéation anomalies are not limited to the 0.25 contour of the

during the summer months, approximately between June an
September. For a forcing mechanism to have a large impaq

ggfgicgﬁgig?: Itsve\;lglsj(l)dﬁ;t;;csozig? :[) gjcgg(r)gltk\‘/l\?eirhgs.my increase in precipitation at the beginning of the rainy season,
y ) ' whereas in the later part of the rainy season the anomalies

fore analyse the rainfall anomalies in more detail by conS|d—are of the same order of magnitude as for the pre-industrial

ering the daily means of an average year. We use runnin%imulations. A drying south of 2N occurs mid-season
means c_)f 15 days to rt_educ;e noise in the differences betweegnd cancels out the increase at the beginning, which explains
the static and dynamic simulations and of 30 days to re-

the northward shift of the rain belt noted in Sect. 4.2. In
duce calendar-related problen@ssaume and Braconnot WS the dvnamic scheme also mainlv affects the beginnin
1997 in the differences between the pre-industrial and mid- y y g 9

Holocene simulations of the rainy season, but there is no accompanying drying to
' the south. In AP there is a clear intensification of rainfall
throughout the rainy season.

tatic simulation, indicating that the dynamic scheme pro-
ongs the rainy season in all regions. In WS there is a large
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Fig. 6. Shown are differences in the annual cycle of precipitation in mnTdalerived from 100 simulation years (further filtered by 15-day
running means) for the regions WS, ES and AP betweenl®Kand 0Kst —(a) to (c) and between 6Kdyn and 6Kst —(d) to (f). Overlayed
are red and black contours representing the 0.25 and 1.25 nint dsglines for 0K st —(a) to (c) and 6K.st —(d) to (f).

These differences are also reflected in the albedo differ-The large increase at the end of the season that we see here,
ences for the three regions (Figa—c). In WS and ES the must thus mainly be due to the orbital and SST forcings.
seasonal cycle of albedo clearly changes, whereas the albedo
change in AP is constant across the year. The change in
albedo seasonality thus clearly matches the changed seasoB- Discussion
ality in precipitation (Fig.6d—f), however one would need
additional simulations to establish any lead-lag relationshipsin this section we will focus on the agreement between

Due to the extremely high background albedo values inpalaeo-records and our modelling results for the mid-
6K _st, the amplitude of the seasonal cycle is overestimateddolocene and discuss possible ways of reducing discrep-
compared to similarly vegetated gridboxes in_6K(not  ancies. According to reconstructions bypelzmann et al.
shown). With the introduction of the dynamic scheme the (1998 the location of the largest increase in lake abundance
seasonal cycle in albedo becomes more consistent, sinagas south of 20N in the Sahara and along the East Coast of
comparably vegetated gridboxes also display similar albeddhe Arabian Peninsula. The mid-Holocene lakes in eastern
seasonal cycles. We thus expect the dynamic scheme tSahara would have needed between 350-500 mm of precipi-
represent the seasonal distribution of rainfall in the mid-tation a year, sometimes up to 700 mm¥yrto be sustained
Holocene in a more consistent way than the static scheme. (Hoelzmann et al.2000. Assuming this to hold for the en-

When considering the combined effect of orbital, SST andtire region analysed, the amount of rainfall is underestimated
dynamic albedo forcings (Figd—f), the differences between in both mid-Holocene simulations. However, the simulated
the pre-industrial and mid-Holocene simulations are mostmid-Holocene desert border is far enough north to match the
marked between WS and the two other regions. In the WS20° N estimate. Annual P-E values in 6#yn are on average
the northward shift of the monsoon rain belt can be seen, s®&0% larger compared to 6Kt, showing an increased poten-
that the area that has a bipolar structure in seasonal rainfatial for the existence of lakes. Note that the two pre-industrial
is extending further north in the mid-Holocene than in the simulations have similar annual P-E values, indicating that a
pre-industrial simulations. In ES and AP there is a tendencyP-E bias that could be transferred from the pre-industrial dy-
towards larger increases at the end of the season. We hav@mic simulation to the mid-Holocene simulation is unlikely.
shown above, that the dynamic albedo scheme mainly affects The Sahara was clearly reduced in the mid-Holocene com-
rainfall at the beginning of or throughout the rainy season.pared to todayJolly et al, 1998h). However, it is not clear if
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Fig. 7. Shown are differences in the annual cycle of precipitation and albedo derived from 100 simulation(gpsogc) show albedo
differences between 6klyn and 6Kst, for regions WS, ES and ARY) to (f) show precipitation differences in mm day (further filtered
by 30-day running means) between 6lgn and 0Kdyn, for regions WS, ES and AP.

the increase in vegetation cover was restricted to favourable To match the precipitation estimates needed to sustain
locations or was wide-spread as suggestedHbglzmann  lakes, the increase in rainfall in our simulations seems to
et al. (1998. If there was a long-term continuous cover, reach far enough north, but precipitation would need to be
one would need a very low modelled desert fraction for aincreased locally. There are some factors that affect the land
close agreement between modelled values and the palaesurface albedo in the Sahel/Sahara that we have not included
record. If the pollen stem from less long-lived or patchy veg- that may influence our results. The most important are soil
etation cover, the variability of the desert and thus its stabil-moisture, fire effectsGovaerts et aJ.2002 Myhre et al,

ity should be considered. As already shown, mean vegeta2005 and lakes and wetlands that all have the effect of re-
tion cover only reaches four degrees further north in the mid-ducing albedo. Fires disturbing the biosphere contributes
Holocene simulations compared to the pre-industrial simuladargely to albedo variability over Africa, however the vast
tions. Our model results are thus clearly not consistent withmajority of these fires can be attributed to anthropogenic in-
a long-term continuously vegetated Sahara. However, we didluence (sed&sovaerts et a).2002 for instance) and might
consider the stability of the desert by studying the minimumhave been of lesser importance during the mid-Holocene.
annual mean values obtained during the 100-year analysiBires affect the albedo by burnt scars on the surface, but also
period (+signs in Fig3a—d). One can interpret the size of through their aerosol radiative effect¢vaerts et al.2002
these + signs as indicators of the frequency of growth eventdlyhre et al, 2005. Brostidom et al.(1998 found that includ-

or green spells. In the pre-industrial simulations there is aing effects of wetlands and lakes increases the magnitude of
large number of gridboxes where the desert fraction stayshe monsoon precipitation in the area around the prescribed
above 99% for all years, 16 boxes for @kn vs. nine for  lakes, but does not contribute to extending the monsoon fur-
OK_st. The desert state is thus a very stable one. In the midther northward. Introducing lakes or wetlands does not only
Holocene simulations these very dry conditions completelyreduce the albedo, but it could also have the effect of enhanc-
disappear. 6Kdyn shows a higher frequency of green spells ing local recycling by increasing evaporation, resulting in an
than its static counterpart 6kt, indicating a mid-Holocene increase in precipitation. This latter effect may have beenim-
Saharan climate that is more compatible with finding pollenportant to help maintain the reconstructed palaeo lakes and
remnants. wetlands Carrington et al.2001). One should keep in mind
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that our scheme produces a low albedo in the pre-industriab Conclusions
simulation that may bias the mid-Holocene simulation. Intro-
ducing further albedo-reducing mechanisms may thus pusiVe have implemented a new albedo scheme that takes the
the scheme towards unrealistically low albedo values for thedynamic behaviour of the surface below the green canopy
mid-Holocene. Thus, in order to obtain a closer agreementnto account, into the land-surface scheme of the atmosphere
with lake estimates, it may be more important to introducegeneral circulation model ECHAMS. The scheme dynami-
lakes and wetlands and their evaporative effect, rather thagally models the dependence of albedo on both the canopy
to further extend the albedo scheme. and the surface below it, the “background”. The dependence
We find that the vegetation effect on precipitation is almostof albedo on the canopy is modelled in the way common for
non-existent without the dynamic scheme, which is similar tomost GCMs, using an exponential function of LAI to de-
the results of e.g. PMIPBfaconnot et a)2007. However,  fine the area covered by green leaves (Beer’s Mansi and
we would argue that the albedo change is underestimate&aekj 1953. Background albedo is modelled as a function
with the static scheme. Since other GCMs use schemes ver§f the amount of soil organic matter in the bare ground and
similar to the static scheme, we would assume that the albedthe amount of litter and standing dead biomass covering the
change, and thus the vegetation-precipitaton feedback, is urground, using the leaf litter and slow soil carbon pools in
derestimated there as well. On the other hand, other studie3SBACH as proxies for these factors. We compared the dy-
that find a very strong effect of vegetation on precipitation namic scheme with the static one for two time-slices; pre-
may have overestimated the change in albedo. This overedndustrial and mid-Holocene.
timation could for instance arise from a bias introduced by The dynamic scheme introduces a lower albedo in the Sa-
the changed boundary conditions, such as prescribing lovhel of the pre-industrial simulation and an increase in pre-
albedo values to the background even though the simulatedipitation of around 30 mm/yr* across the studied region,
precipitation increase would theoretically not lead to lower reducing the existing low precipitation bias of ECHAM5
albedo values (e.d<norr and Schnitzler2006 or from over-  within this region. The correspondence between annual
estimating the effect of the vegetation on albedo, by e.g. usmean albedo and the vegetation seen in observations is well-
ing a too high fixed annual mean LAl as a basis for the albedacaptured in the pre-industrial for both schemes, but it is only
calculation (e.gClaussen1997). captured with the dynamic scheme for the mid-Holocene.
Bonfils et al.(2001) found that most of the increased rain- The dynamic scheme thus gives a better estimate of albedo
fall in the mid-Holocene was due to an increased numberchange than the static scheme. In the mid-Holocene, the dy-
of extreme events. We have not gone into the details ofnamic scheme leads to an enhanced increase in precipitation
extreme events in the analysis of our simulations. How-of 80 mmyr! compared to the static scheme. The sensi-
ever, we find that the already low temporal variability of tivity of regional precipitation to external forcing is thus in-
land surface albedo in the area is reduced by the introducereased by about one third. Albedo alone is not responsible
tion of the dynamic scheme, going from a standard deviatiorfor the northward shift and intensification of precipitation in
of around 0.004 to 0.002 (Tabl®. This is also mirrored the mid-Holocene, the orbital and SST forcings used play a
by a reduced temporal variability in rainfall. This may in- major role as well. The desert albedo calculated by the dy-
dicate that the occurrence of extreme events is reduced. Mamic scheme may inhibit the northward movement of rain-
has been hypothesised that squall lines, today playing an imfall in mid-Holocene western Sahara, since it also remains
portant role in heavy precipitation events in the SaRetérs  high for this time period. In the two other regions consid-
and Tetzlaff 1988, might also have played an important role ered, albedo does not seem to be a driver of the northward
in the wetter state of the Sahara during the mid-Holoceneshift in rainfall, rather of intensifying rainfall south of the
(Pachur and Altmanri997. Squall lines can become very desert border. The dynamic scheme does not just affect the
long, but their width is typically in the order of tens of kilo- sensitivity of precipitation of the whole region, it also shifts
metres, well below the scales resolved in our model simulathe region of large sensitivity further eastward. In western
tions of T31 resolution (about 300 km). Increasing resolutionSahara the dynamic scheme shows a lower sensitivity than
would be a step towards better representing heavy rainfalthe static scheme, whereas over the Red Sea and the Ara-
events in the Sahel. The combination of the dynamic scheméian Peninsula its sensitivity is higher. The dynamic scheme
and higher resolution might then result in a higher mean pre-also leads to a more consistent representation of the seasonal
cipitation with a large variability, which would also give rise cycle in albedo, which results in a prolongation of the rainy
to a higher frequency of green spells in the Sahara during theeason in the mid-Holocene and a marked increase compared
mid-Holocene. to the static scheme, especially at the beginning of the rainy
season.
For both mid-Holocene simulations, the desert border is
compatible with the estimated geographical extent of mid-
Holocene lakes. However, the magnitude of rainfall is too
low to sustain large lakes, although the dynamic scheme
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produces precipitation that is closer to the estimates. Therostom, A., Coe, M., Harrison, S. P., Gallimore, R., Kutzbach,
results are also in disagreement with the assumption of a J.E., Foley, J., Prentice, I. C., and Behling, P Land surface feed-
continuously vegetated Sahara. With the dynamic scheme, backs and palaeomonsoons in northern Africa, Geophys. Res.
the variability in vegetation indicates the possibility of green  L€tt., 25, 3615-3618, 1998. .
spells. The introduction of the dynamic scheme thus resultsBrcgk':‘H V"t g_'liatuss]?:‘h' M.t’ Pet%“kho"' VE ?”d Ga?opo_lslal; AS--
in a mid-Holocene climate that is closer to palaeo-records " "¢ Stablity otne aimosphere-vegetation system In the >a-
than the static (standard JSBACH) scheme. It also reduces hg;aslsahel region, J. Geophys. Res.-Atmos., 103, 31613-31624,
the need to |mp(_)se mld'HOIO(:e,n? boundary cgndltlons forBrovkin,\/., Raddatz, T., Reick, C. H., Claussen, M., and Gayler, V.:
the albedo, allowing a more realistic representation of albedo - Gjohal biogeophysical interactions between forest and climate,
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