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Abstract

We have implemented a new albedo scheme, that takes the dynamic behaviour of the
surface below the canopy into account, into the land-surface scheme of the MPI-ESM.
The standard (static) scheme calculates the seasonal canopy albedo as a function of
leaf area index, whereas the background albedo is a gridbox constant derived from5

satellite measurements. The new (dynamic) scheme additionally models the back-
ground albedo as a slowly changing function of organic matter in the ground and of litter
and standing dead biomass covering the ground. We use the two schemes to investi-
gate the interactions between vegetation, albedo and precipitation in the Sahel/Sahara
for two time-slices: pre-industrial and mid-Holocene. The dynamic scheme represents10

the seasonal cycle of albedo and the correspondence between annual mean albedo
and vegetation cover in a more consistent way than the static scheme. It thus gives a
better estimate of albedo change between the two time periods. With the introduction
of the dynamic scheme, precipitation is increased by 30 mm/year for the pre-industrial
simulation and by about 80 mm/year for the mid-Holocene simulation. The present-day15

dry bias in the Sahel of standard ECHAM5 is thus reduced and the sensitivity of precipi-
tation to mid-Holocene external forcing is increased by around one third. The locations
of mid-Holocene lakes, as estimated from reconstructions, lie south of the modelled
desert border in both mid-Holocene simulations. The magnitude of simulated rainfall in
this area is too low to fully sustain lakes, however it is captured better with the dynamic20

scheme. The dynamic scheme leads to increased vegetation variability in the remain-
ing desert region, indicating a higher frequency of green spells, thus reaching a better
agreement with the vegetation distribution as derived from pollen records.

1 Introduction

Investigating climates of the past offers an opportunity to improve our understanding of25

future Earth system dynamics. During the mid-Holocene, around six thousand years
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ago, the West African monsoon reached much further north than it does today. The
area that today is covered by the Sahara was largely vegetated, as established using
e.g. pollen reconstructions (e.g. Jolly et al., 1998a). The vegetation cover extended at
least up to 23◦ N (Jolly et al., 1998a), if not across the whole of North Africa (Hoelzmann
et al., 1998), compared to about 12◦ N today (de Noblet-Ducoudre et al., 2000). Lake5

abundance and lake levels also increased throughout North Africa and on the Arabian
Peninsula (Hoelzmann et al., 1998).

The mechanisms responsible for the northward shift and intensification of the palaeo-
monsoon and subsequent greening have been studied extensively using models, in-
cluding general circulation models (GCMs). The largest difference in external forc-10

ing between the mid-Holocene and today are radiative forcing anomalies arising from
changes in the Earth’s orbital parameters (Berger, 1978). It is now largely accepted
that the main reason for changes in the palaeo-monsoon was an increased seasonal
cycle of insolation in the Northern Hemisphere due to a change in these parameters
(de Noblet-Ducoudre et al., 2000). However, as demonstrated by several modelling15

experiments, a change in just the orbital parameters is not sufficient to induce strong
enough changes in the monsoon to agree with reconstructed vegetation and precipita-
tion (Joussaume et al., 1999). In order to obtain the correct signal, several feedback
mechanisms have been suggested, such as ocean amplification (e.g. Kutzbach and
Liu, 1997) and vegetation-atmosphere feedbacks (e.g. Claussen and Gayler, 1997;20

de Noblet-Ducoudre et al., 2000). The combined effect of orbital change, ocean feed-
backs and vegetation feedbacks corresponds best to palaeo-reconstructions (Bracon-
not et al., 2007a).

A positive vegetation feedback in the Sahel/Sahara transition region was first
proposed by Charney (1975). He suggested that areas with an elevated albedo25

(e.g. deserts) have a more stable air column than surrounding areas and thus precipita-
tion is suppressed above the desert. With aridification this mechanism is extended and
a positive feedback loop occurs, leading to self-stabilisation of the desert. If, reversely,
vegetation growth is extended into a desert area, albedo is reduced and the mechanism
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works the opposite way. During the mid-Holocene, rainfall in the Sahel was increased
by the insolation anomaly and this feedback could have taken place. The main driver
behind Charney’s theory are changes in surface albedo, but the theory ignores other
vegetation-related moisture feedbacks, such as increased transpiration, which could
also affect rainfall (Xue and Shukla, 1993; Brovkin et al., 1998). Nevertheless, sev-5

eral GCM studies have shown that surface albedo is the key variable for obtaining a
positive feedback between land surface and precipitation in the Sahel/Sahara region
(e.g. Claussen, 1997; Levis et al., 2004; Schurgers et al., 2007), rather than other pro-
cesses. Thus to correctly quantify the magnitude of this feedback, the land-surface
albedo of both deserts and vegetated areas has to be modelled realistically.10

The land surface albedo schemes in the current generation of GCMs are usually
based on the following considerations (Wang et al., 2007): The land surface albedo,
αS, is calculated as the sum of the albedo of all plant functional types (PFTs), αi ,
weighted by their cover fractions, f icover. The albedo of PFT i, αi , is calculated as the
weighted average of the canopy albedo of PFT i, αi

C, and the albedo of the surface15

below the canopy, the background albedo αbg (see Fig. 1). The canopy fraction of

PFT i, f iC, is based on the presence of green leaves, which is defined through the leaf
area index (LAI). The background albedo is based on a time-invariant map, either de-
rived from satellite data or from soil type data. In some cases the background albedo
varies with soil moisture (e.g. Olesen et al., 2004; Wang, 2005), but in many schemes,20

e.g. in JSBACH, the land surface scheme of the Earth system model of the Max Planck
Institute for Meteorology (MPI-ESM), it is constant. For the present-day situation the
background albedo can be captured well by satellite observations and the method de-
scribed above is appropriate. However, if the vegetation cover differs substantially from
the one of today, for instance in the past or in possible future scenarios, this approach25

may be inadequate, since background albedo as well as canopy cover could change
significantly within those time frames.

In arid to semiarid regions the land surface albedo is varying seasonally, with
changes in LAI being one of the main modulators of these changes. During the dry
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season, when LAI is close to zero, the albedo is controlled partly by the albedo of bare
ground and partly by the amount of litter and standing dead phytomass masking the
ground (Samain et al., 2008). To capture albedo changes in the Sahel/Sahara one
should thus consider, not just the LAI-cycle, but also the albedo of bare ground and the
albedo of litter. The background albedo values in the Sahara are very inhomogeneous,5

with some areas (hot desert) having extremely high albedo values. Albedo in these
areas is linked to soil formation processes such as lake dessication and salt crusting.
High albedo areas in the present day acts to suppress precipitation (Knorr et al., 2001;
Knorr and Schnitzler, 2006). In many models these inhomogeneities are ignored, lead-
ing to inter-model biases in the strenght and extent of the present-day West African10

Monsoon (WAM) (Bonfils et al., 2001). Levis et al. (2004) showed that altering the soil
composition and soil colour to represent different amounts of soil organic matter (SOM)
in the Sahara during the mid-Holocene also leads to a further increase in precipitation,
compared to using present-day values. This increase mainly arises from a reduction
in albedo. These studies highlight the importance of considering all these components15

dynamically to fully capture the albedo differences between the mid-Holocene and to-
day and thus to better quantify the vegetation-precipitation feedback.

In this paper, we present a land surface albedo scheme, where the αbg changes
in time as well as in space. We compare the effect on precipitation of two albedo
schemes, the static and dynamic schemes, for the present day (pre-industrial setup)20

and for the mid-Holocene, focusing on North Africa and the Arabian Peninsula.

2 Dynamic background albedo scheme

For the experiments in this paper we used the spectral atmosphere model ECHAM5
(Roeckner et al., 2003) in T31 resolution with 19 vertical levels coupled to the land
surface scheme JSBACH extended with a dynamic vegetation module (Raddatz et al.,25

2007; Brovkin et al., 2009). A tiling approach is used to represent sub-gridbox vegeta-
tion dynamics. Tile i is the gridbox space that is occupied by PFT i.
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All albedo values in JSBACH are calculated separately, but according to the same
equation, for the two spectral bands; visible (VIS) and near infrared (NIR). Throughout
the paper, we only refer to albedo values as αi

X or αX, where i indicates PFT-specific
values and X is the type of albedo referred to (such as S for surface, C for canopy
etc.). The dependence on the spectral bands is thus implicit in the equations and only5

explicitly shown for parameterisation in Table 1. The albedo discussed in the results
section is the combined mean land surface albedo calculated by ECHAM5 from the
VIS and NIR albedo values calculated by JSBACH.

2.1 Standard albedo scheme in JSBACH

For snow-free land in JSBACH the albedo of each PFT i, αi , is calculated according to:10

αi = f i
C
αi

C
+

(
1 − f i

C

)
αbg. (1)

The albedo of the canopy (green leaves) is PFT-specific αi
C (see Table 1), whereas the

background albedo αbg is defined per gridbox independent of PFTs. αbg is constant in
time and read in as two maps, one for each of the spectral bands, at the beginning of
each experiment. These maps have been derived from MODIS reflectance data in a15

manner similar to Rechid et al. (2009). The fraction of the tile for PFT i that is covered
by the canopy, f iC (Eq. 2), varies with the fraction of the gridbox that is vegetated (Vmax)

and with the leaf area index (LAIi ) of PFT i :

f i
C

= Vmax

(
1 − e−LAIi/2

)
. (2)

It can thus vary in space (with dynamic vegetation) and time. Note that the stem area20

effect on albedo is only taken into account in snow-covered areas, and is thus not
reflected here. Finally the albedo values of all PFTs are weighted by their vegetation
cover fraction f icover and summed to a gridbox-averaged surface albedo, αS:

αS =
∑
PFT

f icover α
i . (3)
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2.2 Dynamic background albedo

In the above version of the scheme, αbg is constant in time and defined per gridbox.

We introduce a time-varying and PFT-specific background albedo αi
bg, which replaces

the αbg in Eq. (1). The standard (static) and the dynamic approach are illustrated in
Fig. 1. All other albedo calculations remain the same.5

There are two main factors that affect the background albedo; bare ground and the
standing non-green phytomass and litter. We will discuss the dynamic scheme around
these two factors. The albedos corresponding to these factors are αSOM and αi

L. The
new albedo of the background is then calculated per PFT as the weighted sum of these
factors, where the weighting factor f iL represents the area of the tile covered by litter:10

αi
bg = f iL αi

L +
(

1 − f iL

)
αSOM. (4)

As for the surface albedo, this albedo is calculated separately for the two spectral bands
VIS and NIR.

2.2.1 Albedo of bare ground: αSOM

The main properties modulating the reflectance of bare ground are the different mineral15

components (the underlying parent material) and soil organic matter (SOM) (Ladoni
et al., 2010). We define a variable representing the albedo of the bare ground that
does not contain any SOM, αROCK. We assume, for the purpose of our study, that the
time-scales are too short for major changes in soil mineral composition and αROCK is
thus constant in our simulations. The albedo of a bare ground surface containing SOM,20

αSOM, is derived as a function of SOM and αROCK. SOM is negatively correlated with
the albedo up to a certain saturation level (Ladoni et al., 2010). We use the gridbox
average of the modelled slow soil carbon pool Css (mol(C)/m2

gridbox) as a proxy for SOM.
The slow carbon pool represents the carbon in the soil that mineralizes at a slow rate
and it has a turnover time of 150 years. We assume a linear relationship between25
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αSOM and SOM and introduce a saturation limit Clim (mol(C)/m2
gridbox) beyond which

increasing SOM does not affect the albedo:

αSOM = αROCK − a · min (Css, Clim). (5)

For want of better estimates we have assumed the same coefficient (a = 3 ×
10−4 mol(C)/m2

gridbox) and C-limit (Clim = 500 m2
gridbox/mol(C)) for both spectral ranges.5

This calculation is done per gridbox and is not PFT specific.
The rock albedo, αROCK, should ideally be derived from bedrock or sediment prop-

erties. The standard αbg is derived from satellite data, by considering the times of the
year with the lowest LAI. For the variable αROCK it is not possible to derive the informa-
tion directly from satellite data, apart from in desert regions. There have been attempts10

to correlate MODIS albedo with FAO soil maps and USGS geological maps (Tsvetsin-
skaya et al., 2002, 2006). These correlations are region specific and only give data
for present-day desert areas. Since we are interested in global data, this approach
does not provide additional information for extracting αROCK compared to the MODIS-
derived maps for αbg currently used in JSBACH. We derive αROCK by assuming that for15

the present-day simulation αSOM =αbg and using the inverse calculation of Eq. (5). This
of course does not hold for areas where litter and phytomass cover the bare ground.

We have not included a dependence of bare ground albedo on soil moisture in this
relationship, even though it is well documented that background albedo generally de-
creases with increasing soil moisture (e.g. Domingo et al., 2000; Lobell and Asner,20

2002; Gascoin et al., 2009). This limitation is justified for two reasons. First, soil hy-
drology is represented by a rather crude bucket model in JSBACH of 1 m depth, while
albedo is only affected by soil water if the upper few millimetres to centimetres of the
soil are wet (Gascoin et al., 2009). This effect can thus not be included in the cur-
rent version of JSBACH in an appropriate way. Second, the map used to derive the25

rock albedo is an annual mean and therefore neither represents a completely dry nor
a completely wet soil, an appropriate dry albedo could thus not be derived. However,
in principle, the soil moisture effect could easily be included.
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2.2.2 Albedo of non-green phytomass: αL

Litter storage is represented for each PFT i in JSBACH by two carbon pools: woody
litter W i and leaf litter Li (mol(C)/m2

vegetated area). The turnover time of the leaf litter pool
depends on soil moisture and temperature and is about one and a half years. We use
Li as a proxy for the combined amount of litter and aboveground dead phytomass in a5

tile. We introduce a litter leaf area index LAIiL which is obtained by multiplying Li with
the specific leaf area index SLAi (m2

leaf/mol(C)):

LAIiL = SLAi Li . (6)

We assume that Li is spread equally across the vegetated part of the tile (Vmax). Having
introduced the LAIiL, we assume that the area of the tile covered by litter can be derived10

in a similar way to the derivation of the weighting between canopy albedo αC and
background albedo αbg (see Eq. 2):

f iL = Vmax

(
1 − e−LAIiL/2

)
(7)

For the canopy, the factor of 0.5 in the exponent represents the non-ordering of leaves,
i.e. that leaves hang at different angles and thus do not cover the ground with maximum15

area. For litter it would be possible that all leaves align, in which case this factor
underestimates the actual coverage by litter. Litter is however freer to move than leaves
in the canopy, which means that it could be subjected to clumping, in which case this
factor would over-estimate the area covered by litter. Since we lack data on which of
these effects is stronger, we keep this factor at 0.5 for the litter equation.20

To derive the αi
L we grouped the PFTs into two larger groups representing trees and

shrubs and grasses and assumed that the change from canopy to litter albedo was
the same within the groups. We used the values for live and dead leaves in Sellers
et al. (1996) as guidance for direction of change. The general pattern is that the dead
leaves have a higher reflectivity in the visible spectrum than green leaves, in the near25
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infrared the tendency is rather the opposite, though this is not always the case (Asner
et al., 1998). The MODIS maps for αbg are the best approximation that we have for the

background albedo. We calculated a new grid box average albedo, αdyn
bg , using the new

scheme:

αdyn
bg =

∑
PFT

f icover α
i
bg. (8)5

The carbon pools needed for this calculation were taken from a pre-industrial control
simulation with fixed vegetation and static background albedo scheme (exp. 0K in Ta-
ble 2). By assuming that αbg

dyn should fit αbg as closely as possible, we adjusted the
litter albedo values to arrive at the final parameterisation (see Table 1). In the VIS we
subdivided the tree group into extra-tropical and tropical trees to obtain a better fit.10

3 Experimental design

The main purpose of the dynamic background albedo scheme is to investigate the in-
teraction between the land surface and precipitation in the mid-Holocene Sahara. We
focus on the interactions between the land and the atmosphere, which means that it
is sufficient to run the model with only atmospheric components, forced with sea sur-15

face temperatures (SSTs) and sea ice cover (SIC). To capture interannual variability
in the SSTs, we use 100 years of monthly mean SSTs and SIC from two coupled
atmosphere-ocean simulations with the MPI-ESM that only differ in the orbital forcing,
one for pre-industrial and one for the mid-Holocene, as described in Fischer and Jung-
claus (2010). Since the dynamic background albedo scheme depends on the carbon20

pools, the carbon model has to be run into equilibrium. The simulations with dynamic
background albedo were first integrated for 100 years to produce a preliminary cli-
matology. This climatology was used as forcing for the JSBACH carbon model until
equilibrium was reached. The carbon pools thus obtained were used to re-initialise the
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ECHAM5-JSBACH simulations, which were run until a reasonable equilibrium in the
vegetation distribution and the carbon pools was reached.

The experiments were performed with either: (1) Orbital- and SST-forcing for pre-
industrial or mid-Holocene and (2) static or dynamic background albedo (see Table 2).
We focus our analysis on four of these simulations: 0K st (pre-industrial, static), 6K st5

(mid-Holocene, static), 0K dyn (pre-industrial, dynamic), 6K dyn (mid-Holocene, dy-
namic). Dynamic vegetation is used in all simulations. We use the last 100 years
of each multi-century simulation (see “Years” in Table 2) as analysis period. We fo-
cus on the region 10◦ W–50◦ E, 10◦ N–32◦ N, subdivided zonally in: WS - Western Sa-
hara, 10◦ W–10◦ E, ES – Eastern Sahara, 10◦ E–30◦ E, and AP – the Red Sea and the10

Arabian Peninsula, 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 simulations
for each time-slice (0K st and 0K dyn resp. 6K st and 6K dyn).

4 Results15

4.1 Mean changes in albedo, precipitation and desert fraction

The observed annual mean land-surface albedo in north Africa has a distinct meridional
geographical pattern, with an abrupt transition from low albedo values in the south
(ca. 0.2), progressively increasing through the Sahel, culminating in high to very high
albedo values (0.35–0.5) in the Sahara within some four degrees latitude (e.g. Rechid20

et al., 2009). This pattern is closely linked to the vegetation cover, from fully covered
in the south to sparse and no cover in the north (Tucker and Nicholson, 1999). The
transition in albedo is also clearly seen in the dry-season albedo and does thus not
only arise from varying amounts of canopy cover (Samain et al., 2008).

We use the model-simulated variable desert fraction as a measure for vegetation in25

the simulations. The desert fraction is the fraction of a gridbox that has been completely
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non-vegetated for 50 years. The remaining part of the gridbox may display intermittent
bare ground behaviour. In 0K st, the desert border (the border of 0.5 desert fraction)
is at around 14◦ N (Fig. 3a), which corresponds well to the present-day Sahel/Sahara
border (Tucker and Nicholson, 1999). As in observations, the fast transition from low to
high albedo values coincides with the desert border and the gridboxes with very high5

albedo values (above 0.35) all lie north of the desert border (Fig. 2a). The general
correspondence between vegetation cover and albedo that is seen in the annual mean
observations is thus well represented in 0K st.

In 0K dyn, the albedo (Fig. 2b) remains close to that of 0K st, except across the
Sahel, from around 10◦ N to 18◦ N, where the albedo is reduced by around 0.06. The10

transition from low to high albedo values, though shifted sligthly northward, still agrees
well with observations (e.g. Knorr et al., 2001) and as with the static scheme, the
vegetation cover and albedo correspondance is captured well (Fig. 3b). The reduction
in albedo in the Sahel leads to a local intensification of precipitation across the region of
about 30 mm/year (Fig. 4e). The observed regional annual mean precipitation is almost15

twice as large as the precipitation in 0K st (1906–2006, CRU TS 3 0.5 (land); Mitchell
and Jones, 2005) and the modelled 200 mm/year isoline (Fig. 4a) is some degrees
too far to the south (Fink et al., 2010). The introduction of the dynamic scheme thus
reduces the dry bias in the Sahel that is apparent in 0K st (standard ECHAM5).

It has previously been shown that the parameterisation of hot desert albedo controls20

the northward extent of the monsoon (Bonfils et al., 2001; Knorr et al., 2001; Knorr and
Schnitzler, 2006). With the dynamic scheme most of the hot desert gridboxes persist
and the albedo is reduced mainly in areas where the albedo values with the static
scheme are relatively low as well. This indicates that it is not just the extent of rainfall
that is controlled by the albedo, but that the annual mean albedo in the Sahel controls25

the intensity of the annual mean precipitaion for time-scales above decadal.
In 6K st, the desert border is shifted northward by some four degrees, both in the

Sahel/Sahara and on the Arabian Peninsula (Fig. 3c). The albedo differences are
very small between 0K st and 6K st (Fig. 2e). Since gridboxes in the newly vegetated
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areas have desert-like albedo values, the correspondence between vegetation cover
and albedo, particularly at the desert border, is not apparent in this simulation (6K st).
This geographical correspondence between modelled vegetation and albedo is cap-
tured much better in the dynamic simulation 6K dyn (Figs. 3d, 2d). Since the cor-
respondence between vegetation cover and albedo is captured well with the dynamic5

scheme for both the pre-industrial and the mid-Holocene, we expect the albedo change
between the two times-slices to be more realistic with the dynamic scheme than with
the static scheme (Fig. 2f vs. e).

The lower albedo in the mid-Holocene simulation 6K dyn leads to an increase in
precipitation of 80 mm/year in the studied region compared to 6K st (Table 3). The10

sensitivity of precipitation to mid-Holocene orbital and SST forcings is thus increased
by over a third through the introduction of the dynamic scheme.

4.2 Spatial variability of albedo and precipitation

There is in present-day observations, and likely also so in the early to mid-Holocene, a
gradient from high to lower precipitation in the west to east direction across the Sahel15

and Sahara (Pachur and Altmann, 1997; Brovkin and Claussen, 2008). This gradient
is captured in both pre-industrial simulations (Table 3). The introduction of the dy-
namic scheme thus affects the zonal rainfall gradient negligibly. In the mid-Holocene
the prevailing northern winds weaken, which allows the southwesterly monsoon winds
to penetrate further north in summer. The simulated monsoon flow increases espe-20

cially in the north-easterly direction, which leads to a reduction of the west-east rainfall
gradient. This gradient is reduced further by the dynamic scheme, indicating that the
response to the increased albedo forcing is inhomogeneous within the studied region.
To investigate the spatial variability in more detail we consider zonal means over land
for WS, ES and AP (Fig. 5a–c respectively).25

As discussed in the previous section, the dynamic scheme increases precipitation
in the pre-industrial simulation. However, the desert borders in WS and ES are barely
affected and the largest changes in precipitation occur around or south of this border,
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showing that the dynamic scheme does not shift the rainfall substantially northwards
into the Sahara. In AP the change in precipitation is smoother and stretched over a
larger latitudinal band, which results in a northward shift of the desert border. The
albedo change introduced by the dynamic scheme peaks south of or around the desert
border in all the regions.5

In the mid-Holocene static simulation (6K st), the desert border is shifted northwards
by some four degrees in WS and ES and by almost six degrees in AP. This leads to a
slight reduction in albedo compared to the pre-industrial simulation (6K st–0K st). This
reduction is at most as large as the reduction seen between the pre-industrial simula-
tions (0K dyn–0K st). Even so, the difference in precipitation between the static simula-10

tions is at many latitudes more than twice as large as the one between the pre-industrial
simulations. It is thus clear that the orbital and SST forcings play an important role in
the northward extent and the intensification of precipitation during the mid-Holocene.
This is in line with many other studies (e.g. Braconnot et al., 2007a), but not in line
with a previous study using ECHAM, where albedo forcing was a stronger driver for a15

northward migration of the intertropical convergence zone (ITCZ) than orbital and SST
forcings (Knorr and Schnitzler, 2006).

The different response of the regions is most apparent when comparing the dif-
ferences between pre-industrial and mid-Holocene simulations for both schemes (red
resp. yellow lines in Fig. 5). In WS the precipitation difference between the two static20

simulations is negative south of 8◦ N, and positive between 8◦ N and 25◦ N. We can thus
infer that precipitation is simultaneously increased and shifted northward. The dynamic
scheme intensifies both the positive and the negative anomalies seen in the static case,
showing that, in the zonal mean, the rain belt is shifted even further north by the dy-
namic scheme. This shift is relatively small and negligibly affects the desert border. A25

reason for this might be the inhibiting mechanism proposed by Knorr et al. (2001) for
the present-day, since many high-albedo gridboxes persist north of the desert border
even with the introduction of the dynamic scheme.
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In ES, both the static and dynamic differences show a precipitation increase that
is spread evenly across all latitudes. There is no reduction in rainfall to the south as
seen in WS, neither for the static nor for the dynamic scheme. The dynamic scheme
introduces large albedo differences across the whole desert region, even though the
desert border barely shifts northwards. High albedo values can thus not be the reason5

for the lack of northward shift of rainfall, as they may be in WS.
The mid-Holocene response to the increased albedo forcing due to the dynamic

scheme is strongest in AP. South of 20◦ N, the response is similar to that of the other
regions, with the dynamic scheme additionally increasing the response by one third or
below. North of 20◦ N, the dynamic scheme increases the precipitation by almost 100%10

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

It is thus clear, that the three regions react very differently to the imposed forcing
mechanisms. The dynamic scheme thus does not only affect the sensitivity of precipi-
tation to external forcing for the whole region, as shown in the previous section. It also15

affects the regional response, shifting the most sensitive region eastward compared to
the static scheme. A large response across the Red Sea and the Arabian Peninsula
was also found by Levis et al. (2004) when prescribing the albedo of loam-like soil in
the Sahara. Here we show that this response is not just the result of imposing an un-
certain but plausible boundary condition, but that it is possible to dynamically simulate20

this response.

4.3 Seasonal changes in precipitation and albedo

Precipitation in North Africa is seasonal and mainly occurs during the summer months,
approximately between June and September. For a forcing mechanism to have a large
impact on precipitation it would thus need to occur within or closely before the rainy25

season (Braconnot et al., 2008). We therefore analyse the rainfall anomalies in more
detail by considering the daily means of an average year. We use running means of
15-days to reduce noise in the differences between the static and dynamic simulations
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and of 30-days to reduce calendar-related problems (Joussaume and Braconnot, 1997)
in the differences between the pre-industrial and mid-Holocene simulations.

For the pre-industrial simulations the introduction of the dynamic scheme leads to
anomalies of around 0.25 to 0.75 mm/day (Fig. 6a–c) that are evenly spread across
the rainy season (indicated by the overlayed contours) for all three regions. Since the5

rainy season is longer in WS than in ES, the absolute change is larger. The difference
between the seasonal cycles of albedo for the two schemes (not shown) is almost
constant throughout the year. The dynamic scheme thus does not affect the seasonality
of neither albedo nor precipitation.

During the mid-Holocene (Fig. 6d–f) the positive precipitation anomalies are not lim-10

ited to the 0.25 contour of the static simulation, indicating that the dynamic scheme
prolongs the rainy season in all regions. In WS there is a large increase in precipitation
at the beginning of the rainy season, whereas in the later part of the rainy season the
anomalies are of the same order of magnitude as for the pre-industrial simulations. A
drying south of 10◦ N occurs mid-season, and cancels out the increase at the begin-15

ning, which explains the northward shift of the rain belt noted in Sect. 4.2. In WS the
dynamic scheme also mainly affects the beginning 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.

These differences are also reflected in the albedo differences for the three regions20

(Fig. 6g–i). In WS and ES the 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 seasonality in precipitation (Fig. 6d–f), however one
would need additional simulations to establish any lead-lag relationships.

Due to the extremely high background albedo values in 6K st, the amplitude of the25

seasonal cycle is overestimated compared to similarly vegetated gridboxes in 0K st
(not shown). With the introduction of the dynamic scheme the seasonal cycle in albedo
becomes more consistent, since comparably vegetated gridboxes also display simi-
lar albedo seasonal cycles. We thus expect the dynamic scheme to represent the
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seasonal distribution of rainfall in the mid-Holocene in a more consistent way than the
static scheme.

When considering the combined effect of orbital, SST and dynamic albedo forcings
(Fig. 6j–l), the differences between the pre-industrial and mid-Holocene simulations are
most marked between WS and the two other regions. In the WS the northward shift5

of the monsoon rain belt can be seen, so that the area that has a bipolar structure
in seasonal rainfall is extending further north in the mid-Holocene than in the pre-
industrial simulations. As seen previously, the lower albedo affects the rainfall mainly
at the beginning of or throughout the rainy season. ES and AP display a tendency
towards larger increases at the end of the season, which thus mainly arise from the10

orbital and SST forcings.

5 Discussion

Increased abundances of lakes and wetlands and of pollen are found across North
Africa and the Arabian Peninsula in the palaeo-records for the mid-Holocene. In this
section we will focus on the agreement between the records and our modelling results15

and on possible ways of reducing discrepancies for the mid-Holocene. Remnants of
lakes are unlikely to be preserved if the lake is short-lived, one may thus assume that
the lakes, which were found in the palaeo-record, existed for a relatively long period of
time. Pollen on the other hand might appear from more short-lived rain events. One
thus needs to consider different approaches to compare the model results with these20

observations.
According to reconstructions by Hoelzmann et al. (1998) the location of the largest in-

crease in lake abundance was south of 20◦ N in the Sahara and along the East Coast of
the Arabian Peninsula. The mid-Holocene lakes in eastern Sahara would have needed
between 350–500 mm of precipitation a year, sometimes up to 700 mm/year, to be sus-25

tained (Hoelzmann et al., 2000). Assuming this to hold for the entire region analysed,
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the amount of rainfall is underestimated in both mid-Holocene simulations. However,
the simulated mid-Holocene desert border is far enough north to match the 20◦ N. An-
nual P-E values in 6K dyn are on average 50% larger compared to 6K st, showing an
increased potential for the existence of lakes. Note that the two pre-industrial simula-
tions have similar annual P-E values, indicating that a P-E bias that could be transferred5

from the pre-industrial dynamic simulation to the mid-Holocene simulation does not ex-
ist.

The Sahara was clearly reduced in the mid-Holocene compared to today (Jolly et al.,
1998b). However, it is not clear if the increase in vegetation cover was restricted to
favourable locations or was wide-spread as suggested by Hoelzmann et al. (1998). If10

there was a long-term continuous cover, one would need a very low modelled desert
fraction for a good agreement between modelled values and the palaeo-record. If the
pollen stem from less long-lived or patchy vegetation cover the variability of the desert
and thus its stability should be considered. As already shown, mean vegetation cover
only reaches four degrees further north in the mid-Holocene simulations compared to15

the pre-industrial simulations. Our model results are thus clearly not consistent with
a long-term continuously vegetated Sahara. However, we consider the stability of the
desert by studying the minimum annual mean values obtained during the 100-year
analysis period (+ signs in Fig. 3a–d). One can interpret the size of these+ signs
as indicators of the frequency of growth events or green spells. In the pre-industrial20

simulations there is a large number of gridboxes where the desert fraction stays above
99% for all years, 16 boxes for 0K dyn vs. nine for 0K st. The desert state is thus a
very stable one. In the mid-Holocene simulations these very dry conditions completely
disappear. 6K dyn shows a higher frequency of green spells than its static counterpart
6K st, indicating a mid-Holocene Saharan climate that is more compatible with finding25

pollen remnants.
To match the precipitation estimates needed to sustain lakes, the increase in rain-

fall in our simulations seems to reach far enough north, but precipitation would need
to be increased locally. There are some factors that affect the land surface albedo
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in the Sahel/Sahara that we have not included that may influence our results. The
most important are soil moisture, fire effects (Govaerts et al., 2002; Myhre et al., 2005)
and lakes and wetlands that all have the effect of reducing albedo. Fires disturbing the
biosphere contributes largely to albedo variability over Africa, however the vast majority
of these fires can be attributed to anthropogenic influence (see Govaerts et al., 2002,5

for instance) and might have been of lesser importance during the mid-Holocene. Fires
affect the albedo by burnt scars on the surface, but also through their aerosol radiative
effect (Govaerts et al., 2002; Myhre et al., 2005). Broström et al. (1998) found that
including effects of wetlands and lakes increases the magnitude of the monsoon pre-
cipitation in the area around the prescribed lakes, but does not contribute to extend the10

monsoon further northward. Introducing lakes does not only reduce the albedo, but it
could also have the effect of enhancing local recycling by increasing evaporation, result-
ing in an increase in precipitation. One should keep in mind, that our scheme produces
a low albedo in the pre-industrial simulation that may bias the mid-Holocene simulation.
Introducing further albedo reducing mechanisms may thus push the scheme towards15

unrealistically low albedo values for the mid-Holocene. Thus, in order to obtain a bet-
ter agreement with lake estimates, it may be more important to introduce lakes and
wetlands and their evaporative effect, rather than to further extend the albedo scheme.

We find that the vegetation effect on precipitation is almost non-existent without the
dynamic scheme, which is similar to the results of e.g. PMIP2 (Braconnot et al., 2007b).20

However, we would argue that the albedo change is underestimated with the static
scheme. Since other GCMs use schemes very similar to the static scheme, we would
assume that the albedo change and thus the vegetation-precipitaton feedback is un-
derestimated there as well. On the other hand, other studies that find a very strong ef-
fect of vegetation on precipitation may have overestimated the change in albedo. This25

overestimation could for instance arise from a bias introduced by the changed bound-
ary conditions, such as prescribing low albedo values to the background even though
the simulated precipitation increase would theoretically not lead to lower albedo values
(e.g. Knorr and Schnitzler, 2006) or from over-estimating the effect of the vegetation

2353

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/6/2335/2010/cpd-6-2335-2010-print.pdf
http://www.clim-past-discuss.net/6/2335/2010/cpd-6-2335-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD
6, 2335–2370, 2010

Effect of dynamic
background albedo

on precipitation

F. S. E. Vamborg et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

on albedo, by e.g. using a too high fixed annual mean LAI as a basis for the albedo
calculation (e.g. Claussen, 1997).

Bonfils et al. (2001) found that most of the increased rainfall in the mid-Holocene
was due to an increased number of extreme events. We have not gone into the details
of extreme events in the analysis of our simulations. However, we find that the already5

low temporal variability of land surface albedo in the area is reduced by the introduction
of the dynamic scheme, going from a standard deviation of around 0.004 to 0.002
(Table 3). This is also mirrored by a reduced temporal variability in rainfall. This may
indicate that the occurrence of extreme events is reduced. It has been hypothesised
that squall lines, that today play an important role in heavy precipitation events in the10

Sahel (Peters and Tetzlaff, 1988) might also have played an important role in the wetter
state of the Sahara during the mid-Holocene (Pachur and Altmann, 1997). Squall lines
can become very long, but their depth is typically in the order of tens of kilometres, well
below the scales resolved in our model simulations of T31 resolution (about 300Km).
Increasing resolution would be a step towards better representing heavy rainfall events15

in the Sahel. The combination of the dynamic scheme and higher resolution might then
result in a higher mean precipitation with a large variability, which would also give rise
to a higher frequency of green spells in the Sahara during the mid-Holocene.

6 Conclusions

We have implemented a new albedo scheme that takes the dynamic behaviour of the20

surface below the green canopy into account, into the land-surface scheme of the
atmosphere general circulation model ECHAM5. The scheme dynamically models the
dependence of albedo on both the canopy and the surface below it, the “background”.
The dependance of albedo on the canopy is modelled in the way common for most
GCMs, using an exponential function of LAI to define the area covered by green leaves25

(Beer’s law; Monsi and Saeki, 1953). Background albedo is modelled as a function
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of the amount of soil organic matter in the bare ground and the amount of litter and
standing dead biomass covering the ground, using the leaf litter and slow soil carbon
pools in JSBACH as proxies for these factors. We compare the dynamic scheme with
the static one for two time-slices; pre-industrial and mid-Holocene.

The dynamic scheme introduces a lower albedo in the Sahel of the pre-industrial5

simulation and an increase in precipitation of around 30 mm/year across the studied
region, reducing the existing low precipitation bias of ECHAM5 within this region. The
correspondence between annual mean albedo and vegetation seen in observations is
well-captured in the pre-industrial for both schemes, but it is only captured with the
dynamic scheme for the mid-Holocene. The dynamic scheme should thus give a better10

estimate of albedo change than the static scheme. In the mid-Holocene, the dynamic
scheme leads to an enhanced increase in precipitation of 80 mm/year compared to
the static scheme. The sensitivity of regional precipitation to external forcing is thus
increased by about one third. Albedo alone is not responsible for the northward shift
and intensification of precipitation in the mid-Holocene, the orbital and SST forcings15

used play a major role. The desert albedo calculated by the dynamic scheme may
inhibit the northward movement of rainfall in mid-Holocene western Sahara, since it
also remains high for this time period. In the two other regions considered, albedo does
not seem to be a driver of the northward shift in rainfall, rather of intensifying rainfall
south of the desert border. The dynamic scheme does not just affect the sensitivity20

of precipitation of the whole region, it also shifts the region of large sensitivity further
eastward. In western Sahara the dynamic scheme shows a lower sensitivity than the
static scheme, whereas over the Red Sea and the Arabian Peninsula the sensitivity
is higher. The dynamic scheme also leads to a more consistent representation of the
seasonal cycle in albedo, which results in a prolongation of the rainy season in the25

mid-Holocene and a marked increase compared to the static scheme, especially at the
beginning of the rainy season.

For both mid-Holocene simulations the desert border is compatible with the esti-
mated geographical extent of mid-Holocene lakes. However, the magnitude of rainfall is
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too low to sustain large lakes, though the dynamic scheme produces precipitation that
is closer to the estimates. The results are also in disagreement with the assumption of
a continuously vegetated Sahara. With the dynamic scheme the variability in vegeta-
tion indicates the possibility of green spells. The introduction of the dynamic scheme
thus results in a mid-Holocene climate that is closer to palaeo-records than the static5

(standard JSBACH) scheme. It also reduces the need to impose mid-Holocene bound-
ary conditions for the albedo, allowing a more realistic representation of albedo change
and the vegetation-precipitation feedback.
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Table 1. Albedo values used in the dynamic albedo scheme.

Plant functional type αi
C,vis αi

C,nir αi
L,vis αi

L,nir

tropical broadleaf evergreen trees 0.03 0.22 0.09 0.07
tropical broadleaf deciduous trees 0.04 0.23 0.1 0.08
extra-tropical evergreen trees 0.04 0.22 0.07 0.07
extra-tropical deciduous trees 0.05 0.25 0.08 0.1
raingreen shrubs 0.05 0.25 0.11 0.2
deciduous shrubs 0.05 0.28 0.11 0.23
C3 grass 0.08 0.34 0.14 0.29
C4 grass 0.08 0.34 0.14 0.29
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Table 2. Experimental setup. Experiment: analysed (bold), Component: AV=echam5-jsbach,
−O= coupled to MPIOM, Veg: prescribed (−) or dynamic (dyn) vegetation, Albedo: static (−)
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: 0K or 6K orbital forcing,
Years: length of run in years.

Experiment Component Veg Albedo Init veg Cpool SST Orbit Years

0K ctrl AV-O dyn – – – – 0K >4500
0K AV – – 0K ctrl – 0K ctrl 0K 200
0K st AV dyn – 0K ctrl 0K 0K ctrl 0K 300
0K dyn AV dyn dyn 0K ctrl 0K,0K dyn 0K ctrl 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 6K ctrl 6K 100+300
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Table 3. 100-year mean albedo, precipitation (mm/year) and desert fraction for the three areas
WS, ES and AP.

Experiment WS ES AP Total

Albedo
0K st 0.34 0.36 0.26 0.32
6K st 0.32 0.34 0.24 0.30
0K dyn 0.31 0.33 0.23 0.29
6K dyn 0.26 0.25 0.17 0.23
6K st–0K st1 −0.02 −0.02 −0.01 −0.02
6K dyn–0K dyn2 −0.05 −0.08 −0.06 −0.06

Precipitation (mm/year)
0K st 86 (±37)∗ 58 (±36) 114 (±83) 90 (±55)
6K st 195 (±39) 167 (±47) 261 (±99) 217 (±62)
0K dyn 115 (±40) 77 (±39) 152 (±87) 119 (±57)
6K dyn 247 (±40) 214 (±44) 382 (±102) 295 (±57)
6K st–0K st1 109 109 147 128
6K dyn–0K dyn2 131 137 230 175

Desert fraction
0K st 0.70 0.75 0.62 0.69
6K st 0.53 0.53 0.41 0.49
0K dyn 0.69 0.74 0.57 0.67
6K dyn 0.49 0.50 0.33 0.45
6K st–0K st1 −0.17 −0.21 −0.21 −0.20
6K dyn–0K dyn2 −0.19 −0.24 −0.24 −0.23

1,2 Differences in mean between 6K st and 0K st resp. between 6K dyn and 0K dyn.
∗ Standard deviations in precipitation calculated from 100-year climatology for each area.
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a. Static scheme              b. Tile with PFT i c. Dynamic scheme 

SOM

ROCK

Notations are as follows:
a. αiC - canopy-albedo for PFT i, αbg - background albedo defined per gridbox, f iC - fraction
of αi calculated from αiC
b. SOM - organic soil layer, ROCK - mineral soil layer, Vmax - vegetated fraction of tile, f icover
- fraction of gridbox covered by PFT i.
c. αiC , f iC as in a., αiC - litter and phytomass albedo for pft i, f iL - fraction of αi calculated from
αiC , αSOM - albedo of the gridbox bare ground, αROCK - albedo of SOM-free bare ground,
αibg - background albedo for PFT i.

1

Fig. 1. Sketch illustrating the components needed to calculate αi , the land surface albedo
of the tile containing PFT i according to the static (a) and dynamic (c) 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:
(a) αi

C – canopy-albedo for PFT i , αbg – background albedo defined per gridbox, f iC – fraction

of αi calculated from αi
C

(b) SOM – organic soil layer, ROCK - mineral soil layer, Vmax – vegetated fraction of tile, f icover –
fraction of gridbox covered by PFT i .
(c) αi

C, f iC as in (a), αi
L – litter and phytomass albedo for pft i , f iL – fraction of αi

bg calculated from

αi
L, αSOM – albedo of the gridbox bare ground, αROCK – albedo of SOM-free bare ground, αi

bg –
background albedo for PFT i .
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Fig. 2. Land surface albedo αS averaged over 100 years for (a) 0K st, (b) 0K dyn, (c) 6K st,
(d) 6K dyn, (e) 6K st–0K st, (f) 6K dyn–0K dyn.
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Fig. 3. Desert fraction (DF) averaged over 100 years for (a) 0K st, (b) 0K dyn, (c) 6K st,
(d) 6K dyn. 100-year mean desert fraction differences between (e) 0K dyn and 0K st,
(f) 6K dyn and 6K st.
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Fig. 4. Precipitation (mm/year) averaged over 100 years for (a) 0K st, (b) 0K dyn, (c) 6K st,
(d) 6K dyn. The differences in annual mean precipitation between (e) 0K dyn and 0K st,
(f) 6K dyn and 6K st, gridbox differences significant (Student’s T-test) at the 95% level are
marked with an asterix.
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Fig. 5. Change in precipitation (mm/year) and albedo averaged zonally over land and over
100 years for the regions (a) WS, (b) ES and (c) AP.
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Fig. 6. Shown are differences in the annual cycle of precipitation and albedo derived from 100 simulation years.

The first and second row show precipitation differences in mm/day (further filtered by 15-day running means)

for the regions WS, ES and AP between 0K dyn and 0K st - a) to c) and between 6K dyn and 6K st - d) to f).

Grey and black contours are the 0.25 and 1 mm/day isolines for 0K st - a) to c) and 6K st - d) to f),

The third row - g) to i) shows albedo differences between 6K dyn and 6K st, for regions WS, ES and AP.

The fourth row - j) to l) shows precipitation differences in mm/day (further filtered by 30-day running means)

between 6K dyn and 0K dyn, for regions WS, E and AP.

27

Fig. 6. Shown are differences in the annual cycle of precipitation and albedo derived from
100 simulation years. The first and second row show precipitation differences in mm/day (fur-
ther filtered by 15-day running means) for the regions WS, ES and AP between 0K dyn and
0K st – (a) to (c) and between 6K dyn and 6K st – (d) to (f). Grey and black contours are the
0.25 and 1 mm/day isolines for 0K st – (a) to (c) and 6K st – (d) to (f),
The third row – (g) to (i) shows albedo differences between 6K dyn and 6K st, for regions WS,
ES and AP.
The fourth row – (j) to (l) shows precipitation differences in mm/day (further filtered by 30-day
running means) between 6K dyn and 0K dyn, for regions WS, E and AP.
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