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Abstract. Using the general circulation model ECHAMS5— of variability, such as extreme events and the temporal struc-
JSBACH forced by observed sea surface temperatureture of the changeNi et al, 2009. In the Sahel-Sahara
(SSTs) for the 20th century, we investigate the role of veg-region, precipitation exerts a control on vegetation, which,
etation and land surface albedo dynamics in shaping rainin turn, can influence rainfall (e.gXue and Shukla1993
fall variability in the Sahel. We use two different land sur- Brovkin et al, 1998 Claussenl997 Delire et al, 2004. The
face albedo schemes, one in which the albedo of the canopfpcus of this paper is on the land surface processes involved
is varying and one in which the albedo changes of the surin the coupling between vegetation variability and precipita-
face below the canopy are also taken into account. The SSTion variability in the Sahel as simulated for the 20th century.
forcing provides the background for simulating the observed Sahelian rainfall is highly variable both on interannual and
decadal signal in Sahelian rainfall, though the response tonulti-decadal timescales. Evidence for multi-decadal varia-
SST forcing only is not strong enough to fully capture the ob-tions in Sahelian rainfall has been found for several inter-
served signal. The introduction of dynamic vegetation leadsvals during the past few centurieNi¢holson 1981, 1989,
to an increase in interannual variability of the rainfall, and which indicates that slow variations in the climate have been
gives rise to an increased number of high-amplitude rainfallan inherent part of the Sahelian climate at least for the
anomaly events. The dynamic background albedo leads ttast few hundred years. Thus, in order to understand fu-
an increased persistence of the rainfall anomalies. The inture change in the Sahel, the processes responsible for these
crease in persistence means that the difference between tlvariations need to be understood. During the 20th century,
dry and the wet decades is increased compared to the othéne region saw a long wet period followed by an extended
simulations, and thus more closely matching the observedirought, which peaked in the early 1980s. Characteristic for
absolute change between these two periods. These resultisese periods were their persistence and severity. A large
highlight the need for a consistent representation of land suramount of research have been devoted to the processes re-
face albedo dynamics for capturing the full extent of rainfall sponsible for these variations, especially the causes for the
anomalies in the Sahel. extended drought period. The hypotheses on the mecha-
nisms that could explain the onset and the duration of the
drought range from man-made desertification (@ierman
1974 Charney 1975 to sea surface temperature (SST) pat-
1 Introduction terns favouring drier conditions in the Sahehtnb, 1978
Lamb and Pepple992. It is now generally accepted that
Climate variability is important for vegetation distribution changes in the SST patterns provide the background variabil-
and vegetation variability, especially in deserts and semisty for decadal variability in Sahelian precipitatioBiannini

deserts, where the vegetation response depends not only @f 51, 2003 IPCC, 2007, though there is still some debate
changes in the mean climate but also on changes in patterns
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regarding which SST mode exerts the dominant control on a) LAl, NPP ~ sub-daily
the rainfall. The main modes of SST variability arise from
natural variability, though some authors argue that the in- b) PFT competition ~ 5yr

ducing SST patterns can be attributed to some extent to

anthropogenic forcing, for instance anthropogenic aerosols. ¢) Maximum vegetated fraction

of gridbox, V5.~ 50yr

(e.g.Held et al, 2005 Biasutti and Giannini2006 Ackerley P s ol
etal, 2011 Booth et al, 2012. SOM w_

The full persistence and severity of these low-frequency ROCK d) Leaf litter pool ~ 1.5yr
variations cannot be fully explained by forcing atmospheric e) Soil carbon pool ~ 150yr

models with observed SSTZ€ng et al. 1999. This sug- . . . . .

gests that factors other than SST variability might play a rolefig- 1. Schematic of the main variables of the dynamic vegeta-
in the strength and especially the persistence of these Iongé&ﬁgnzned(;a?ﬁgr?]‘;‘%r?r:?aesopfgzﬁrc':i‘f;’y 'r(ﬁ';g')”gntgeletgpgfg:'?ns of
wet or dry periods. These factors either enhance the SS-gex (LAI) are calculated at every time stép) the plant functional

signal or act to increase the signal seen in the precipitaf e (PFT) distribution is updated once per year, but depends on
tion (e.g.Biasutti and Giannini2006§. Using models of ype (PFT) P per yean P

. . the average NPP of the last 5yc) the maximum vegetated frac-
varying degrees of complexityeng et al.(1999, Wang  (ion, viay is updated once per year, but depends on the NPP of the
and Eltahir(2000, Schnitzler et al(200) andWang et al.  |ast 50yr;(d) the leaf litter pool has a turnover time of 1.5yr; and
(2004, among others, showed that, by including certain fur- (e) the soil carbon pool has a turnover time of 150 yr. The variables
ther components of the land surface dynamically, the signaln (a) are calculated for all setupg) and(c) are calculated when

is enhanced and thus the simulated rainfall matches the olthe dynamic vegetation scheme is switched on; otherwise these are
served one better. Further studies have focused on particul&enstant(d) and (e) affect the albedo calculation when the back-
land surface processes, such as the importance of soil moiground albedo scheme is switched on. Adapted feamborg et al.

ture for increasing persistence of Sahelian precipitation (e'g(201]).

Xue and Shukla1993 Delworth and Manahel993, the
effect of seasonal albedo dynamics, dust aerostdénfon

et al, 2012 and the influence of man-made desertification on

albedo and subsequently on precipitati@ttérman 1974). : . iy
) . simulated by the model, especially the ability of the model to
Delire et al.(2004 showed that the representation of vege- apture persistence and severity and how this is affected by

tation dynamics in a coupled vegetation-atmosphere mOdet?ne different schemes used. The second part of this section

getyp can lead to.an internal ggneratiqn of persistence in. Pliscusses the realism of the scheme and compares our results
cipitation anomalies. They attribute this effect to a coupling to previous findings. The paper ends with a short summary

of various slow processes in the vegetation dynamics that en: .
hance the response of precipitati@rucifix et al.(2009, on and conclusions.
the other hand, do not find a strong modification of precipi-
tation persistence by vegetation dynamics. 2  Methods

There has, however, been little focus on explicitly mod-
elling the natural albedo dynamics of the Sahel on the annua¥Ve use the spectral atmospheric general circulation model
or decadal timescales. Natural albedo variability on theseECHAMS5 (Roeckner et al2003 in T31L19 resolution cou-
timescales is mainly modulated by changes in the vegetapled to the land surface model JSBACR&ddatz et a/.
tion cover. This includes changes in plant composition, in2007 Brovkin et al, 2009. The atmosphere model was
foliage cover during the growth period, changes to the ex-forced with observed SSTs for the years 1871-2008 from the
tent of soil coverage by dead and living vegetation and inmerged HadISST and NOAA SST data set as described in
soil composition due to biodegradation. All these variationsHurrell et al.(2008. The detailed description of the mod-
lead to changed spectral properties of the land surface andls used can be found in the aforementioned papers. Here
thus to a changed albedo. Here we use two albedo schemeee briefly outline the different representation of vegetation
implemented into the land surface model JSBACH, coupleddynamics and albedo dynamics that are used in the exper-
to the atmosphere general circulation model ECHAMS5, oneimental setups. The parameters used for the different plant
scheme in which the first two processes are represented arftnctional types (PFTs) can be found in TalileThe main
one in which all of these processes are parameterised. Weariables of the dynamic vegetation and dynamic background
use these two schemes to investigate the influence of differertlbedo schemes and their timescales of change are shown in
albedo dynamics, arising from different timescales of changeFig. 1.
implemented in these schemes, on the Sahelian rainfall, fo-
cusing especially on the 20th century (Flg.

The paper is structured as follows. In the methods section
the different land surface setups and the experimental setup

are explained. The first part of the results and discussion sec-
tion focuses on the evaluation of Sahelian rainfall variability
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Table 1. Parameters used in the dynamic vegetation and albeddo Eq. @), with the assumption that grasses can only establish

schemes. in the area left available after tree establishment.
s _ _ , Natural mortality is calculated according to the following
1 1 ) ) 1
Plant functional type T; Acvis  YCnir YLvis  “Lnir linear decay function
tropical broadleaf evergreentrees  30yr  0.03 0.22 0.09 0.07
tropical broadleaf deciduous trees  30yr  0.04 0.23 0.10 0.08 f,
extratropical evergreen trees 30yr 0.04 0.22 0.07 007 M(fi) = “ite (3)
extratropical deciduous trees 30yr 0.05 0.25 0.08 0.10 T
raingreen shrubs 15yr  0.05 0.25 0.11 0.20 )
deciduous shrubs 15yr 005 028 011 023 whererl."fe is the average lifespan of PETDisturbance mor-
C3 grass lyr 0.08 0.34 0.14 0.29

tality D(f;) takes into account mortality due to fire and wind-
fall. The establishment timef'and the average lifespafi®
of each PFT were assumed to be equal for these simulations.

C4 grass 1lyr 0.08 0.34 0.14 0.29

2.1 Dynamic versus prescribed vegetation in JSBACH )
2.2 Albedo representation

In JSBACH, vegetation patterns are defined by the fraction

of the grid box that is vegetated and the distribution of PFTSTO |nve|st|gateh th?b :jmportance of ﬁ)lffﬁrent res'ponse.
within that fraction. In simulations where the vegetation is timescales In the albedo we use two albedo setups: one in

“orescribed” the vegetated fraction of the grid box and theWhich the albedo of the surface below the canopy is constant

distribution of the plant functional types are constants taken" time (‘static background albedo”) and one in which the
from the initial conditions. In simulations with “dynamic”

albedo of the surface below the albedo depends on changing
vegetation, these variables are updated on an annual basi"

ount of litter and soil organic matter in the ground (“dy-
and vegetation patterns can shift in accordance with cIimatidqaglnIC ?@cl;/grognd albetldg”).lThle: latter SC?em? lsdgxplalned
change. The difference between the static and the dynamilgAg;a'hm ﬁ)mdorgfet ar(] SF]). or sncIJw-I reed an md\_]S-
vegetation simulations is thus the geographical distribution the albedo of eac iT ;, Is calculated according
of the PFTs. Other land surface properties, such as net prit—o
mary productivity (NPP), leaf area index (LAl), and sensible =~ _ . 1 fm. _ 4
and latent heat fluxes, are calculated by JSBACH at everf’ feioci + (1~ fci) abgi, (4)
time step. The phenology is thus calculated in all simulations and the grid-box-averaged surface albesg, is calculated

whether the vegetation is dynamic or not. The phenologicalas the sum of the albedo values of all PFTs weighting by
cycle is driven solely by temperature, soil moisture and NPPiheir vegetation cover fractiof:

and does not depend on the calendar dRad@atz et al.

2007). as= Y fiai. (5)
The dynamic vegetation scheme is described in detail in all PFT

Brovkin et al.(2009. Here we only outline the main equa-

tions. The dynamics of the fraction of the vegetated area of The albedo of the canopye.i., wherg Fhe canopy consists
. . . of green leaves only, is a PFT-specific constant. The frac-
a grid box occupied by PFiI, f;, is calculated as

tion of the tile for PFTi that is covered by the canopy ;

dfi (Eq. 6), varies with the fraction of the grid box that is veg-
ar E(fi) = M(fi) = D(fi), @) etated ¥max) and with the leaf area index (LAl of PFTi:
where E is the establishment term and and D are nat- fei=V (1 B e—LAli/Z) 6)
ural and disturbance-driven mortality terms. The establish-'/ — ~M& '

ment termE (f;) for woody PFTi is calculated from annual

NPP,;, the establishment time?Stand from the PFT frac- Depending on the albedo scheme chosen, the albedo of the

surface below the canopyg; is either constant or varying

tion £; in time.
E(f) = u(f) (ND* - fi Cf=(fn fa ), @) [ ang if static background albedo @
riest > (N fi 09l =N Al + (1= fi.i) @som if dynamic background albedo
woody PFT

where the facton suppresses establishment for small NPP (a. In the case of the static background albedo schergg,

. . is constant in time, but varying in space. It is read in at the
value of 1.5 was used fer to have moderate non-linearity). bedinning of each experiment as maos with values for each
The functionu ( f) accounts for limitations in the area avail- g 9 P P

: ) . grid box and one map for each of the spectral bands (visible
able for estabhshment,—la”ZPjFTfk. The functions.(f) is and near infrared). When the dynamic background albedo

equal to 1 if there is enough area for establishment, while itscheme is used, the background albedo is varying both in
declines rapidly to O if the available area is less than a certime and space, like the canopy albedo. In this case the back-
tain threshold. The equation for herbaceous PFTs is similaground albedo is dependent on a further subdivision of the
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surface albedo: the litter albedw, ;, representing standing 40N - ‘ ! = % : ‘ &

non-green phytomass and litter and the albedo of the bare ] -~

ground,asom, Which depends on the carbon content of the 3gN - )

soil. The slow soil carbon pool represents the carbon in the 1

soil that mineralises at a slow rate and has a turnover time of,,y

150yr, and is used to calculatgom. The turnover time of ]

the leaf litter pool depends on soil moisture and temperature, B

and is about 1.5yr. This is the pool that is used to calcu- ]

late the fraction of the grid box covered by littef, ;. The

dynamic background scheme thus potentially introduces two

new timescales (Fidl) to the albedo dynamics, in addition

to the seasonal timescale that is always present due to theig. 2. Region of analysis. The dark-grey grid boxes are those de-

canopy albedo (LAl variability). fined as the Sahel in this study. Light grey indicates land and white
indicates ocean.

0 30E 60E

2.3 Experimental setup

years 1901-2008Mitchell and Jones2005. We therefore

Simulations were performed with three different land sur- X X
also base our analysis on the simulated years 1901-2006.

face setups. In the “VEfRes+ BGstar” simulations, veg-
etation is prescribed and background albedo is static, in the
“VEGpynN + BGstar” simulations vegetation is dynamic and 3 Results and discussion
background albedo is static, and “Vig@& + BGpyn” runs
are performed with both dynamic vegetation and dynamic3.1 Simulated rainfall variability
background albedo. To assess model uncertainty arising from
internal model variability, initial value ensembles are per- The control setup (VEfres+ BGstar) ensemble mem-
formed by minimally perturbing the top of the atmosphere bers, which have both prescribed vegetation cover and
(stratospheric horizontal diffusion). Nine simulations for the static background albedo, all underestimate the long-term
years 1871-2006 were performed, comprising three ensenmean rainfall by ca. 50mmyt when compared to ob-
ble members for each of the three vegetation—albedo setupsserved rainfall (Fig.3a). Adding the dynamic vegetation
To obtain an atmosphere state in equilibrium with the (VEGpyn + BGstar) does not affect the long-term mean
ocean forcing, a simulation was started in 1871 and runrainfall much, and thus also the simulated rainfall amount of
for 2yr. The atmosphere end state of this run was usedhis setup is lower than the observed precipitation (B&.
to initialise ECHAMS in the year 1873 in all nine simu- The long-term mean of the simulations with dynamic
lations. The land surface of all nine simulations was ini- vegetation and the dynamic background albedo scheme
tialised in 1873 from the JSBACH end state of an already(VEGpyn + BGpyn) matches the observed long-term mean
existing equilibrium simulation. All simulations thus start well by increasing mean rainfall by up to 15% compared
from the same initial conditions. The equilibrium simula- to the other two setups (Fi®a). The main reason for this
tion was performed under pre-industrial conditions in a fully increase in mean rainfall is a decrease in the mean land sur-
coupled setup of ECHAM5-JSBACH and the ocean modelface albedo by around 0.06. How this change in mean albedo
MPIOM (Jungclaus et 12006, with the dynamic vegeta- might affect our results is discussed in S&&B. The en-
tion and the dynamic background albedo scheme switchedemble spread is similar among the setups, indicating that
on. Using the JSBACH end state of this simulation, no largeneither the inclusion of the dynamic vegetation nor the dy-
drifts can be seen in the vegetation distribution or in the car-namic background albedo substantially influences the inter-
bon pools; therefore this approach was deemed appropriat@al variability.
Greenhouse gases and the aerosol forcing are kept constantin terms of the precipitation anomalies from the long-term
at pre-industrial values (280 ppm) in all the simulations in mean, all nine simulations simulate a long wet and a long
order to be able to isolate the effect of vegetation and albedalry period, thus capturing the general shape of the observed
dynamics. rainfall (Fig. 4). The timing of the transition between these
In this paper we restrict our analysis to the Sahel regiontwo periods is also captured by all simulations, even though
We define the Sahel as the 16 grid boxes from 11VE5 the timing of the start and the end of the periods simulated
33.7% Eand 11.125-18.5MN (Fig. 2). The results are robust in the VEGyyn + BGpyn simulations is slightly lagging be-
to small changes in the choice of the area, which we testedhind those of the observed time series.
by performing the same analysis on a subset of the chosen Because the internal variability of the atmosphere model
grid cells, both in the north—south and the west—east direcadds random noise to the time series, we cannot expect
tion. The simulations are compared to observed precipitatiora direct agreement between simulated and observed annual
from the land precipitation data set CRU TS 3°0f6r the values. However, we can expect some correlation between
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Fig. 3. (a) Mean annual precipitation over the years 1901-2006, Fig. 4. Annual mean precipitation normalised with regard to mean
and (b) difference between the annual mean precipitation of theand the standard deviation of rainfall for the years 1901-2006
wet years (1938-1967) and the mean of the dry years (1969-1998)n the Sahel(a) Observed precipitation from the CRU-TS3 land
Crosses: observed precipitation or ensemble mean precipitatiordata set Iitchell and Jones2005: bars show yearly values,
Open circles: individual ensemble members. lines show 5yr running averages. Simulated precipitation for the
(b) static (VEGpres+ BGstaT) Simulations,(c) dynamic vegeta-
tion (VEGpyN + BGgTaT) simulations, angd) dynamic vegetation
5yr running means. Comparing the 5yr running mean ob-and dynamic albedo (VE§n +BGpyn) simulations. Bars show
served time series to the 5yr running mean simulated timeginnual value_s o_f 'Fhe ensemble mean. Lines show 5yr running aver-
series, we do indeed find a good correlation between all niné9€s for the individual ensemble members (grey) and the ensemble
simulations and the observed data, with correlation coeffi—mean (black). The dotted lines indicate one standard deviation from
cients lying in the range of 0.55 to 0.77. Both the lowest the mean.
and the highest correlation coefficients are obtained with the
VEGpyN + BGsTar setup. However, with this analysis it is
not possible to say which setup fits better, since the scattethe Fourier transform, whereby the autocorrelation function
in the fit between ensemble members is larger than the interdllows us to investigate for how long a signal persists in the
setup differences. In order to investigate differences betweeRrecipitation, and the power spectra is a measure of the fre-
the setups, we focus on the two characteristics of 20th cenduencies at which the main modes of variability occur. The
tury Sahelian rainfall mentioned in the introduction: persis- Power spectra and auto-correlation function are calculated

tence and severity. from detrended normalised time series for the years 1901 to
2006 so that all time series are directly comparable.
3.1.1 Rainfall persistence The spectrum of the observed rainfall time series clearly

shows low power at high frequencies and high power at low
To analyse the persistence of precipitation in the simulatedrequencies, reflecting the slow variations present in the rain-
time series, we use two measures: the power spectra and ttiall time series due to the extended wet and dry periods. This
autocorrelation functions. These are analytically related viapattern is captured to some extent by the ensemble mean time
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series of all three setups (Figp). Since the use of the ensem- Ta) [
ble mean time series might lead to a loss of information, we 8.0 1 —CRU-TS3 3
also consider the power spectra of the individual simulations. _ 6.0 4 ——VEGepes+BGgrar o

All ensemble members of the VEERes+ BGsTar setup g ] VEGpyw+BGsrar i
show a similar behaviour, with high spectral power in the g 40 1 —VECon+BCow 3
same low-frequency interval as the observed values; thus the 2.0 ——— -
long-term persistence is well captured (Fidp). Introduc- 0.0 v i
ing the dynamic vegetation (VE§gN + BGsTar), the time 8o 40 r
series show reduced power at low frequencies in favour of 1= VEGgpes+BGsrar "
higher frequencies, leading to a flattening of the spectracom- = 6.0 3 s
pared to the spectra of both the observed time series and 2 44 4 o
the simulations with prescribed vegetation. The scatter be- . ] ?
tween the ensemble members is also increased compared 2.0 7 o
to the VEGores+ BGsTtar simulations. Introducing the dy- 0.0 -
namic background albedo scheme (Mbk#fs + BGpvyn), the 8.0 4¢) -

. . : : . VEGpyn+BGsrar X
power is decreased at high frequencies and increased at 6.0 E
low frequencies compared to the (VB@ + BGsTar) Sim- s ] i
ulations, and one of the ensemble members closely fol- § 4.0 -
lows the same pattern as the spectrum of the observed pre- 20 R F
cipitation time series. The autocorrelation function of the ]
VEGpyN + BGpyn simulations consistently lies above the 0.0 d) r
one of VEGyyn + BGstar simulations. The inclusion of the 8.0 7 — VEGpy+BGoyy b
dynamic background albedo scheme compared to using a  _ 1
static background albedo thus leads to increased persistence ¢
in the precipitation signal, in turn more closely matching the c
observed signal for lags of 1 to 8 yr (Figa).
3.1.2 Severity of rainfall anomalies 0.0 ' ' ' :
2 3 5 10 20

The intensity and severity of the prolonged periods above Period (years)

and beIOV\_/ the mean can b_e meas_ured In th_e anomalies of trﬁg. 5. Power spectra of normalised precipitation for the years
annual rainfall, as well as in the difference in mean between go1_2006.(a) Observed precipitation, CRU-TS3tchell and
the wet and the dry period. The wet period mean is calculatedones 2005 (dark blue), and the mean spectra of the en-
as the mean of the annual precipitation for the years 193&emble member spectra of each setup (¥REs+ BGsTAT,

to 1967, and the dry period mean that for the years 1969 to/EGpyn + BGstar, VEGpYN + BGpyn). Power spectra of in-
1998. Here the wet period was chosen to coincide with thedividual ensemble members for thp) VEGpres+ BGsrtar,
prolonged period seen in the observational data set. Anothel€) VEGpyN + BGstar and(d) VEGpyn +BGpyn simulations.
option would have been to include the peak of the previous

decade. The same conclusions can be drawn irrespective of . .
the choice made. larger. Nevertheless, the difference in mean between the

During the wet period, in most simulations and also the Wet and the dry periods is clearly underestimated in these

ensemble mean simulation of each setup, the maximunsimulations. This can be attributed to the lack of rainfall
amplitudes of the anomalies are close to those observeHerSiSIence_in the wet pgriod in f[his setup ra‘gher than to too
(Fig. 4). During the dry period, however, the simulations of €W years with high-amplitude rainfall anomalies.

the control setup (VEGRes+BGsTar) show smaller rain- The \_/EGDYN + BGpyn simulations show hlgh-amplltude
fall anomalies than in the observations. The severity of thenomalies for both the wet and the dry periods (Fid).
drought is thus underestimated. The small anomalies in thd "€ combination of high-amplitude anomalies and the strong
dry period in turn leads to an underestimation of the dif- persistence in the rainfall in this setup leads to a large dif-

ference in mean between the wet and the dry periods in alfS"€NC€ in mean between the wet and the dry period, thus
VEGpRres+ BGsTar simulations (Fig3b). closely matching the observed difference (F3fp). These
Considering the dry season anomalies for thesimulation:s are thus able to capture both the persistence and

VEGpyn +BGsTar simulations (Fig. 4c), these are the severity of the precipitation anomalies as seen in the

clearly captured, and the inter-period standard deviation iobservations.
higher than in the VEGres+ BGstar simulations. During
the dry period, the number of high-amplitude events is also
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1.0 STy transpirative, evaporative and sensible heat fluxes. The main
Z os E VEGoyn+BGsrar variable controlling canopy albedo and transpiration is the
o — VEGon+BGow LAI. One can roughly reduce the interaction between the
© 06 land surface and the atmosphere directly controlled by the
S oa 3 LAI to the projective cover, PC. The PC is the area of a grid
5 1 . cell covered by the green canopy:

O 02
. PC= Viaxy_ fi (1 e™A10/2), 8)
< § PFT
0 l ; 1; 1; 20 24 where Vinax is the maximum vegetated fraction of the grid
Lag (years) box, f; is the fractional cover of PFT (see Eql) and LAl

is the LAl of PFTi. LAl is updated at every model time step
Fig. 6. Autocorrelation_fqnc_tion calculated for the years 1901- (sub-daily) in all setups (with and without dynamic vegeta-
ZQQG f_or observed precipitation (CRU-TS3) and for simulated pre'tion). Vmax and f are constant for static vegetation simula-
cipitation of the ensemble members for VB +BGstar and yiono and are updated on an annual basis for dynamic vege-
VEGpynN + BGpyn simulations. Shading indicates the ensemble | . . . . .
spread. tation _5|mulat|onsvmax represents the maximum fraction of
the grid box that can be vegetated. It is the complement of
the desert fraction (DF), i.6/max=1— DF, which in turn is
the fraction of the grid box that has been completely non-
3.2 Sources of land-surface-induced rainfall variability  vegetated for the previous 50 yr (S¢@mborg et al.2011).
Due to imposing the same initial land surface conditions
Since all nine simulations are able to reproduce the observeth all simulations, the initial vegetation cov&p may not be
precipitation with some skill, it is clear that SSTs and syner-in equilibrium with the climate. In the VEg/N + BGsTar
gies between SSTs and the atmosphere and/or the land swimulations the maximum vegetated fraction shows no trend;
face play a major role in shaping the rainfall variability in however in the VEGyn +BGpyn simulations there is
the Sahel during this period. To go into the details of thea slight drift in the vegetation cover fraction. We assume this
influence of observed SSTs on Sahelian rainfall and of theslight drift to have had minor effects on the results, since itis
mechanisms controlling these SSTs is beyond the scope aieither seen in the albedo nor in the evapotranspiration time
this study, and this is a topic that has been widely researchederies (not shown).
in the past (see e.gsiannini et al, 2003 and Rodriguez- In the Sahel, LAI variability is closely controlled by pre-
Fonseca et g12011for a review). cipitation, which is reflected in the projective cover anoma-
Even though the vegetation fraction and the distribution oflies (Fig. 7). During the wet period the projective cover is
PFTs is prescribed when the dynamic vegetation is switche@bove the long-term mean, and vice versa for the dry period.
off, the phenological cycle varies both seasonally and in-The concurrent changes in NPP lead to an expansion of the
terannually, which affects the exchange of energy betweemaximum vegetated area during the long wet period and a
the atmosphere and the land surface. It is thus not possibldecline in this area during the dry period in the two setups
to completely exclude an influence of the land surface onwith dynamic vegetation (FigZb and c). This increase and
precipitation variability in the VE@res+ BGstar Simula- decrease lags that of precipitation and NPP because of the
tions. With the setup of the simulations here, we are not in-50 yr response timescale used to calculggx.
terested in disentangling the SST influence from that of the SinceVnaxand f are constant in the VEgres+ BGstar
land surface influence in general, nor that of any synergissimulations, it is only variability in the annual LAI that
tic effects due to feedbacks between the atmosphere and thman affect the variability in the annual mean projec-
ocean. Rather we are interested in the effect that the parameive cover, whereas in the VEfgn +BGstar and the
terisation of the dynamic vegetation scheme and the dynami&%YEGpyn + BGpyn Simulations, all three parameter:{ax,
background albedo scheme have on precipitation variability.f;, LAl;, ie PFT) are varying. This leads to an addi-
We will therefore focus on explaining how the differences tional source of variability in the projective cover. Any
between the setups that we found in the last section arisevariability changes in the projective cover are directly
In order to highlight these dissimilarities, we focus on the transferred to the transpiration and to the canopy albedo.
parameters of the model that lead to the main differences beFfhe interannual variability of projective cover is increased
tween the setups. in the VEGyyn + BGstar simulations compared to the
The energy exchange between the atmosphere and the lanEGpres+ BGstar simulations, both during the wet and the
surface is mainly modulated via albedo and stomatal condry periods. In the VEGyn + BGstar Simulations, albedo
ductance. The albedo affects the shortwave radiation budfor the background is fixed, and changes in the albedo are
get, and the stomatal conductance affects the transpiration ajnly related to changes in the canopy albedo. This means that
the plants, and these in turn affect the relative importance othe amplification of the projective cover is directly affecting
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the detrended series for the VBGy + BGpyn Ssimulations.

leads to albedo anomalies that slightly lag the precipitation

anomalies (Fig8c), as well as reduced interannual variabil-
the energy exchange between the land surface and the atm@y of the albedo. The dynamic background albedo thus in-
sphere, both via evapotranspiration (not shown) and via thgrgduces a slowly varying component into the system, which

albedo in the VEGyn + BGstar simulations (Fig8b). The s reflected through the increased persistence that was seen
change in variability in the projective cover thus leads to anj, sect.3.1.

increased interannual variability in both transpiration and in
the canopy albedo, which ultimately leads to the loss of per-3.3 Comparing simulated albedo and projective cover
sistence seen in Se®.1 The change in interannual variabil- anomalies to observations
ity is particularly strong in the annual albedo, with albedo
values clearly below and above the annual mean value durThe model behaviour can be explained by fluctuations in
ing the wet and the dry periods respectively. This amplifica-the projective cover and in the land surface albedo, which
tion of the albedo anomalies in turn leads to the amplifica-means that in order to judge the realism of our results, we
tion of the rainfall anomalies seen in the VB + BGsTaT need to compare the dynamical behaviour of these two vari-
simulations. ables to observations. It is not possible to obtain observa-
For the VEGyN + BGpyn simulations, the energy fluxes tional data for albedo or projective cover for the entire sim-
between the land surface and the atmosphere that are afdated period to validate these results. However, for albedo
fected by changes in evapotranspiration are, similar to theve can use the longest available albedo time series for north-
VEGpRres+ BGstar and the VEGyN + BGstar Simula- ern Africa: the Meteosat albedo product for the years 1982
tions, modulated by the projective cover. The albedo, on theao mid-2006 Loew and Govaerts2010Q. We use the bi-
other hand, is modulated not only by changes in the canopyhemispherical reflectance (bhr) channel (white-sky albedo)
albedo but also by changes in the background albedo viaveraged over the region 19/-30° E and 10-20N. Due
changes in the slow soil carbon pool and the litter pool. Theseo a large number of missing pixels at the beginning of the
pools have a much longer response timescale than the LAlime series and an absence of data for half of 2006, we
and they introduce a slowly varying filter to the albedo. This only consider annual mean values for the years 1989-2005.
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Table 2. Observed and simulated standard deviation of albedo.

1989-2005 1901-2006 1938-1967 1969-1998
(wet period)  (dry period)

Meteosat 0.0033 - - -

VEGpRrgs+ BGsTaT 0.0031 0.0043 0.0038 0.0034
VEGpyN + BGsTaT 0.0039 0.0052 0.0047 0.0042
VEGpyN + BGpyn 0.0014 0.0043 0.0037 0.0040

The mean of the Meteosat time series is 0.249, which isstandard deviation comparable to the \iggs+ BGstar
clearly below the simulated values for the same time periodand to the observed standard deviation, whereas those for
of the VEGores+ BGstar and the VEGyN + BGstar Sim- the VEGoyn + BGstar Simulations are larger. The larger
ulations (0.301 and 0.298, respectively) and slightly abovestandard deviation with the dynamic background albedo
those of the VEGyn + BGpyn simulations (0.23). The dif- scheme during these periods compared to the observed does
ference in mean albedo between the simulations with fixechot, however, arise from a large year-to-year variability
background albedo and the Meteosat data can to some ebut rather from the inter-decadal fluctuations, which again
tent be explained by the method used to derive the albedtighlights the larger persistence of the albedo anomalies
maps used for the background albedo. These maps were dehen this scheme is switched on.
rived using 1yr of MODIS observations in a manner similar  The simulations with fixed background albedo have a stan-
to Rechid et al(2009. The use of just 1 yr of values and the dard deviation close to that of the Meteosat observations.
different data source combines to a different mean state of thén these simulations the albedo is parameterised such that
albedo than the one obtained from the Meteosat observationd. only depends on LAl variations. A clear annual effect of
The mean albedo of the VBN + BGpyn Simulations  vegetation on albedo is, however, not found in observational
more closely match that of the Meteosat observationsdata Fuller and Ottke 2002, which indicates that only in-
However, the fact that the albedo mean of these simulationgluding the effect of LAI fluctuations in the albedo calcula-
is much different from the other two setups implies that thetions might exaggerate the importance of year-to-year LAl
mean climate state is also different. The question thus arisegariability for albedo variability. Precipitation does not only
of to what extent our results are a reflection of the change irhave a direct effect on albedo through soil moisture (an effect
mean albedo rather than the change in albedo variability. Thighat we have omitted; see discussiovamborg et al.2017),
question can only be answered completely by performingand through the greening of the canopy: it also has a lagged
a further set of experiments where the albedo values are fixedffect on albedo due to accumulation of litter and increased
to this lower value. Such experiments are beyond the scopaon-green biomassSémain et aJ.2008. Due to the few
of this study. As a result of the background albedo schemeyears of albedo data and the sparsity of locations from which
the precipitation anomalies in the VBG + BGpyn precipitation data are derived, it is difficult to investigate the
simulations slightly lag those of the other setups. Comparingplausibility of the slow response of albedo that is simulated
the mean of the wet and the dry period albedo valuespy the dynamic albedo scheme. The low standard deviation
the largest difference is seen in the V& + BGstar of the albedo in the VEGyN + BGpyn simulations during
simulations, the simulations for which the mean change inthe observed period (1989-2006) is an indication that the
precipitation between the periods is the lowest. This showsslowly varying component introduced in the dynamic albedo
that the response of the precipitation to albedo changes ischeme is too dominant. The background albedo scheme was
related to the variability of albedo around the mean ratheroriginally designed to capture slow albedo variations on cen-
than to the mean albedo of either period. The persistencéennial to millennial timescale¥amborg et al.2011). A re-
of the albedo anomalies in the ViBGy +BGpyn Sim- calibration of the scheme, resulting in an albedo variability in
ulations is thus the driving force for the results we have between the variabilities with and without the current version
seen in previous sections rather than the mean albedo. ibf the scheme, could give more realistic results.
we consider the standard deviation during the observed The normalised difference vegetation index (NDVI) is a
period, then it is better captured by the Vig{gs+ BGsTar measure of the photosynthetically active vegetation and can
and the VEGyn +BGstar simulations than for the thus be used as a proxy for the projective cover (Eugker
VEGpyn +BGpyny  simulations  (Meteosat:  0.0033; and Nicholson 1999. The NDVI data we use here come
VEGpRres+ BGstar: 0.003; VEGyN + BGsTtar: 0.004; from the Global Inventory of Modeling and Mapping Stud-
VEGpynN + BGpyn : 0.0014). However, if we consider the ies (GIMMS — Pinzon et al. 2005 Tucker et al. 2005,
full analysis period, as well as the wet and dry periodsand covers the same regional box that we used for the Me-
(Table 2), then the VEGyN + BGpyn simulations have a  teosat albedo. The standard deviation of the annual mean
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observed NDVI for the years 1982 to 2006 is ca. 4 % of thethe interannual memory in vegetation is either artificially en-
annual mean value. For the same period, the standard ddwanced in their studies or underestimated in our setup.
viation from the mean for the simulated projective cover is The second process we investigate is albedo dynamics.
between 5.6 and 6.7 % for the VirRes+ BGstar Simula-  The effect of albedo on precipitation in the Sahel is a topic
tions, 6.5 and 7.5 % for the VE§yN+ BGstar Simulations  that has been widely studied, both for the 20th century
and 4.5 and 6.6 % for the VE§n + BGpyn Simulations.  drought (e.gCharney 1975 Sud and Fenness$982 Xue

This indicates that the projective cover is slightly too vari- and Shukla 1993 and for past time intervals such as the
able on an annual basis for the VEgzs+ BGstar and the  mid-Holocene (e.gClaussen and Gaylet997). In the case
VEGpyn + BGsTtar simulations. Here we have focused on of the 20th century drought, the focus has mainly been on
the annual variations in projective cover. For the interpreta-albedo changes induced by intensified man-made land use
tion and discussion of our results, this is a sufficient measure(for a review seéNicholson 2013. These studies have used
To properly judge the model's capacity to correctly simulate either exaggerated albedo changes between the wet and the
LAl in general, one should consider sub-annual values. dry period, thus obtaining a too strong precipitation response
(Giannini et al, 2008, or in the cases where albedo changes
have been realistic, the response in rainfall has been rather
low (e.g.Taylor et al, 2002 Wang et al.2004. In our study,

the maximum difference between the low (in the wet pe-
In this study we have focused on the effect of two landriod) and the high (in the dry period) albedo peaks is only
surface processes that have the potential to affect precipitaabout 0.04, a rather moderate absolute change; this holds
tion variability in the Sahel: vegetation dynamics and albedofor all three setups. The simulations with the largest mean
dynamics. The terms “dynamic vegetation” and “interactive change in albedo between the periods have the lowest mean
vegetation” are not consistently used in the literature, mak-change in precipitation. As we discussed in the previous
ing direct inter-comparisons with other studies difficult. In section, we thus find that it is not necessarily the absolute
this study, dynamic vegetation means the possibility of a ge-or the mean change that is of importance, but rather the
ographical change in vegetation cover and a possible redistrialbedo variability, and how this variability in turn affects the
bution between PFTs. Vegetation parameters such as the LAprecipitation.

are interactive in all experiments; therefore we cannot make As mentioned at the beginning of Se812, it is difficult to

any statements on the effect of interactive vegetation such aslaborate on the influence of the SSTs or the synergy between
done in, for exampleZeng et al.(1999. Additionally, the = SSTs and the land surface on the precipitation given the cho-
dynamic vegetation indirectly affects the evapotranspiration,sen experimental setup. However, we additionally analysed
sensible heat flux and the land surface albedo. It is therefor¢he precipitation variability in pre-industrial time-slice exper-
difficult to disentangle exactly what happens once vegetatioriments with the same land surface setups as we used here (for
dynamics are switched on. In our study, dynamic vegetatiorthe experimental design, s&amborg et al.2011). We can-
leads to increased interannual variability, but it does not leachot find a clear difference in precipitation variability between
to an increased persistence of rainfall anomalies as was sughe land surface setups in these experiments. This leads us to
gested by some other studi®¥gng and Eltahir200Q Wang  the hypothesis that the response of the precipitation to the
etal, 2004. Wang et al(2004) attribute the increased persis- different land surface setups is modulated by the SSTs, and
tence to processes at the yearly timescale without describinthus, should we use an SST climatology, we would not ex-
these in further detail. This shows that in our setup, dynamigpect to find the same result as we have found in this study.
vegetation mainly acts as an amplifier of the annual signalOur findings hence highlight the importance of land surface
in precipitation induced by the SST forcing rather than con-process that can amplify the low-frequency component of
tributing a memory effect. The main difference between thethe SST-induced anomalies rather than suggesting a process
dynamic vegetation schemes used is as follows. In JSBACH¢completely independent of the SST forcing.

the PFT distribution depends on the maximum NPP average Vegetation and albedo dynamics are not the only land sur-
over several years (5yr here) and the maximum vegetatiotfiace processes that may affect precipitation variability. An-
cover has a timescale of 50 yr, whereas in, forexam\gng ~ other important process that can be of importance, and that
and Eltahir(2000 and inWang et al.(2009) the vegetation might increase long-term variability in precipitation, is soil
dynamics are directly dependent on the productivity of themoisture. On the seasonal timescale it has been clearly shown
year before. The scheme used in their studies thus leads tothat soil moisture has an effect on the precipitation during
stronger interannual memory in vegetation than in JSBACH,the particular season (e.Belworth and Manahel993. It
where the memory in the vegetation is smoothed over a largeis unclear whether soil moisture anomalies can survive the
number of years. This interannual memory leads to a persisSahelian dry period and affect the rainfall of the following
tence in rainfall, both in studies using an observed SST signayear. Still,Zeng et al(1999 showed that soil moisture can

to force the modelWang et al. 2004 and in a study using have an effect on precipitation also on the annual timescale;
an SST climatology Delire et al, 2004. This means that however its effect was shown to be much smaller than that of

3.4 Comparison to previous modelling studies
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vegetation dynamics. In our study, soil moisture is treated in Comparing the simulations with and without dynamic veg-
the same way in all simulation setups, and it is therefore nottation, we find that the dynamic vegetation leads to an in-
possible to draw any further conclusions here. creased interannual variability in precipitation, as well as an
Another factor that might influence vegetation dynamics,increase in large-amplitude rainfall anomaly events. We do
and thus affects our results, is the increasing greenhouse gast find that the dynamic vegetation scheme increases the
concentrations during the simulated period. These are nopersistence of rainfall variability, as has been proposed by
taken into account in our study, as greenhouse gas concentraeme other studies. The design of the experiments does not
tions are kept at pre-industrial levels in all simulations.,CO allow for any statement to be made on the general influence
levels not only indirectly affect vegetation, by changing the of vegetation variables that vary on a sub-annual basis, such
radiation budget and thus climate, but also directly, via plantas the LAI, since these are dynamic in all setups.
bio-physics. Under higher CQroncentrations, plants, espe-  Using spectral analysis, we find an increase in low-
cially Cg plants, increase their productivity and reduce their frequency variability in the simulations with dynamic back-
stomatal conductanceKrner et al, 2007 Bonan 2008. ground albedo. The background albedo thus acts as an am-
Since the industrial revolution, GQevels have increased by plifier of the low-frequency component of the precipitation
over 100 ppmEtheridge et a).1996 IPCC, 2007) and could  anomalies. This characteristic of the dynamic background
thus have some effect on the plant distribution in the Sahelalbedo arises from the slow turnover times of litter and the
We assume that the warming signal is carried in the SSTsoil that are included in this scheme. The combination of the
and that neglecting greenhouse gas changes would not affeaicreased number of high-amplitude events, as introduced by
the physical climate to a large extent. gfertilisation could,  the dynamic vegetation, and the increased persistence, due to
however, alter the competition betweep &d G plants by  the dynamic background albedo scheme, allows for captur-
increasing @ plant productivity without increasing water de- ing the large difference in mean rainfall between the wet and
mand. This could either lead to an increased fraction £f C the dry periods as seen in observations.
plants because of increased productivity or an increased frac- Our study thus reconfirms the need for processes on land
tion of C4 plants due to increased water availability. The dis- that can amplify the low-frequency component of the SST-
tribution changes in favour of {plants during the first 40yr  induced precipitation signal, and we show that natural albedo
in the simulations with dynamic vegetation. By then, and thusvariability could be one such process. If these processes
during the main part of the period considered in this analysisare not included in the simulation of Sahelian rainfall, the
a quasi-equilibrium in plant distribution is reached. This dis- anomalies will be underestimated. However, at the same
tribution is not significantly affected by changed water avail- time, it is clear that the SSTs carry the majority of the sig-
ability during the wet and the dry periods (not shown), andnal and it would therefore be important to establish to what
the additional effect due to CQOfertilisation would there-  extent these variations are due to natural variability and to
fore be negligible. This is in line with a study investigating what extent they are the result of a forced anthropogenic sig-
the contribution of the C®fertilisation effect to the recent nal. Aslong as coupled atmosphere—ocean models are unable
greening of the SaheHjckler et al, 2009. This particular  to properly simulate the SSTs that are important for Sahelian
study shows that most of the greening during the 1990s camainfall, predicting longer term rainfall anomalies in this area
be explained by the increase in precipitation in the regionwill remain difficult.
during the same time period.
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