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Abstract A modified version of the Biome4 vegetation
model for simulation of the mean 8'°C of plant com-
munities is presented, and used to reconstruct palaeo-
precipitation. We treat all fractionations by C3 and C4
plants in all coexistent Plant Functional Types, weighted
by their respective net primary production. We constrain
the range of variation in the intracellular versus atmo-
spheric CO, concentration by fixing a lower limit. Fi-
nally, we replace some constant parameters by functions
of external forcing to account for their responses to
environmental variation. The new version of Biome4
was applied as an inverse model and tested on three
modern data sets. The fit between observations and
simulations is very close to the 1:1 relationship, with
respective slopes of 0.90+0.02 (+*=0.98, n=29) for
6'3C and 0.97+0.06 (r*=0.90, n=29) for precipitation.
Inverse modelling was applied using the Metropolis-
Hastings algorithm to the NuBloch loess sequence. Over
the last glaciation, simulated palaeoprecipitation varies
between 240 mm year ' and 400 mm year'. This study
clearly demonstrates atmospheric teleconnections with
the Greenland ice-sheet extension, by matching Dansg-
aard-Oeschger events with precipitation increase of ca.
100200 mm year .

1 Introduction

During the last glaciation, rapid climatic changes oc-
curred on a millennial scale. These changes have been
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found mainly in marine cores (Bond cycles, Bond
et al. 1993) and in ice records (Dansgaard-Oeschger
cycles, Dansgaard et al. 1993), as they are difficult to
recognise on the continents where the environment has
greatly affected human activity. Furthermore, most
continental (palaeo)studies focus on temperature
(Rousseau 1991; Grimm et al. 1993; Porter and
Zhisheng 1995; Guo et al. 1996; Genty et al. 2003). As
water availability is one of the major challenges for
the future, it is also important to address the hydro-
logical cycle.

Loess deposits are ideal terrestrial archives for the
study of palaeoclimate during glacial periods that are
otherwise poorly documented in pollen sequences.
Contrary to interglacial soils, typical loess accumulates
very quickly, recording abrupt climate changes. More-
over, these deposits are associated with sparse vegeta-
tion and a weak rhizosphere. As shown by the presence
of some laminated structures, these conditions preserve
the memory of the contemporaneous climatic condi-
tions at the time of deposit. The absence of pedogen-
esis, and the dry glacial environment favour the
degradation of organic matter without distortion of the
isotopic signal, making typical loess suitable for an
organic geochemical study. The carbon isotopic com-
position (8'°C) of loess organic matter nicely reflects
the original isotopic signature of vegetation, and
therefore acts as an indicator of palaeoenvironmental
conditions. In Western Europe, 6'°C ranging from
—239, to —269%, indicates that, during the last climatic
cycle, only plants using the C3 photosynthetic pathway
existed (Hatté et al. 1998). Thus 6'°C variations were
interpreted as changes in environmental conditions re-
lated primarily to the concentration and isotopic
composition of atmospheric CO, as well as water
availability and, secondarily, to temperature, soil type
and texture, and insolation.

Using a linear relationship between 4'°C and CO,
concentration and isotopic composition on the one hand
and precipitation on the other, Hatté et al. (2001a) at-
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tempted a first deconvolution of the 8'>C record to
reconstruct palaeoprecipitation. However, palaeocli-
matic inferences were limited, due to the fact that only
parameters of the first order were taken into account.
The use of vegetation models can introduce a greater
complexity by considering first and second order
parameters and improve palaeoprecipitation recon-
struction. Inverse vegetation modelling has been used
previously to reconstruct palaeoclimates from palyno-
logical spectra (Guiot et al. 2000) and, recently, from the
C4/C3 ratio (Boom et al. 2002). Boom et al. (2002)
compared the C4 ratio calculated from isotopic mea-
surements of alkanes with the C4 ratio output from
Biome3 for reconstructing past CO, concentration. Our
objective here is to directly use the isotopic ratios, an
output of a vegetation model.

We use Biome4, a modified version of Biome3
(Haxeltine and Prentice 1996), where an isotope sub-
routine has been incorporated (Kaplan et al. 2002).
However, the fit between isotopic fractionation simu-
lations and observations is not sufficiently close to the
1:1 relationship (Fig. 1 for an Australian dataset). We
therefore modified the Biome4 model to improve the
simulation of the mean §'°C of plant communities,
and tested it against modern data sets. Finally, we
inverted the model, applying the Metropolis-Hastings
technique to Northwestern Europe by using the loess
reference of the NuBloch sequence (Rhine Valley,
Germany). The loess series enjoys a high temporal
resolution (over 1 m for 1,000 years), supported by a
fine and reliable chronology (Hatté et al. 2001b; Lang
et al. 2003), and has already been the subject of
numerous geochemistry, pedostratigraphy, malacology,
and magnetic susceptibility studies (Hatté et al. 1998,
1999, 2001a; Antoine et al. 2001; Moine et al. 2002;
Rousseau et al. 2002).
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Fig. 1 Modern data sets. The simulation results are presented
versus the observed data for 8°C (left hand) and annual
precipitation (right hand). Open circles stand for simulated
precipitation obtained for the Australian data set with the original
Biome4 version. The simulation results are presented with an error
margin; however in order to keep the figures easy to read, no

2 Method
2.1 Model Biome4

Biome4 (Kaplan et al. 2002) is a process-based terres-
trial biosphere model, modified from Biome3 (Haxeltine
and Prentice 1996). Model inputs include data on lati-
tude, soil textural class, and monthly climate (temper-
ature, precipitation and insolation). Incoming solar
radiation is calculated considering present-day orbital
parameters and a global average albedo. The model
usually runs on a 0.5° grid, but can run on any site with
complete climatic and soil data. Biome4 considers 13
potential Plant Functional Types (PFTs), representing
the major bioclimatic types and growth forms of ter-
restrial plants. The association of PFTs enables the
determination of a single biome amongst 28 potential
candidates (Table 1). The Biome4 model includes a
photosynthesis scheme that simulates acclimation of
plants to external forcing by optimisation of net primary
production (NPP) and leaf area index (LAI). Additional
rules for approximating the influence of light, canopy,
fire risk, and snow are also included. In order to opti-
mise NPP and LAI so as to take external forcing into
account, Biome4 uses a coupled carbon and water flux
model, to solve a variation in leaf stomatal aperture
through iterative calculation, as a response to a mois-
ture-stressed environment. Indeed, in terrestrial vegeta-
tion models, this leaf stomatal aperture is usually
characterised by the ratio between intracellular and
atmospheric CO, concentration, C;/C,. The iterative
calculation starts from a priori C;/C, values defined for
each PFT and from the photosynthetic pathway.
Competition among PFTs is simulated by using the
optimal NPP of each PFT as an index of competitive-
ness. By comparing the optimised NPPs of each PFT,
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variation range is shown for the observations. Data are compiled in
Table 2. The regression lines and their 1? correlating all observa-
tions are shown as well. Notice that, for the range of paleo-
reconstruction (precipitation lower than 800 mm year '), the
relationship between observed and simulated precipitation displays
a slope of 0.95+0.14 (¥ =0.72, n=19)
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Table 1 List of the 28 biomes assigned to Biome4 (biome number, abbreviation and extended name) and corresponding groups of biomes
as designed in this study for inverse modelling (group number and name)

List of the 28 biomes

List of the 7 groups of biomes

Biome n° Abbreviation Extended name Group n° group name
1 TrEgFo Tropical evergreen forest 1 Tropical forest

2 TrSeDeFo Tropical semi-deciduous forest 1 Tropical forest

3 TrDeFo Tropical deciduous forest/woodland 1 Tropical forest

4 TeDeFo Temperate deciduous forest 4 Temperate forest

5 TeCoFo Temperate conifer forest 4 Temperate forest

6 WaMxFo Warm mixed forest 4 Temperate forest

7 CoMxFo Cool mixed forest 4 Temperate forest

8 CoCoFo Cool conifer forest 4 Temperate forest

9 CIMxFo Cold mixed forest 5 Boreal forest

10 EgTaig Evergreen taiga/montane forest 5 Boreal forest

11 DeTaig Deciduous taiga/montane forest 5 Boreal forest

12 TrSav Tropical savanna 2 Tropical grassland
13 TrXeShl Tropical xerophytic shrubland 2 Tropical grassland
14 TeXsShl Temperate xerophytic shrubland 3 Temperate grassland
15 TeXsWol Temperate sclerophyll woodland 3 Temperate grassland
16 TeBISa Temperate broadleaved savanna 3 Temperate grassland
17 OpCoWol Open conifer woodland 5 Boreal forest

18 BoPrkl Boreal parkland 6 Boreal grassland

19 TrGrl Tropical grassland 2 Tropical grassland
20 TeGrl Temperate grassland 3 Temperate grassland
21 Desert Desert 2 Tropical grassland
22 StTund Steppe tundra 6 Boreal grassland

23 ShTund Shrub tundra 6 Boreal grassland

24 DShTund Dwarf shrub tundra 6 Boreal grassland

25 PsShTund Prostrate shrub tundra 6 Boreal grassland

26 CuTund Cushion forb lichen moss tundra 6 Boreal grassland

27 Barren Barren 7 None

28 Lice Land ice 7 None

Biome4 determines the dominant, co-dominant, and
grass-dominant (if different from the two others PFTs).
Biome4 then determines the output biome from the
successful PFTs, the corresponding NPP, respiration,
growth primary production (GPP=NPP-respiration),
and LAI. Fractionations by C3 and C4 plants are cal-
culated using the Lloyd and Farquhar (1994) model
(mainly using parameters defined during in vitro
experiments). The mean annual isotopic fractionation is
calculated by weighting monthly fractionation by the
respective GPP. Biome4 then attributes to the output
biome the isotopic fractionation calculated for the
dominant PFT; if the dominant PFT includes C4 and
C3 plants, it only considers the dominant photosyn-
thetic type plants. Therefore, it neglects the co-existing
PFTs and the sub-dominant photosynthetic type plants.

2.2 Biome4 revisions

We introduced several changes to different parts of the
Biome4 program. First, a lower limit of the C;/C, ratio
was introduced. Secondly, all the isotopic fractionations
of both photosynthetic pathways for all coexistent PFTs
were taken into account and weighted by NPP. Thirdly,
some constant parameters of the Lloyd and Farquhar
(1994) model were replaced by functions of environ-
mental parameters.

(a) The optimisation of NPP and LAI by successive
iterations of C;/C, (necessary to determine the out-
put PFT and biome) may result in a decrease of the
C;/C, ratio and, since no lower limit is prescribed,
may result in a quasi-closing of the stomatal aper-
ture. As it determines internal CO, partial pressure,
C;/C, has a major impact on total fractionation of
13C: the more the stomata are closed, the lower is the
exchange between intracellular spaces and the
atmosphere. Consequently, the assimilation of heavy
carbon increases and 6'°C goes up. Thus, because
Biome4 sets no lower limit, a C3 plant could appear
as having a C4 signal, with a high 6'*C. Farquhar
et al. (1982) determined a ratio ranging from 0.95 to
0.36, with a mean at around 0.63. Wong et al. (1979)
reported a mean ratio of 0.7. Constable and Rawson
(1980) measured values in the 0.48-0.76 range, and
Sharkey and Raschke (1981) presented higher values
ranging from 0.87 to 0.98. We define a lower limit
for C;/C, of C3 plants at 0.5, close to the lowest
values measured experimentally.

Whereas the original Biome4 only accounts for the
dominant photosynthetic pathway in the dominant
PFT, our modification accounts for both photo-
synthetic pathways co-existing in all potential PFTs.
Thus a new matrix is introduced, including each
intermediate value of NPP, GPP, and isotopic
fractionations for C3, and C4 plants if they exist.

(b)
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Furthermore, in contrast to the original Biome4
version, we adopted the approach, also followed by
Scholze et al. (2003), of weighting various interme-
diate fractionations by the respective NPP instead of
GPP. This weighting defines the isotopic fraction-
ation of stored carbon rather than the total carbon
that entered the leaves.

The routine calculating the isotopic fractionation of
C3 plants is based upon the Lloyd and Farquhar
(1994) model. The published parameters in this
model mainly result from in vitro experiments under
fixed optimal current conditions, i.e. 20 or 25°C,
~350 ppmv CO,, and with no nutrient or water
limitations. The discrimination against '*CO, during
photosynthetic fixation of CO, (coefficient b in
Lloyd and Farquhar’s model) was established at
25°C and varied between 26.49, and 28.2%,. An
average value of 27.59, was selected, but is valid
only at 25°C. The revised version of Biome4 con-
siders the isotopic fractionation due to photosyn-
thetic fixation of CO, as temperature-dependent. In
standard air (i.e. 350 ppmv CO,, 25°C, and 21%
0,), the influence of photorespiration is small and is
assumed to be close to zero. Nevertheless, the
intrinsic discrimination of photorespiratory decar-
boxylation of glycine (coefficient f in the Lloyd and
Farquhar (1994) model) depends on the partial
pressure of CO, in the external atmosphere and
intracellular spaces, and consequently is dependent
on the CO, concentration. From different environ-
mental studies, a negative relationship between CO,
concentration and 8'°C in plants has been deter-
mined (Krishnamurthy and Epstein 1990; Van de
Water et al. 1994; Feng and Epstein 1995; Pasquier-
Cardin et al. 1999). All of these studies agree with
the one published by Feng and Epstein (1995)
yielding a 6'C decrease of 2.0+ 0.19, for an increase
in atmospheric CO, of 100 ppmv. Therefore, rather
than using a constant value off (equal to eight in the
original Biome4), we introduce a CO, concentration-
dependent factor, adjusted to best simulate the
relationship between CO, concentration and isotopic
fractionation. Finally, the contribution of dark res-
piration to discrimination has also been extensively
studied (Park and Epstein 1961; Hsu and Smith
1972; Troughton et al. 1974; Francey et al. 1985; Lin
and Ehleringer 1997; Duranceau et al. 1999). This
term is normally considered to have only a weak
impact on total fractionation, even if its exact extent
is not known. Several values are available in the
literature, varying from 6%, to —49%,, and we chose

0.1%,.

(©

2.3 Inverse modelling

We use here the revised version of the process-based
vegetation model Biome4 in an inverse mode (i.e.
starting from the outputs to infer some of the inputs of
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the model) to reconstruct the most probable climate. We
follow the procedure of Guiot et al. (2000), based on a
Monte-Carlo sampling of monthly precipitation and
monthly temperature in a pre-defined range (Metropo-
lis-Hastings algorithm, Hastings 1970).

The output biome and the plant NPP are constrained
as much by temperature (annual distribution and abso-
lute value) as by precipitation. The carbon isotopic
composition is highly dependent on precipitation.
Therefore, adding 613C, to the output biome, as a con-
straining parameter for the inversion procedure narrows
the range in precipitation variation and, as a result
better constrains the temperature range as well. The bio-
indicator loess records do not precisely define the biome
that is contemporaneous with the deposit. Pollen grains
are too sparse to permit a palynological study, but the
range of possible biomes may be deduced from pedology
and malacology (molluscs). We consequently regroup
the 28 potential biomes into seven biome groups: trop-
ical forest, tropical grassland, temperate grassland,
temperate forest, boreal forest, boreal grassland, and
“none”’ (barren and ice land) (Table 1).

In the inverse modelling process, some inputs are
known and some are not. First, the known inputs cha-
racterise the site and/or the age-dependent parameters
(i.e. soil type and texture, altitude, atmospheric CO,
concentration and isotopic value). Second, the unknown
inputs, regarded as constraints for the inverse modelling
towards which the simulation must tend, are the average
0'°C observed and one or two pre-defined groups of
biomes out of the seven defined above. The agreement
between the modelled outputs and the set of observa-
tions is evaluated by a numerical distance that takes into
account the isotopic value and occurrence of the simu-
lated biome in the predefined groups of biomes:

5 min [(bl — b))%, (by — by)?| + (8C, — 58Cy)*
S2

where by, b,, and b, are, respectively, the observed
biome (first and second choice) and the simulated
biome, the subscripts o and s for ¢'°C correspond to
observed and simulated values, and S? is the inverse of
the residual variance, also called the precision of the
estimates. b is the biome group number from one to
seven. We allow the algorithm to choose between two
groups of input biomes so as to enhance its flexibility
(first (1) and second (2) choice). The factor five is used
so that the order of magnitude of biome number is
comparable to that of the 6'°C, while the exponent
four for 6'°C is used to give more weight to a dis-
crepancy in 6'°C than in the biome number. We exploit
five parameters to maximise D? : (a) January temper-
ature, (b) July temperature, (c) January precipitation,
(d) July precipitation, and (e) S? the model precision.
The last parameter represents the inverse of the fitting
error, and is also an adjustable parameter related to the
units of the §'°C variable. The above equation is cali-
brated to vary between 0 and 10; a perfect fit having a

D’ = —
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precision of 10. The temperature and precipitation of
the other months are calculated by sinusoidal interpo-
lation between January and July. Sunshine percentage
is also an input of Biome4, and is estimated by linear
regression from temperature and precipitation of the
same month, as described by Guiot et al. (2000).

The inversion process starts with random values for
the five parameters taken from initial sampling intervals.
Those parameters are defined as anomalies from a ref-
erence state. The required climatic variables (i.e.
monthly precipitation, temperature, and cloudiness) are
also calculated as anomalies. The five input parameters
are updated to new values according to the rules of the
algorithm, and a new run is performed. The probability
distribution of the five input parameters is computed
after several thousand iterations, while that of 5'3C is
also calculated, and compared with the observed value
as a quality-check for the fit. All distributions are cal-
culated within the 95%-confidence range.

2.4 Modern data

To our knowledge, only two studies available in litera-
ture are sufficiently detailed to validate our revised
model under modern and natural conditions. One fol-
lows transect along Australia, covering a wide range of
precipitation and landscapes (Stewart et al. 1995). The
other presents leaf 6'°C variability in the southwestern
United States (Van de Water et al. 2002).

2.4.1 Australia

Stewart et al. (1995) analysed 12 plant communities
along a 900 km-long rainfall gradient in southern
Queensland (Australia), which accounts for annual
precipitation from 290 mm year ™' up to
1690 mm year™'. In order to closely approximate the
great diversity in taxonomy, a mean of 29 species was
sampled for each site. The community-averaged 6'°C
signature ranged from —25.6%, in a brigalow-dominated
community in western Queensland to —31.2%, in a
subtropical rainforest in eastern Queensland. Simula-
tions based on five different couples of biome categories
were performed to reproduce the diversity of landscapes,
mostly based either on tropical biomes (forest and/or
grassland) or with an opening in the temperate forest, to
allow for the simulation of “dry rainforest”” and ‘““open
forest” (Table 2).

2.4.2 United States

Samples were taken from deserts and woodlands along
two transects in southeastern Utah and south central
New Mexico (Van de Water et al. 2002). Climatic con-
ditions are cooler, drier in Utah while they are warmer,
wetter in New Mexico. In Utah, sites at lower altitudes
are deserts (mixture of C3 and C4) whereas sites at
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higher altitudes are more temperate (including
deciduous and coniferous trees). Simulations were per-
formed based on a temperate group of biomes for the
highest points, and authorised desert as potential biomes
for the lowest points. The New Mexico sites present
higher levels of precipitation but sparser vegetation than
in Utah. Simulations were performed on wooded tem-
perate biomes for the highest site (2,438 m) and on grass
biomes for the lowest sites (exclusively temperate at
2,286 m, and temperate or tropical at lower altitudes)
(Table 2).

Temperature and precipitation derive from compari-
sons made between meteorological stations close to each
elevational transect, from which temperature and pre-
cipitation lapse rates are calculated by Van de Water
et al. (A°C by elevational meter and A mm year ' by
elevational meter). Precipitation ranges from
160 mm year~' to 450 mm year ' in Utah and from
360 mm year ' to 610 mm year ' in New Mexico. To
obtain mean isotopic values, we averaged the §'>C of the
species balanced by the measurement number of the
considered species (6'*C of the whole plant derives from
corrected 0'°C obtained on cellulose). The aim of the
Van de Water et al. study was not to obtain a mean
isotopic value of the landscape. The overrepresentation
of some species and lack of others can bias the mean
isotopic value used in our study. Mean observed §'°C
values range from —23.2%, to —24.8%, in Utah and from
—23.19, to —25.99, in New Mexico.

2.5 Validation of the revised Biome4 on modern data

The calculations for the modern data are done through
inverse modelling. This allows us to check at the same
time the changes we incorporated in Biome4 and the
inversion process. Furthermore, this provides access to
uncertainty ranges, estimating of the sensitivity of the
model and comparison of the model output to the field
measurements.

2.5.1 Australia

The observed diversity of the vegetation community is
found in the Biome4 simulation, with four biomes
appearing as the most probable: Tropical Xerophytic
Shrubland (TrXeShl), Tropical Evergreen Forest (TrE-
gFo), Warm Mixed Forest (WaMxFo), Temperate
Deciduous Forest (TeDeFo) (Table 2, Fig. 1).

Except for the two lightest 6'*C (Glorious Mountain
and Lamington, both subtropical rainforests), the
simulation shows good consistency with the observa-
tion (Fig. 1a). For the two very rainy sites, a threshold
effect can be observed. As water availability is not
limited, 6'3C does not shift further. The threshold can
be set at ca. 1,600 mm year~' for Tropical Evergreen
Forests. The relation between observed and simulated
precipitation shows a greater scatter than that of 6'°C,
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although it remains consistent in light of the uncer-
tainties (Fig. 1b). This scatter is observed for Logan-
holme, Berriman Mountain, Pine Mountain and
Coominya. Loganholme is characterised by the authors
as a ‘“‘swamp’’. This particular hydrological situation
can be at the origin of the underestimation of the
precipitation level. For Berriman Mountain, Pine
Mountain and Coominya, the simulated precipitation is
higher than observed and they are all simulated by a
Warm Mixed Forest (WaMxFo). This overestimation
can be linked to the Biome4 itself. For forests, the
canopy effect is only partially taken into account. The
canopy effect has two major impacts: first, a limited
diffusion of CO, (resulting from mineralisation of soil
organic matter) and consequently a higher CO, con-
centration available for plants, and secondly a decrease
of the CO, isotopic composition. Indeed, the CO,
resulting from the degradation of soil organic matter
shows an isotopic composition of around —25%,, that
tends to bring the 6'*Catm down to a more negative
value than the —7.85%, set in the input vector. Con-
sequently, even if *C fractionation from atmosphere to
plant remains the same, the observed isotopic signature
of plants appears as more negative in closed environ-
ments than in open landscapes. Thus, as this canopy
effect specificity is omitted in Biome4, the precipitation
simulated for closed landscapes might be slightly
overestimated, but within the uncertainty range.

2.5.2 United States

As shown in Table 2, the Utah data include biomes
ranging from Temperate Deciduous Forest (TeDeFo)
and TeGrl from 2,750 m to 1,830 m to Desert under
1,530 m, and are in line with observations. Likewise, the
New Mexico data characterise biomes ranging from
Temperate Broadleaved Savanna (TeBISa) at the highest
altitude to Temperate Grassland (TeGrl) under 2,290 m,
except at 2,134 m where a Temperate Xerophytic
Shrubland (TeXsShl) appears as the most probable
biome (Table 2, Fig 1).

As shown in Fig. 1, the agreement between simulated
results and observations is good for both §'*C and
precipitation. One observed 6'°C value from the New
Mexico site at 2,134 m falls outside the general trend for
New Mexico, showing values that are increasingly neg-
ative with altitude. To reach this 6'°C through the
inversion procedure, Biome4 has to simulate a TeXeShl
instead of a TeGrl, as it does for the 2,286 m and
1,981 m levels framing 2,134 m. This could explain the
discrepancy between simulated and observed precipita-
tion.

Relationships between observations and simulations
from the three modern data sets are close to 1:1, with
respective slopes of 0.90+0.02 (+*=0.98, n=29) for
013C and 0.97+0.06 (*=0.90, n=29) for precipitation
(Fig. 1). This consistency further validates the additions
inserted in the original Biome4 model.

3 Application
3.1 Set of paleodata: the NuBloch loess sequence

The revised version of Biome4 is applied to a 6'°C re-
cord of loess organic matter in the Rhine Valley. The
NuBloch loess sequence covers a great part of the last
climatic cycle, but only the last 83 kyr period is con-
sidered here. The isotopic record and chronology are
presented elsewhere (Hatté et al. 2001b; Lang et al. 2003)
and are shown in Fig. 2a. For the isotopic study, the
NuBloch sequence was sampled by taking 1-2 g sedi-
ments at intervals of 5-10 cm and by analyzing bulk
carbon isotopic composition. 6'*C values vary from
—25.72 to —23.52£0.15%,. Considering the low level of
CO, concentration during glaciation, such isotopic val-
ues characterise the presence of only C3 plants all along
the considered period.

Antoine et al. (2001) presented the pedostratigraphy
and sedimentology. Briefly, the NuBloch loess sequence
is 18 m thick. The basal soil complex underwent a pe-
dosedimentary evolution (Luvisol/Greyzem/“steppe
soil”’) characterising the classic progression towards
increasing continentality, from the end of the Eemian to
the beginning of the full glacial stage. The pedocomplex
expanded by 60 cm between ca. 100 and 67 kyr BP.
Pedology and palynology attest the presence of boreal
forest with pine and birch. In this study, only the
Greyzem and “‘steppe soil” are considered. Thereafter,
typical loess deposited over 16 m between ca. 67 to
15 k?/r BP during the Pleniglacial phase. According to
the '* C ages (Hatté et al. 2001b), a hiatus occurred
during the 3446 kyr period. Two Cambisols, known as
Lohner Boden and Griselberger Boden interstratified
the typical loess. They are associated with a climatic
improvement marked by the presence of some trees,
clearly attested by pedology and malacology (Antoine
et al. 2001; Moine et al. 2002). The upper levels of the
sequence represent early Holocene, i.e. temperate vege-
tation with deciduous trees.

For most of the sequence, the input vector sets the
“boreal grasslands” group of biomes (n° 6, see Fig. 2b)
as the only possible one. For the Cambisols, the input
vector is either “boreal grasslands™ or “boreal forests”
(6-5). The basal Greyzem and “‘steppe soil” are defined
as ““boreal forests” because they are associated with pine
forest (Antoine et al. 2001). Finally, a succession from
“boreal grasslands™ (6-6) to “temperate forests’ (4-4) is
proposed for the upper first meter. In the soil grid pro-
vided by the Food and Agriculture Organisation (FAO),
we considered a soil in northern Asia (Kirghizstan) as
representative of a glacial NuBloch environment. The
soil parameters of the boreal forest come from a modern
soil in Northern Canada.

The isotopic composition of atmospheric CO, is ob-
tained from a smoothed signal of the Leuenberger et al.
(1992) original measurements, re-sampled for the last
43 kyr using the NuBloch scale and considering a con-
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Fig. 2 Paleo data set. All the data is
presented versus an age-scale in kyr cal
BP. '“C-ages are calibrated using Calib
4.3 (Stuiver and Reimer 1993) for the
last 22 kyr and translated into calendar
age using the study of Kitagawa and
van Der Plicht (1998) for older periods.
From top to bottom: (a) 6'°C record
(solid line) and accumulation diagram
(dotted line) of the NuBloch loess
sequence, (b)biomes groups as
proposed in the inverse modelling
input vector, (¢) isotopic composition
(derived from Leuenberger et al. 1992)
and concentration of atmospheric CO,
(derived from Petit et al. 1999 and
Indermiihle et al. 2000) as introduced
in the inverse modelling input vector,
(d) simulated biomes as output of
inverse modelling, (e¢) Greenland ice-
core GISP2 'O (Grootes et al. 1993;
Sowers et al. 1993; Meese et al. 1994;
Stuiver et al. 1995), (f) precipitation
reconstruction obtained by inverse
modelling, grey zone for global
uncertainty range and circles for modal
values, (g) paleoprecipitation
reconstruction based on the transfer
function (Hatté et al. 2001a)

stant value (—6.87%,) for older points (Fig. 2c). The
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second one was performed with a higher temporal res-
olution (mostly around 550 years) consistent with the
temporal resolution of our isotopic record, especially for
the period 20.3-24.5 kyr where a time slice between two
consecutive 100-year samples is frequent. Unfortunately,
this last record runs only from 20 kyr to 60 kyr. Both
records being based on the GT4 chronology, we used a
composite record of CO, concentration obtained by re-
sampling both signals with the NuBloch time-scale
(Fig. 2c).

The inverse modelling process is performed using
initial sampling increments from —25°C to +15°C of
modern January and July temperatures and —80 to
+40% of modern January and July precipitation. The
initial value of S% the model precision, is set at five.

3.2 Results and discussion

The outputs of inverse modelling applied to the NuBlloch
loess sequence are of three types: simulated biome
(Fig. 2d and a zoom in Fig. 3), simulated 6'*C (Fig. 4)
and palaeoprecipitation reconstruction (Fig. 2d). Sedi-
mentological, malacological and geochemical studies
performed on loess provide a comparison between pos-
sible biomes’s and 6'*C’s simulated and observed data.
We do not consider temperatures, as they are less con-
strained by 6'°C than is the case for precipitation.
Biome4 simulates a Shrub Tundra (ShTund) along
with the typical loess deposit, and sometimes shows a
competition with an Evergreen Taiga (EgTaig) and/or a
Cool Mixed Forest (CIMxFo) (Fig. 2d). Deglaciation
follows the trend to more temperate conditions: from a
ShTund to a TeDeFo, through EgTaig and Temperate
Coniferous Forest (TeCoFo). The ‘“Greyzem/steppe
soil” vegetation is simulated as an EgTaig. All of these
inversion results are in agreement with the pedological
and malacological bio-indicators (Antoine et al. 2001;
Moine et al. 2002). The two Cambisol are nevertheless
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simulated by closer vegetation (EgTaig) than expected,
due to the absence of a modern analogue for a “‘very
open steppe covered by 20-30% of birches” (Antoine
et al. 2001). The transition from closed to open vegeta-
tion is not linked to the initial conditions defined in the
input vector of the inversion procedure, but is directly
related to the climatic and environmental conditions.
The fine structure of the biome distribution (given by the
Monte Carlo algorithm) clearly records the progressive
transition from open vegetation to taiga. This is obvious
for the 6045 kyr BP period framing the development of
the “Griselberger Boden” (Fig. 3). If, before 60 kyr, the
ShTund appears clearly as the most probable biome, the
competition with closer vegetation comes as early as
59.5 kyr BP. This competition finally expresses an Eg-
Taig as the most probable biome between 52 kyr and
48 kyr BP. The return to ShTund occurs as early as
47.5 kyr BP, whereas the input vector allows both five
and six biomes groups, i.e. trees presence, until 47.2 kyr
BP. The occurrence of open or closed vegetation is not a
solution by default, but really reflects a vegetation re-
sponse to climatic forcing. The precise constraint of
biome groups in the input vector is only a way of nar-
rowing the ranges of precipitation and temperature.

The &'°C output ranges from —23%, to —26.5%,
(mean uncertainty range: +0.5%,) and is in agreement
with observations (+*=0.75, n=164, Fig. 4). Neverthe-
less, some discrepancies may be identified, particularly
during the ca. 62-58 kyr BP period, for which simula-
tions present lower values than observations. The causes
of the “6'>C mismatches” between the data and the
model may arise either from the Biome4 model itself or
from the isotopic data:

(a) The absence of modern analogues for palaeo-
assemblages can be referred to, as for all paleocli-
matic analyses. Biome categories are based upon
present vegetation, and thus do not accommodate
the possibility that vegetation units may have existed

Boreal forests
or grasslands

Boreal grasslands

——— ShTund
- - {J- - EgTaig
- - X - - CIMxFo

Fig. 3 Probability of 1A z
occurrence for three biomes: Bl
Shrub Tundra (ShTund, solid 0.9 - E 2
diamonds and solid line), &
Evergreen Taiga (EgTaig, open 0.8
squares and dashed line) and >
Cool Mixed Forest (CIMxFo, = 0.7 A
stars and dashed line) for the g
61-45 kyr interval. The grey 5 061
zone shows the period for which 8.
the input vector proposed g 051
boreal forests or grasslands, as 5
opposed to single boreal § 0.4 1
Q
grasslands 8 03|
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0 T
45000
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Fig. 4 observed (solid line) and 27 4
simulated (grey zone) 6'*C
versus age-scale. The -26.5 1
correlation factor is ca. 0.75 for
164 observations -26 1
~ -25.5 A
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en 251
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in the past under environmental conditions with no
extensive modern equivalent that do not match di-
rectly any contemporary biome. As an example, the
“very open steppe covered by 20-30% of birches”,
associated to Cambisol, is not easy to represent in
terms of present biomes. Likewise, the specificity of
loess deposit cannot be found in present soil devel-
opment conditions: nowhere does such dust accu-
mulation exist and nowhere is there a place saved by
pedogenesis.

(b) The vegetation model can also be referred to. In the
Biome4 model, the albedo and incoming solar
radiation are set at a constant corresponding to their
modern values, even though they display important
fluctuations all along the last glaciation period, with
repercussions on plant physiology.

(c) The discontinuous sampling performed for the iso-
topic study can distort the magnitude of the changes
in the simulated 6'>C. A punctual sampling of loess,
1 g each 10 cm, corresponds to a random sampling
of climatic variations.

The input vector of the inverse modelling includes
isotopic composition of atmospheric CO,. Due to
the sparse values available, we had to assign a con-
stant value to periods older than 43 kyr BP, even
though a variability of 1-1.59%, is observed (Eyer
et al. 2004).

(d)

Besides this slight discrepancy, the general agreement
between simulations and observations is good, as indi-
cated by the r* value equal to 0.75. Therefore, we are
founded to interpret the palaeoprecipitation recon-
struction in climatic terms.

The inverse modellin§ simulates palacoprecipitation
ranging from 2807 '°_ ¢, mm year™' to 460" %
_16o mm year ' along the glaciation period (Fig. 2f),
well below the modern value of about 800 mm year .
This aridity is in agreement with pedological and mal-
acological bio-indicators (Antoine et al. 2001; Moine
et al. 2002). This range is also lower than the values
derived from the transfer function previously used

age (kyear BP)

(Fig. 2g, Hatté et al. 2001b), where an overestimation of
glacial precipitation at its contemporary value was al-
ready indicated. The palaeoprecipitation reconstruction
obtained by inverse modelling can be divided into three
parts. Prior to 28 kyr BP, precipitation varies from
2801129 ) mm year_1 to 460 " %°_ o mm year_1 and is
relatively constant in the ca. 28—15 kyr BP range. It
finally increases during deglaciation.

The period before 28 kyr BP shows large oscillations
of about 150-200 mm year™'. These are very similar and
contemporaneous to some Dansgaard-Oeschger events
(D/O) as recorded by Greenland ice-cores (GISP2 §'%0,
Grootes et al. 1993; Sowers et al. 1993; Meese et al. 1994;
Stuiver et al. 1995). The D/O 14, 15, 16, 18 as well as
three or four are particularly well recognisable (Fig. 2e,
f). The D/O 14, that is associated with a temperature
shift of 10-12°C in Greenland (derived from Dahl-Jen-
sen et al. 1998; Lang et al. 1999; Landais et al. 2004), is
marked by a precipitation increase of 200 mm year ',
i.e. +ca. 70%. The very similar and contemporaneous
signals in both the Greenland and NuBloch do not
represent an artefact, due to the variability of the global
signals. This is particularly clear prior to 43 kyr BP
when the 6'*Catm values are stable, whereas when they
vary after 43 kyr BP, they are not in phase with the
fluctuations of palaeoprecipitation, especially with re-
spect to D/O 3-4. In addition, the maxima of the pre-
cipitation  systematically lead those of CO;
concentration. Furthermore, the CO, variations are ca.
20 ppm. According to Feng and Epstein (1995), this
would be reflected by a 6'°C shift of about 0.4%, and
thus explain a change of precipitation of only
60 mm year . The similarity expressed in both GISP2
and NubBloch evidences a close link between precipita-
tion regime, polar and continental ice-sheets size, sea
level and consequently polar front position. At the first
order, 6'%0 changes in ice are linked to those of the
atmospheric temperature and depend on the ice-sheet
size: the smaller the ice-sheet, the more positive is the
0'%0 and the higher the temperature. This pulls the polar
front to the North Atlantic high latitudes, favouring a
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mild oceanic regime over Western Europe and over the
NuBloch site. Alternatively, during stadials the polar
front moved southwards (Ruddiman and Mclntyre
1981), limiting the inflow of wet air over Europe.

A nearly constant level of precipitation at around
280 mm year ' is observed between 28 kyr and 17 kyr
BP during full glacial conditions (Fig. 2f). At that time,
the English Channel had mostly emerged (sea-level ca.
90 m below present conditions, Waelbroeck et al. 2002).
Such a geographical configuration is consistent with a
great reduction of the inflow of wet oceanic air fluxes.
NubBloch is thus less sensitive to changes in the polar
front position during that time interval.

The deglaciation and Holocene onset are character-
ised by higher precipitation, reaching 960 "% _55, mm
year ' at ca. 9,000 years BP and decreasing to
8607 1%°_1,0 mm year ! around 8,000 years BP, which is
in line with the present 800 mm year ' (Fig. 2f). The
steady increase of precipitation associated with the
deglaciation is interrupted by a step between 14 kyr and
12.5 kyr BP, which one is tempted to relate to the
Younger Dryas.

These precipitation results show a picture consistent
with the malacological and pedological analyses of the
loess sequence, as well as with the climatic conditions
over both the oceanic and the cryospheric areas. The use
of vegetation models clearly provides the expected
alternative to the transfer function for palacoprecipita-
tion reconstruction purposes.

4 Conclusion

We presented here a palaeoprecipitation record of the
NuBloch sequence by using a modified version of
Biome4. The inverse modelling outputs show an agree-
ment between simulated biomes and pedological and
malacological observations. Likewise, observed and
simulated 0'°C are clearly in agreement, as indicated by
the * value equal to 0.75. The palacoprecipitation
reconstruction shows mean annual values from
240 mm year ' to 400 mm year ' during the last glaci-
ation, well below the modern value of around
800 mm year'. It shows large fluctuations of ca. 100~
200 mm year ' that may be related to the Dansgaard-
Oeschger events. However, this reconstruction could
certainly be improved by adding constraints to the input
vector used for inverse modelling, such as annual dis-
tribution of precipitation and temperature or variable
insolation and albedo in the biome determination pro-
cess. In the Biome4 itself, a better account of the canopy
effect in the 4'°C calculation and of soil specificities (so
as to achieve a realistic hydrological model) will improve
the reconstructions. Similarly, a better knowledge of the
atmospheric CO, signature (finer resolution of the con-
centration record for the whole 0-100 kyr 3pelriod and
advances in measurement technology for §'°Catm) will
increase the accuracy of the method.
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The loess belts cover ca. 10% of the emerged surface
(Pécsi 1990). Inverse modelling based on organic geo-
chemistry in loess opens an opportunity to better
understand, reconstruct and simulate past hydrology,
and to map a general pattern of atmospheric circulation
by reconstructing precipitation changes during glacials.
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