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Abstract

In the mid-high latitude region, variations of stable isotopic compositions of
atmospheric precipitation (§'%0, and 8D,) were commonly regarded as reflecting a
“temperature effect”. However, some studies have indicated that the change of
moisture source was an important controlling factor for §'%0,. To clarify whether
there is connection between §'%0, and the variation of moisture source in Southwest
France (SW-France), whose implication for speleothem paleoclimatic interpretation is
of great importance, we have used among the longest isotopic time series from
SW-France (Le Mas and Villars stations) and a 5 days’ reconstruction of air mass
history during the 1997-2016 A.D period based on HYSPLIT tracking model. We
found the percentage of initial moisture sources (PIMS) as an important factor
controlling the oxygen isotope composition of precipitation in SW-France, whether
monthly or inter-annual timescales was considered. Additionally, we found that the
5180, preserved the signal of local temperature, supporting a “temperature effect”,
while no evidence for its “amount effect” have been observed. These quantified links
between PIMS/local-temperature and §'30, appears useful to better understand the
links between stable oxygen isotopes and climate parameters. Our long-term
monitoring of the 8180p, d-excess, and moisture sources reveals decadal trends,
highlighting a tight coupling in hydrologic systems and relatively fast changes in

SW-France rainfall sources controlled by atmospheric circulations.
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Main manuscript content

1. Introduction

The stable isotopic compositions of atmospheric precipitation (5'%0, and D))
(See acronyms in Appendix Table 1) are important tools for understanding regional
atmospheric circulation and local hydrological cycle (Dansgaard, 1964; Sharp, 2007,
Gat, 2010; Genty et al., 2014). The mechanism between the temperature/precipitation
and isotope ratios in rainfall are considerably complex, including these processes like
Rayleigh fractionation, diffusive exchange of isotopes between raindrops and vapor,
as well as re-evaporation of falling rainfall (Fricke and O’Neil, 1999;
Araguds-Araguds et al., 2000, 2005; Risi et al., 2008; Lachniet, 2009; Field et al.,
2010). The &'O in many natural archives has been used to reconstruct the
paleoenvironment over the past few years (Pettit et al., 1999; Wang et al., 2001; Hu et
al., 2008; Zhang et al., 2008; MeDermott et al., 2011). Thus, the investigation and
qualification on the various factors governing the rainfall stable isotopes are of great
importance for the paleoclimate community (Krklec and Dominguez-Villar., 2014;

Krklec et al., 2018).
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Average monthly local temperatures, generally measured 2 m above ground
level, are statistically correlated with the monthly §'80, and 8D, on middle and
high-latitude monitoring stations, called “temperature effect” (Dansgaard, 1964;
IAEA working group, 2000), particularly obvious on the European continent (Krklec
and Dominguez-Villar., 2014; Krklec et al., 2018), however, the relationship on the
inter-annual timescale remains unclear. Additionally, some researchers have revealed
that the inter-annual atmospheric variability, such as North Atlantic Oscillation
(NAO), also controls the rainfall isotopic value (Baldini et al., 2008;
Fischer and Mattey, 2012). However, local precipitation amount and monthly isotope
ratios do not exhibit significant correlations in continental Europe (Dansgaard, 1964).

Some previous studies have proposed that the moisture source was an important
controlling factor for §'30, and 8D, (Cruz et al., 1992; Cole et al., 1999; Friedman et
al., 2002; Lachniet, 2009). Moisture source location is generally estimated by the
calculation of the deuterium excess (d-excess), which is significatively different
between the Atlantic Ocean and the Mediterranean Sea (Dansgaard, 1964; Craig and
Gordon, 1965; Vimeux et al., 1999; Uemura et al., 2012). Moreover, d-excess also
reflect the variation on near-surface relative humidity (RH) during evaporation and
moisture source temperature variations (Pfahal and Sodemann, 2014). However, by
using this method, it is extremely difficult to quantify the pathway of water vapor
transportation, limiting the understanding of the change of moisture source for §'30,

and oDy, particularly for spatial and temporal evapotranspiration (ET) contributions.
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To overcome this issue, the history of air masses have been calculated by
studying regional/general circulation using Lagrangian models. However, obvious
discrepancies between observed isotopes and the variation of modeled air masses
were questioned, which may be due to insufficient accuracy of the models (Hoffmann
et al., 1998; Sturm, 2005; Schmidt et al., 2007; Sodemann et al., 2008; Pfahl and
Wernli, 2008; Langebroek et al., 2011). Therefore, this raised question of how to
accurately quantify the variability of initial moisture sources, which are important for
explaining the climatic significance of §'%0, and 8D, (Aggarwal et al., 2004; Dayem
et al., 2010; Dominguez-Villar et al., 2017).

The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)
model (Draxler and Hess, 1998), an advanced system calculating air parcel
trajectories, has been greatly promoted (Stein et al., 2015). This atmospheric
calculation model based on the Eulerian and hybrid Lagrangian approaches can
accurately reflect the variation of moisture source (Stein et al., 2015). Among them,
the Lagrangian method is using a moving framework as references for the calculations
of diffusion and advection when the trajectories or air parcels move from initial
source region, and the Eulerian methodology is using a restricted three-dimensional
grid cell to compute air concentrations (Stein et al., 2015). Additionally, HYSPLIT
software has been successfully applied in several studies including tracking the
atmospheric circulation change (Sjostrom and Welker, 2009; Breitenbach et al., 2010;

Abouelmagd et al., 2012; Dumitru et al., 2017; Sanchez - Murillo et al., 2020),
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predicting the direction of pollutant diffusion (Chen et al., 2012) and monitoring
wildfire smoke (Rolph et al. 2009).

In Southwest France (SW-France), there are very few published data concerning
stable isotopes of precipitation, especially for long time-series (i.e. > 10 years). Our
research sites, including Le Mas and Villars stations, are situated on karst areas, and
rainfall isotope ratios (e.g. 8'80,/8Dy) are regarded as a good tool to determine the
sources of the seepage water (Ladouche et al., 2009) and its variations in time and
consequences on isotopic cave calcite composition (speleothems) (Genty et al., 2001,
2006, 2014; Genty, 2008). More importantly, this area is a key place for studying the
moisture pathways from the North Atlantic and the Mediterranean across the
European continent (Duffourg and Ducrocq, 2011), and our long-term observations
for the rainfall 5'80, as well as its environment parameters allow us to confidential
understand the local hydrological cycle and climate change.

In summary, there are the following unresolved scientific limitations about the
stable isotopic composition of the rainfall in SW-France, including: (1) unclear
relationships and mechanisms between initial moisture sources and 880, on the
monthly and inter-annual timescales. (2) unquantified links between §'0, and various
controlling factors (temperature, rainfall and moisture source). Here, we combined
with 8'%0, in SW-France, the data of moisture sources and regional/local climatic
parameters, addressing these above-mentioned scientific questions. Our study

attempts to determine the variation of initial moisture sources and its relation to the
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stable isotopic composition of the rainfall in the SW-France using the HYSPLIT
model. The link between §'30, and various controlling factors was also quantified to
eventually calibrate the link between local climate parameters and 830, as well as

deepen understanding for the significance of cave speleothem §'%0.

2. Study area

Rainfall samples were collected from two monitoring sites, namely Le Mas
(45°7'45"N, 1°11'31"E) and Villars (45°26'18"N, 0°472"E) (Figs. 1A and B) about
20 km far each other. During the monitoring period from 1997-2016, the mean annual
amount of precipitation at the Villars station is 1003 mm (Standard Deviation:150
mm), and the mean annual temperature is 12.5 °C. The region is composed of
limestone characterized by numerous carbonate caves, among them, Villars Cave was
extensively studied for its speleothems and cave environment (Genty et al., 2003,
2006, 2010, 2014; Genty, 2008).

The large-scale atmospheric circulation in Western Europe (WE) is affected by
climatic system influences from different geographic area, such as Atlantic,
Mediterranean, Greenland and European Continents (Giuntoli et al., 2013). The most
important circulation pattern is considered to be the winter North Atlantic Oscillation
(NAO) which is a driver for streamflow in North and West Europe (Trigo et al., 2002).

Other large-scale circulation patterns, such as the Arctic Oscillation (AO) or Atlantic
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Multidecadal Oscillation (AMO) have also influenced the climatic variation in West
Europe region (O'Reilly et al., 2016).

In order to better quantify the spatial distribution of initial moisture source, the
research region was divided into six sections (Fig. 1A; Appendix Table 1), namely
Proximal Atlantic and West Europe (PAWE), Distal Atlantic (DA), North Atlantic
(NA), North America and Greenland (NAGR), Mediterranean (ME), Northern
European and Northern Atlantic (NENA) (referred and modified from Krklec and
Dominguez-Villar, 2014). These different regions have been defined on the basis of
European geographical limitations (e.g. ocean-continent borders and ocean boundary)
and distribution patterns of the initial seawater isotopic composition as well as the
concentrated locations of moisture sources (Fig. 1A; Lachniet, 2009; Krklec and

Dominguez-Villar, 2014).

3. Methods and data

3.1 Stable isotopic composition of rainwater

The stable isotopic samples were collected in the Le Mas and Villars stations at
an approximately monthly scale during the period from 1997 to 2016. Rainfall
sampling protocol follows the recommended principles from Global Network of
Isotope in Precipitation (GNIP) from the International Atomic Energy Agency
(IAEA). The rainwater is collected in a 5 L tank with a funnel. Before the tank is

buried in the soil, each sample have added a few ml of liquid paraffin to prevent any
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evaporation. Water is collected into a 15 ml glass bottle which is closed by a specific

cork with a conical funnel making sure waterproofness.

The hydrogen isotopic composition (6D) of the precipitation sample was
measured on an ISO-PRIME mass spectrometer and a PICARRO laser spectrometer,
and the analytical absolute error for 8D is 0.5 %o. The oxygen isotopes (8'30) were
measured on a Finnigan MAT 252 by equilibration with CO,, with an analytical error
of £0.05%eo. In order to avoid potential paraffin pollution, all measured samples were
filtered through 0.2pum Anlypore filters. On the PICARRO spectrometer, the memory
effect was treated by doing 6 to 7 times’ successive measurements of the same
sample, and by keeping only the last 3 results to determine the value of rainfall dD.
For the calibration, we used an internal EPB standard (Laboratoire de Sciences du
Climat et de I’Environnement: LSCE) as working reference standards that was
cross-checked. The final result of §'80 and 8D are then expressed relative to the
Vienna Standard Mean Ocean Water (V-SMOW). Early measurements in 1997 and
1998 were measured on a VG SIRA IRMS with an error of +0.2%o for the §'80 while
oD was performed using the zinc reduction method with an error close to +2%o (Genty

et al., 2014).

3.2 Meteorological data

European precipitation data was downloaded from the Global Precipitation

Climatology Project (GPCP) Version 2.3 combining observations and satellite pr
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ecipitation data with 2.5°x2.5° global grids (Website: https://www.esrl.noaa.gov/psd
/data/gridded/data.gpcp.html). The air temperature data were obtained from the J
ones CRU Air Temperature Anomalies Version 4 with 5°x5° global grids (Webs
ite: https://www.esrl.noaa.gov/psd/data/gridded/data.crutem4.html). The sea surface
temperature (SST) data were obtained from Kaplan Extended SST Version 2

with 5°x5° global grids (https://psl.noaa.gov/data/gridded/data.kaplan_sst.html). Th
e NAO index was downloaded from the following official websites: https://ww

w.ncdc.noaa.gov/teleconnections/nao/data.csv.

3.3 HYSPLIT model for tracking moisture source

To diagnose the moisture transportation pathways and better understand the
5180, variability in SW-France, we employed the method of back trajectories of air
parcels from the NCEP reanalysis data (Website:
ftp://arlftp.arlhg.noaa.gov/pub/archives/reanalysis). The HYSPLIT model was
downloaded from the NOAA Air Resources Laboratory (Website:
http://ready.arl.noaa.gov/HYSPLIT.php) (Draxler and Rolph, 2010). In order to
analyze the temporal variability of moisture sources, we have divided a year into four
seasons: spring (March-May), summer (June—August), autumn (September—
November), and winter (December—February of the following year).

Previous studies have revealed that trajectories with the average residence time
of water vapor in the atmosphere are 120 hours (5 days) (Numaguti, 1999; Krklec and

Dominguez-Villar, 2014). Therefore, the variation of moisture sources were identified
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in the Villars station (we assumed a common source for Le Mas station being very

close to Villars) during the previous 120 h (5§ days) (Krklec and Dominguez-Villar,

2014; Krklec et al., 2018). The water vapor transportation usually occurs mainly at

1500m-3000m (above ground level: a.g.l) in the mid-low troposphere, however, the

peak value of water vapor transportation in the plain is an at altitude of about 1500 m

(~ 850 hPa) (Tang et al., 2015; Cai et al., 2017). Moreover, the back trajectories from

different elevations showed similar paths and regulations (Krklec and

Dominguez-Villar, 2014; Krklec et al., 2018), therefore we consider the only altitude

of 1500 m (a.g.l) as the initial vertical height for the water vapor transportation.

The integrated system was operated for computing the daily trajectory at the

time of 00:00, 06:00, 12:00 and 18:00, and the output of trajectories are made every 6

hours. The cluster analysis tool was applied for integrating all trajectories, which were

grouped according to the horizontal moving speed and direction in HYSPLIT model

(Tang et al., 2015). Finally, HYSPLIT4 software is used for superposition analysis

and designed to get the diagram to determine the variation of the initial moisture

source.
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3.4 Statistical methods and packages

The correlations between regional parameters and §'%0, variability in
SW-France were calculated using R programming. Significance levels for correlations
were calculated using Student t-tests. Degrees of freedom corrections were calculated

by time-series autocorrelations (McCarthy et al., 2015):

Neff=N*((1-ax*ay)/(1+ax*ay))

where Neff is the corrected degrees of freedom of Student t statistics, N is the
length of the time series, and ax, ay are the first order autocorrelation of each
time-series.

The links between PIMS/temperature and §'%0, were established using multiple
linear regression analysis methods by Statistical Package for the Social Sciences
(SPSS) software:

yi=Po+fixii+foxi+... HfpXip+e
where, for i denotes n factors; y; denotes dependent variable; x; denotes
explanatory variables; Lo denotes y-intercept; by denotes

slope coefficients for each explanatory variable; € denotes residuals.
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4. Results

4.1 Relationship between '*0, and local/regional climate parameters

The correlation of the §'*0, between Villars and Le Mas stations is 0.72 (p<0.01)
(Figs. 2A, 2B), suggesting that both were controlled by the same air masse and
climate. Local meteoric water line (LMWL) in the two monitoring sites are defined by:
SDp =6.91%3'80,+3.02 (p<0.01) for Le Mas and 8D, =7.08%5'%0, +5.03 (p<0.01) for
Villars based on the linear regression (Fig. 2C). In order to verify the reliability of
LMWL equation, we also used other different methods, including ordinary least
squares regression (OLSR) and precipitation weighted least squares regression
(PWLSR) (Hughes and Crawford, 2012; Crawford et al., 2014). Whether weighted or
non-weighted regression was considered, close slope and gradient values were
observed from three methods (Table. 1). Rainfall stable isotopes are characterized by
strong seasonal variations with depleted average values in winter months (December,
January, February: -43.2%0 to -47.7%o for 8D and -6.9%o to -7.5%0 for §'%0,) and
enriched average values during summer months (June, July, August: -27.8%o to -31.5%o
for 8D, and -4.6%o to -5.1%o for 5'%0,) (Appendix Table 2) in Villars and Le Mas
stations.

On a monthly timescale, §'®0, and local temperature show a positive correlation
at Villars (R=0.61, p<0.0001) and Le Mas (R=0.62, p<0.0001) for the considered

period (1996-2016) (Fig. 3A) with a T-8'%0, gradient of 0.17%q/°C and 0.15%0/°C
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respectively. This indicates that the §'80,in SW-France is mainly affected by local
temperature. Compared with observed (Fricke and O’Neill, 1999; Alley and Cuffey,
2001) and modelled (Jouzel et al., 1997; Schmidt et al., 2007) T—8180p gradient over
the global-scale, ranging from 0.17%c/°C to 0.9%0/°C, the T-5'%0, gradient in the Le
Mas and Villars stations are close to the lowest values. On the contrary, 8180p and
local precipitation do not exhibit a significant correlation: R=0.19 at Le Mas and
R=0.29 at Villars, with a gradient of -0.7%¢/100mm and -0.8%¢/100mm, respectively
(Fig. 3B).

In order to assess local 8'®0, records in SW-France whether or not can be
sensitive to regional parameters variations, correlations between §'30, from Le Mas
and Villars stations and European temperatures with 5°x5° global grids were
calculated on the seasonal timescale for the 1996-2016 period. Results show that
significant correlations are mostly found for winter (DJF) and spring (MAM) (Figs.
4A, 4B, 4E, 4F). At Le Mas station, the time-series of §'%0, displays positive
correlation with Northern Europe temperatures and negative ones with the
temperature of South Europe and Mediterranean area (Fig. 4A). A similar pattern also
occurs for the Villars station, although these correlations are weaker (Fig. 4E)
possibly due to a lack of some monthly data in Villars (Fig. 4E; Appendix data).
Moreover, during spring (MAM), the correlation of 3'30, and regional temperature
shows positive (Northwest Europe) and negative (North Africa and Mediterranean

area) relationships at both stations (Figs. 4B and 4F). Unlike the high correlation
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between local temperature and 3'30, on all months, this regional relationship is only
reflected in winter and spring (Fig. 3A and Fig. 4).

The relationship between regional precipitation and §'0, for all the seasons was
also considered (Fig. 5). Despite the globally much weaker correlations, we observe
that, in winter, regional precipitation with 2.5°x 2.5° global grids and §'%0, shows a
similar spatial pattern between regional temperature and §'0, (Figs. 4A, 4E, 5A, 5E).
During spring (MAM), the link between §'%0, and regional precipitation shows a
positive pattern with North Europe and North African and Mediterranean Sea and a
negative one all over the European continent (Figs. 5B and 5F). During summer (JJA)
and autumn (SON) seasons, no or less significant correlations were observed between
temperature/precipitation and §'*0, for both stations (Figs. 4C, 4D, 4G, 4H, 5C, 5D,
5G, 5H). The degrees of freedom corrections were calculated between the two 20-year
time-series of 8'%0, from SW-France (Le Mas and Villars) and the Atlantic SST with
5°x5° global grids (Fig. 6). The results show that §'80, values are positively
correlated with SST in the Gulf Stream of Mexico (Figs. 6B, 6F), and opposite to SST
in northern and southern of North Atlantic, inducing a tripolar SST distribution in the
North Atlantic in spring. However, during other seasons, no or less significant
correlations were observed between SST and §'30, for both stations (Figs. 6A, 6C,
6D, 6E, 6G, 6H).

Note that whether we consider the pattern of §'%0, and European temperature or

precipitation in Le Mas and Villars stations in winter and spring, it is similar to the
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spatial pattern between NAO phase and European temperature and precipitation
(Cassou et al., 2004; Baldini et al., 2008; Figs. 4A, 4E, 5A, 5E). The link between
NAO index and §'80, seems to be confirmed by their high correlation (p<0.01 or
p<0.05) in winter (R=0.45 and R=0.42) and spring (R=0.33 and R=0.36) (Figs. 7A,7B,

7C, D).

4.2 Relationship between 680, and initial moisture source on a

monthly timescale

In order to localize the moisture sources of the rainfall (the percentage of initial
moisture, PIMS) that occur above Villars station, we first used the HYSPLIT software
for periods of high (summer) and low (winter) §'%0, (Fig. 8). Results show a clear
seasonal variability in the back trajectories with a much longer pathway in December,
January and February compared to the summer months (June, July and August) (Fig.
8). During winter, some vapor sources reach areas clearly beyond the 60° W meridian,
while in summer the extreme west source is significantly closer to Villars, around the
extreme east of Canada (Figs. 8D, 8E, 8F). But when replaced in the spatial pattern of
Figure 1, and looking at the actual percentages given by the software calculation
(Table 2), then it appears that water vapor source in winter is mostly distributed in the
region of NAGR (West North Atlantic: North America and Greenland) characterized
by a longer transportation (Table 2; Figs. 8A, 8B, 8C), while, in summer, it is mostly
from the closest source (PAWE: Proximal Atlantic and West Europe) (Table 2; Figs.

8D, 8E, 8F).
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These results show that the sources (characterized by the PIMS) and rainfall
5'%0, in SW-France are characterized by a well-marked seasonality: negative §'30,
excursions occur in winter when there is the longer initial moisture location (e.g.
NAGR) (Table 2; Figs. 8A, 8B, 8C). On the contrary, the §'%0, in summer shows a
positive §'*0, excursion, which coincides with the closer initial moisture location (e.g.
PAWE) (Table 2; Figs. 8D, 8E, 8F).

During spring and autumn, there is no obvious contrasted PIMS (Fig. 9). We note
however that PIMS in the near summer months (e.g. May and September) is derived
from the increased closer moisture source (PAWE), and decreased longer moisture
source (NAGR), corresponding to heavier values of §'®0, and 8D, (Table 2 and
Appendix Table 2; Figs. 9C, 9D). In contrast, in the near winter months (e.g. March
and November), PIMS from the closer source (e.g. PAWE) is decreased, and longer
sources is increased (e.g. NAGR) (Table 2; Figs. 9A, 9F), which indicates that the
change of PIMS can regulate the 5'*0, on the monthly timescale in SW-France.

These results highlight the close relationships between PIMS and §'30,, values at
Villars (and Le Mas). A high PIMS from closer regions (e.g. PAWE and NA) is
related to heavier 680, values while high PIMS from farther regions (e.g. NAGR) is
related to lower §'%0, values (Table 2; Appendix Table 2). Linear equations have
been established, for Le Mas and Villars stations, to quantify the relationship between
5'%0, and PMIS (Table 3). Results show a positive relationship (p<0.01 or p<0.05)

between §'®0p and PIMS in the region of PAWE and NA, and a negative relationship
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(p<0.01) between &30, and PIMS in the region of NAGR, whereas the rest of the

regions (ME and DA) have much less impact on §'*0, values (Table 3).

4.3 Relationship between 6'%0,, d-excess and initial moisture
source/local climate parameters on the annual and inter-annual

timescale

On the annual timescale, a positive relationship (p<0.05), in both Le Mas and
Villars stations, is observed between the annual average §'80, (8'%0,) and annual
mean temperature, with a T-3'30,, gradient of 0.42%¢/°C and 0.51%q/°C, respectively.
These values fall in the range of gradients observed from global continental, marine
and polar sites (0.17%0o/°C to 0.9%/°C; Clark and Fritz, 1999; Figs. 10A, 10B). At the
opposite, P-3'80,, gradients are low: -0.1%¢/100mm and -0.07%c/100mm for Le Mas
and Villars, and no significant correlation (p>0.1) was observed (Figs. 10C, 10D).

The locations of PIMS were determined using 5 days’ reconstruction of air
mass history during 1997-2016 (Table 4; Fig. 11). Curiously, the most distant areas
(NAGR and PAWE) are the principal moisture sources (i.e., roughly >60%), while
NA and DA are substantial contributors (i.e., roughly 34%), and the rest of the regions
(ME and NESA) have little impact, at least for the 1997-2016 period (Table 4; Fig.
11). On the annual timescale, annual average values for §'*0 and 8D (8!80,p and 8Dp)
were calculated for the same period (Fig. 12A; Appendix Table 3). Annual §'%0,,
value at Le Mas and Villars stations varies from -5.38 %o to -7.24 %¢ and -5.16 %o to

-7.09 %o, respectively (Appendix Table 3). The annual weighted §'%0, means (§'0y)
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range from -4.63 %o to -7.00 %o and -4.69 %o to -6.79 %o for Le Mas and Villars
respectively (Appendix Table 3). Whereas the '%0, has a significant variation at the
monthly timescale, itis much lower on the inter-annual timescale (Appendix Table 2,
3).

We also determine the correlation between PIMS and mean annual precipitation
isotope composition (5'%0,, and §'%0y) for the 1997-2016 period (Fig. 12; Table 4
and Appendix Table 2). Results show clear trends in the time-series of stable isotopes
in Le Mas and Villars (Figs. 12A, 12B) : §'80w and §'®0,p display a decreasing trend
(for both stations Le Mas and Villars) on the 1997-2016 studied period, which
coincides to i) a decreasing trend of the initial moisture source (PIMS) of closer
regions (e.g., PAWE and NA) (Figs. 12C, 12D), and ii) to an increasing trend of
PIMS of longer pathways (e.g., DA and NAGR) (Figs. 12E, 12F). However, weak or
less inter-annual variations for local temperature and precipitation were observed over
the past 20 year (Figs. 12G, 12H). In consequence, it appears that most of the
inter-annual variability of rainfall isotopic composition (5!%0p, is controlled by the
variation of the proportion of the different sources characterized by the PIMS trends.

The term of d-excess was firstly defined by Dansgaard (1964) as the following
equation: d-excess= 8D-8:3'%0, illustrating the degree of deviation from the
equilibrium of isotopic fractionation caused by the kinetic fractionation in the
evaporation of vapor (Dansgaard, 1964). Rainfall d-excess exhibited a weak

inter-annual increasing trend in Villars and Le Mas over the past 20 year, and the
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value range from 17.6 %o to -9.0 %0 with the average value being 10.6 %o for Le Mas,
and 17.6 %o to 1.7 %o with the average value being 9.5 %o for Villars, respectively
(Figs. 13A, 13B), which is close to the value of 10 %o for the average of global
precipitation. Annual variation of d-excess coincides to an increasing trend of PIMS
of longer pathways (e.g., DA and NAGR) and a weak increasing trend in local

temperature (Figs. 13A, 13B, 13C, 13D, 13E).

5. Discussions

5.1 Causes of the variations of precipitation isotope (5!30;, 8Dp) in

SW-France

Whether considering monthly or inter-annual timescale, it appears that 530,
of both Le Mas and Villars stations follow variations of PIMS and local temperature.
Several factors may be raised to explain the §'0, variability: i) the length of the
water vapor transport route which plays an important role on the Rayleigh
fractionation process; ii) the initial mean seawater §'30 (8'80sw) values which may be
different; 1iii) the removal of moisture from an air mass which is
temperature-dependent during Rayleigh fractionation, and the progressive
condensation of the vapor requires the cooling of the air mass from the vapor of cloud

to the falling rain (IAEA working group, 2000).
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5.1.1 “amount effect” and ‘‘temperature effect” controls

Compared with global meteoric water line (GMWL: §D=85'30+10) (Craig, 1961;
Dansgaard, 1964), we observed that there is a lower slope and a lower intercept in the
LMWL of the two monitoring sites (Le Mas and Villars) (Fig. 2C) (Genty et al.,
2014). This is a general case for continental stations (IAEA working group, 2000) and
may be attributed to evaporation during the precipitation under the clouds and various
complex phenomena linked to the history of rainfall (Dansgaard, 1964; Stewart, 1975;
Gat, 1996; Peng et al., 2005; Yamanaka et al., 2007; Lachniet, 2009; Pang et al., 2011;
Chen et al., 2015; Fig. 2C).

A positive correlation is observed between §'30, and local monthly/annual
mean temperature (Figs. 3A, 10A, 10B) in Le Mas and Villars. The main reason is
that the air mass, after leaving from the moisture source, is dominated by Rayleigh
fractionation processes, temperature and “rain-out” dependent (Dansgaard, 1954,
1964; Bowen, 2008). Water vapor in the atmosphere is difficult to isothermally
condense, and any progress of atmospheric precipitation is caused by a temperature
cooling (Dansgaard, 1954, 1964). When the condensed water is formed, then leaving
water vapor immediately, the stable isotope ratio is depleted in the condensed water
with the decrease of temperature (Dansgaard, 1964; Rozanki et al., 1993; Lachniet,
2009).

No significant correlation is observed between mean annual precipitation and

5'%0,, suggesting no “amount effect” at the Le Mas and Villars stations (Figs. 3B,
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10C, 10D; Genty et al., 2014). Additionally, Keklec and Dominguez-Villar (2014)
who conducted a monitoring of §'%0, in central Spain, proposed that all climate
parameters with a seasonal cycle’s characterization would exhibit a certain link with
5'%0,, however, when monitoring the relationship between single precipitation event
with 8'%0,, these links are not visible (Keklec and Dominguez-Villar, 2014), further

indicating that the amount of precipitation is not affecting the §'0y.

5.1.2 Moisture source effect

The transportation distance between moisture source and the monitoring site
(latitude effect) has already shown an important control on the §'%0, (Aggarwal et al.,
2004; Breitenbach et al., 2010; Chen and Li, 2018). Based on the Rayleigh
fractionation process governing these links, the increased moisture transportation
distances may result in depleted 8'%0, value (Rindsberger et al., 1983; Field, 2010;

Krklec and Dominguez-Villar, 2014; Krklec et al., 2018).

In winter months, the principal initial moisture sources derive from a longer
source (NAGR) in comparison with the summer season characterized by a closer
moisture source (PAWE) (Fig. 8). The precipitations that occur during the migration
of moisture are enriched in 80 leading to an impoverishment of remaining vapor and
then resulting in a lower §'80, (Aragués-Araguds et al., 2000; Breitenbach et al., 2010;
Cai et al., 2016). Therefore, the longer the depression pathway, the lower §'*0, value

(Araguds-Araguds et al., 2000; Lee & Fung, 2008; Risi et al., 2008; Lachniet et al.,
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2009; Kurita, 2013; Cai et al., 2017). The mechanism is similar with “continental
effect” where the rainout above the continent is the cause of impoverishment of the
5130 with increasing distance from the ocean, but in fact very variable, i.e. from

region to region and from season to season (IAEA working group, 2000).

Besides, the discrepancy of initial mean sea water §'%0s values is also an
important factor controlling the variation of §'30, values in SW-France (Rozanski et
al.,1993; Clark and Fritz, 1997; Cole et al., 1999; Friedman et al., 2002). Most of the
moisture sources in Villars and Le Mas come from two main areas: NAGR in winter
and PAWE in summer. Because the mean §'%0sy in the NAGR area (-4.0 %o to 0 %o)
(LeGrande and Schmidt, 2006) is lower than the one in the PAWE area (from 0 %o to
1.5 %o) (LeGrande and Schmidt, 2006), it may also be a significant contribution to the
observed §'%0, variation.

An important phenomenon appears at the inter-annual timescale where changes
of the §'"*0y and §'30,p follow the inter-annual initial location of moisture source (Fig.
12), which is attributed to Rayleigh fractionation process and initial moisture sources
(Figs. 11 and 12). Previous works have revealed that the §'®0q (drip-water §'%0)
inherited the signal of atmospheric precipitation on the monthly timescales, and the
influence of the “mixing effect” with “old water” in the epikarst zone (Pape et al.,
2010; Li et al., 2011; Partin et al., 2013; Zhang & Li, 2019) seriously damp or even
suppress the rainfall seasonal characteristics (e.g. heavier in summer and lighter in

winter) (Genty et al., 2014), however, other studies indicated that the §'®0q and §'%0,
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can respond to the signal of §'30y on the interannual timescale (Chen and Li, 2018;
Ellis et al., 2020). Our results show that the inter-annual §'80, and 8D, variations are
controlled by the mean annual change of the initial location of moisture source, which
provides new insights to explain climatic significance of oxygen isotope of drip water

and stalagmites on the interannual timescale in Villars Cave.

5.2 Variations of d-excess on the annual timescale

It is generally believed that d-excess is sensitive to moisture source conditions
(Pfahl and Wernli, 2008; Pfahl and Sodemann, 2014), therefore, which is suitable for
assessing the origin of water vapor. Moreover, some studies have proposed that high
and increasing d-excess values reflect fast evaporation (low RH) and stronger kinetic
isotope effects during evaporation (Clark and Fritz,1997; Dublyansky et al., 2018).

The linear variation of d-excess and PIMS of longer pathways (DA and
NAGR) exhibits an increasing trend in Le Mas and Villars (Figs. 13A, 13B, 13C,
13D), reflecting enhanced evaporations and stronger kinetic isotope effects in the
transportation of vapor while moisture from longer pathways was increased over the
entire period of observation (Clark and Fritz, 1997; Pfahl and Wernli, 2008;
Dublyansky et al., 2018). The increase of air temperature at the monitoring stations
over the past 20 years leads to the enhancement of water vapor evaporation, inducing
the rising change of precipitation d-excess (Figs. 13A, 13B, 13E). Hence, our results

suggest that the d-excess variations in paleo-record (e.g. ice cores) should be adapted
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to reflect moisture source characterized by atmospheric circulation and local

temperature.

5.3 Links between NAO and 0'*0, in SW-France

During a positive phase of the NAO, a large pressure gradient between the
Azores (High Pressure) and Iceland (Low Pressure) across the North Atlantic creates
higher winter temperatures and precipitation over the Atlantic and Northern Europe
while it is lower over Mediterranean Sea and North Africa (Hurrell, 1995, 1996; Uvo,
2003). The exactly opposite pattern in negative NAO phase is found when the
pressure gradient between Azores and Iceland decreases by shifting southwards the
northern hemisphere westerly jet-stream (Hurrell, 1995).

NAO in different phase plays an important role in the length of water vapor
transport in winter and spring (Baldini et al., 2008). When winter and spring NAO
index is in positive excursion, warmer westerly winds will carry 180 moisture with
shorter transportation distance, resulting in heavier §'®0, values in SW-France
(Baldini et al., 2008; Langebroek et al., 2011), therefore NAO index and 6180p exhibit
a positive correlation (Fig. 7A, 7B, 7C, 7D). However, NAO only take a strengthened
or weakened effect on the length of water vapor transport in winter (Baldini et al.,
2008), which will not change the fact that most of winter moisture source distributed
in the region of longer distance (West North Atlantic: North America and Greenland)

(Section 4.2; Krklec and Dominguez-Villar, 2014). The isotopic time series at the
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seasonal timescales show correlations with NAO index, providing a useful NAO
proxy (8'80,) to indicate the variation in seasonal paleo-NAO index. However, when
it comes to the relationship between NAO and 8180p in the inter-annual timescale, a

particularly weak correlation (p>0.1) was found.

5.4 Quantifying the relationship between PIMS/temperature and
830, in SW-France

The variations of PIMS and local temperature have been identified as important
contributors for the observed §'%0, changes in SW-France. Therefore, combining the
links between PIMS/temperature and §'80,, several equations were established using
multiple linear regression analysis methods as followed:

EQ (1) for Le Mas station:
5180p=0.038-PAWE+0.046+:NA+0.054-ME+0.02:DA+0.025:NAGR +0.119+T-10.929,
R=0.965, p<0.01

Where §'%0, indicates precipitation 330 (V-SMOW), and T (°C) indicate the local
monthly temperature in Le Mas.

EQ (2) for Villars station:

5180p= 0.035-PAWE+0.031:NA+0.054ME-0.001-DA+0.005-NAGR+0.049+T-8.637,
R=0.942, p<0.05

Where §'%0, indicates precipitation 830 (V-SMOW), and T (°C) indicate the local

monthly temperature in Villars.



522 These two equations allow to evaluate the importance of the factors (PIMS,
523  Temperature) variability on the §'%0, variability. Results show that the following
524  factors influence the §'®0, in the order on importance: Temperature>NAGR >
525 PAWE>NA>DA>ME at the monthly timescale. We use the SPSS software to
526  calculate the variance of contribution rate, and the proportion in the four main
527  principal components are 60.6% (Temperature), 16.6% (NAGR), 15.4% (PAWE), 6.2%
528  (NA), the rest of two-component (DA and ME) is <2%. Therefore, in any case,
529  considering the range of variability of various contributions from different moisture
530  source regions and local temperature, it is obviously found that local temperature is
531  the principal variable controlling the oxygen isotope composition of precipitation in
532  the continental European at a monthly timescale. In addition, adding the different
533  variable step by step and look at the results after each step, we could we found that
534  multiple linear regression is more accurate to describe the relationship between
535  isotopes and water vapor sources and air temperature compared to linear regression
536  methods (Appendix Table 4).

037 The use of HYSPLIT model for tracking moisture source is providing a good
538  example for how to accurately calculate the relationship between §'®0, and moisture
539  sources. Different from regional/general circulation models of the §'%0, (Cruz- San
540  Julian et al., 1992; Celle-Jeanton et al., 2001; Sodemann et al., 2008; Baldini et al.,
541  2010; Gao et al., 2011; Bershaw et al., 2012), this study not only provides the

542  quantified mathematical equations based among the longest isotopic isotope time
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series and the variations of PIMS (over 20 years), but also determines the extent of the
impact on the monthly timescale.

Additionally, the speleothem 330 in the Villars Cave, also recorded a series of
abrupt climatic events on the centennial-millennial timescales, such as
Dansgaard-Oeschger, Heinrich and 8.2 ka events (Genty et al., 2001, 2003, 2006;
Genty, 2008; Wainer et al., 2009, 2010, 2013; Genty et al., 2014). In this study, the
long monitoring-based work established a link between local climate parameters and
the 5'%0,, which can be used for interpreting the significance of speleothem §'0. No
or less correlation was observed between the §'%0, and local precipitation, indicating
that speleothem §'80 in Villars Cave likely cannot reconstruct local precipitation. In
contrast, change in 8'30, can be linked to both the change of moisture source and to

the local temperature variation.

6. Conclusions

Based on the observations and models on §'*0, and 8Dy, moisture source, and
regional/local climate parameters during the 1997-2016 period at the Le Mas and
Villars meteorological stations, SW-France, the following conclusions can be drawn:
(1) Based on HYSPLIT model, we have quantified the percentage of initial moisture
source (PIMS) for different months and found shorter transportation distances during
summer months and longer ones during winter, which is consistent with the observed

seasonal variations of §!%0y.
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(2) The variation of temperature and PIMS are important factors that are the main
causes on the seasonal variation of the §'%0,. In the order of importance, the
following factors influence the §'®0,: Temperature>NAGR>PAWE>NA>DA>ME,
and the proportion of the four main principal components are 60.6% (Temperature),
16.6% (NAGR), 15.4% (PAWE), 6.2% (NA) on the monthly timescale.

(3) On the annual timescale, '®0, maintains a positive relationship with local mean
annual temperature, however no evidences for its “amount effect” has been observed.
(4) On a longer timescale, an important result shows that an inter-annual decreasing
trend was observed for the §'80, (§'0,p and §'*0y), following the variation of annual
PIMS. We observed, over the past 20 years, that the percentage of a farther moisture
source region (NAGR) was increased, at the opposite, there is a decreasing trend for
the closer source (PAWE).

(5) The linear variation trend over the past 20 years of d-excess coincides to the
variations of PIMS in longer pathways (DA and NAGR) and local temperature on the
inter-annual timescale, which is likely due to the global temperature increase and the
change of moisture source characterized by atmospheric circulation in SW-France.

(6) The variation of moisture distribution regions should be considered when
interpreting the climatic significance for speleothem oxygen isotopic records in SW-

France.
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Caption

Figure 1 Location of the two monitoring stations. (A) Location of the study area,
including Villars (a, blue point) and Le Mas (b, red point) in SW-France. The range of
initial 8'80sw value is from O to 1.5 %o in PAWE (see Appendix Table 1 for areas
names), 0.5 to 2.0 %o in DA, 0 to 0.5 %o in NA, -4.0 to 0 %o in NAGR, 1.5 to 2.5 %o¢ in
ME, and 0 to1.0 %o in NENA (referred and modified from Lachniet, 2009; Krklec and
Dominguez-Villar, 2014). (B) Geomorphologic map and site distribution for the
surrounding of the Villars and Le Mas stations. The arrow indicates the direction of
the initial moisture source.

Figure 2 Time series of monthly rainfall §'®0, at Villars (A) and Le Mas (B)
monitoring stations. (C) Local meteoric water line (LMWL) for Le Mas (red), and
Villars (blue) based on the linear regression. The Global Meteoric Water Line
(GMWL) in green (Craig, 1961) is plotted for comparison.

Figure 3 (A) Correlation between rainfall §'30, and local monthly temperature for the
1997-2016 period. (B) Correlation between rainfall §'80, and local monthly
precipitation for the 1997-2016 period.

Figure 4 Seasonal correlation maps between §'%0, from Le Mas (top panel) and
Villars (bottom panel) and temperatures over Europe during the period of 1997-2016

(Some disconnected data is not considered). (A, E) DJF, (B, F) MMA, (C, G) JJA, (D,
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H) SON. Black crosses indicate grid points where the correlation is not significant at
the 90% confidence level. However, the discontinuities of 6180p data was excluded in
some years (Appendix data). The figure was produced using the programming
language R. The degrees of freedom corrections were calculated by timeseries
autocorrelations (McCarthy et al., 2015).

Figure 5 Seasonal correlation maps between §'®0, from Le Mas (top panel) and
Villars (bottom panel) and precipitation over Europe during the period of 1997-2016
(Some disconnected data is not considered). (A, E) DJF, (B, F) MMA, (C, G) JJA, (D,
H) SON. Black crosses indicate grid points where the correlation is not significant at
the 90% confidence level. However, the discontinuities of 8180p data was excluded in
some years (Appendix data). The figure was produced using the programming
language R. The degrees of freedom corrections were calculated by timeseries
autocorrelations (McCarthy et al., 2015).

Figure 6 Seasonal correlation maps between §'®0, from Le Mas (top panel) and
Villars (bottom panel) stations and SST in North Atlantic during the 1997-2016
period (Some disconnected data is not considered). (A, E) DJF, (B, F) MMA, (C, G)
JJA, (D, H) SON. Black crosses indicate grid points where the correlation is not
significant at the 90% confidence level. However, the discontinuities of 8180p data
was excluded in some years (Appendix data). The figure was produced using R
programming language. The degrees of freedom corrections were calculated by

timeseries autocorrelations (McCarthy et al., 2015).
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Figure 7 (A) Correlation between 830, and NAO index at Le Mas during the winter
period of 1997-2016. (B) Correlation between §'30, and NAO index at Villars during
the winter period of 1997-2016. (C) Correlation between 8180p and NAO index at Le
Mas during the spring period of 1997-2016. (D) Correlation between §'30, and NAO
index at Villars during the winter period of 1997-2016.

Figure 8 Back trajectories for contrasted seasons, winter (December (A), January (B),
February (C)) and summer (June (D), July (E), August (F)). The star indicates the
location of Villars, and the detailed data of PIMS is listed in Table 2. The air mass
history was calculated at 1500 m a.g.l over the past 120 hours, and every 6 hours
outputted a trajectory, then we integrated all of the calculated data into ten trajectories.
The back trajectories are presented for monthly variations for the period of
1997-2016.

Figure 9 Back trajectories for March (A), April (B), May (C), September (D),
October (E) and November (F). The star indicates the location of Villars, and the
detailed data of moisture source is listed in Table 1. The air mass history was
calculated at 1500 m a.g.] over the past 120 hours, and every 6 hours outputted a
trajectory, then we integrated all of the calculated data into ten trajectories.

Figure 10 (A) Correlation between annual mean precipitation 8'30 (§'80,p) and local
annual mean temperature at Le Mas. (B) Correlation between §'0,p and local annual

mean temperature at Villars. (C) Correlation between §'®04p and local annual mean
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precipitation at Le Mas. (D) Correlation between §'80,, and local annual mean
precipitation at Villars.

Figure 11 Back trajectories for initial moisture sources for the 1997-2016 period. The
star indicates the location of Villars, and the detailed data of moisture source is listed
in Table 2. The air mass history was calculated at 1500 m a.g.l over the past 120 hours,
and every 6 hours outputted a trajectory, then we have integrated all of the calculated
data into ten trajectories.

Figure 12 Comparison of 8'80,, and the percentage of initial moisture source (PIMS)
and local annual mean temperature and precipitation at Le Mas and Villars on the
inter-annual timescale. (A) the inter-annual variation of average weighted
precipitation 830 (§'0y), (B) the inter-annual average variation of precipitation §'80
(8'"804p), (C) the inter-annual variation of PAWE, (D) the inter-annual variation of NA,
(E) the inter-annual variation of DA, (F) the inter-annual variation of NAGR. (G) the
inter-annual variation of local annual mean temperature in Villars. (H) the
inter-annual variation of local annual mean precipitation in Villars. The fitting dashed
lines indicated the trend for the changes on the inter-annual timescale.

Figure 13 Comparison of the d-excess with the percentage of initial moisture source
(PIMS) and the local annual mean temperature at Le Mas and Villars on the
inter-annual timescale. (A) inter-annual variation of the d-excess at Villars, (B)
inter-annual variation of the d-excess at Le Mas, (C) the inter-annual variation of DA,

(D) inter-annual variation of NAGR. (E) inter-annual variation of local annual mean
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temperature in Villars. The fitting dashed lines indicates the trend for the changes on

the inter-annual timescale.
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Tables

Tablel Size by size proximate analysis (as received basis).

Particle Values in (%)
size (um) | Weight | Ash Moisture Volatile matter Fixed carbon
-500+340 14.2 354 2.1 21.1 41.5
-340+250 20.1 334 2.0 214 43.3
-250+180 6.5 30.9 2.2 20.9 46.1
-180+125 16.2 29.3 2.5 20.5 47.8
-125+90 7.9 30.6 2.4 21.1 45.9
-90+75 10.0 36.1 2.3 20.2 414
-75+42 19.6 46.7 2.1 20.6 30.7
-42 5.5 50.8 3.2 15.9 30.2
Calculated - 34.7 2.7 20.4 42.3

Head




Table 2 Operating conditions of flotation machine

Operating parameter Values
Solid concentration during conditioning
with reagents, % (w/w) 0
Collector dosage, kg/ton 0.5
Frother dosage, kg/ton 0.25
Agitation time, seconds 300
Conditioning time with collector, seconds 120
Conditioning time with frother, seconds 60
Initial solid concentration for flotation,
To(WIw) 10
Froth collection time, seconds 5, 10, 15, 30, 60, 90, 120
pH of the slurry 7.2




Table 3 Performance of three cells for different impeller speeds at different target ash

Impeller Speed: 1200 rpm

2L 4L 6L
Target
st | Yield | Time | L | il Time ool | ek | Tme |t
(%) %) %)
12 - - - - - - 9 5 12
13 - - - 20 7 29 30 29 41
14 - - - 32 22 45 40 120 53
15 - - - 120 67 - - -
16 30 12 39 - - - - - -
17 39 40 50 - - - - - -
18 120 57 - - - - - -
Impeller Speed: 1500 rpm
2L 4L 6L
iirf;t Yield | Time Rizrvnéry Yield | Time Rizrvnéry Yield | Time Rizzzry
% (s) % % (s) % % (s) %
14 - - - - - - 39 29 53
15 - - - 29 6 37 120 62
16 - - - 40 12 51 - - -
17 - - 60 68 - - -
18 27 25 35 - - - - - -
19 35 90 44 - _ ] - _ }
Impeller Speed: 1800 rpm
2L 4L 6L

Target




Ah% | Vield | Time | ™ | Yield | Time | - ™ | Yield | Time | . O™
Recovery Recovery Recovery
% (s) % (s) % (s)

% % %
17 - - : : - - 110 70
18 - - - 50 63 - - -
22 21 12 26 - - - - - -
23 31 100 35 - _ - - _ }




Table 4. Ultimate combustible recovery with corresponding rate constants in different cells at
different impeller speeds

. Impeller speed (rpm)
iﬁf‘ 1200 1500 1800

2L 4L 6L 2L 4L 6L 2L 4L 6L
R. | 57.120 | 71740 | 61.7+7 | 48.8%1 | 72.440 | 61.540 | 38.2+1 | 68.4%0 | 70.8%0
(%) 25 71 61 73 71 51 77 25 93
b () | 2011 [ 35550 | 14825 [ 14.4=1 [ 30.643 | 32122 [ 11.9+2 [ 30,341 | 34.9+8

19 75 01 56 18 27 86 42 14
Ki(s | 0.533+ | 0.147+ | 0.062+ | 0.136% | 0.284= | 0.311= | 0.205+ | 0.294+ | 0.249+
b | 0.015 | 0.004 | 0.007 | 0011 | 0.037 | 0.039 | 0.039 | 0.015 | 0.061
K (s | 0.039% | 0.017+ | 0.004% | 0.016% | 0.036= | 0.043% | 0.023+ | 0.046+ | 0.051+
by | 0.002 | 0.001 | 0.003 | 0006 | 0.005 | 0.004 | 0.014 | 0.002 | 0.012
SSE | 231 | 006 | 032 | 028 | 010 | 046 | 131 | 0.13 | 1.80
R? 100 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 099 | 1.00 | 1.00
gjjgi 099 | 1.00 | 1.00 | 100 | 1.00 | 1.00 | 099 | 1.00 | 1.00
RI}\EAS 107 | 017 | 040 | 038 | 022 | 048 | 081 | 025 | 095

Table 5 ANOVA derived for yield, ash content, combustible recovery and entrained water
recovery models

Statistics Yield Ash Combustible Entrained water
recovery recovery
Sum of squares 594.13 58.07 1118.30 694.01
Degree of freedom 5 2 5 2
Mean square 118.83 29.03 223.66 347
F-value 22.81 47.62 62.82 106.6
p-value 0.0136 | 0.0002 0.0031 <0.0001
Standard deviation 2.28 0.78 1.89 1.8
R?2 0.97 0.94 0.99 0.97
Adjusted R? 0.93 0.92 0.97 0.96
Equation Quadratic | Linear Quadratic Linear




Table 6 ANOVA results showing the terms in each response for their respective models

Response | Source sumof | Mean F-value p-value Remark
Squares | Square
A 2.67 0.53 0.51 0.526 NS
B 115.19 23.04 22.11 0.0182 S
Yield AB 217.27 43.45 41.71 0.0075 S
A? 2.04 0.41 0.39 0.5758 NS
B? 256.96 51.39 49.33 0.0059 S
Ash A 23.36 11.68 38.32 0.0008 S
B 34.70 17.35 56.92 0.0003 S
A 0.03 0.01 0.01 0.9302 NS
) B 324.14 64.83 91.04 0.0024 S
Cg?vlitrl;le AB | 35438 | 7088 | 99.53 | 0.0021 S
A? 2.66 0.53 0.75 0.4509 NS
B2 437.09 87.42 122.77 0.0016 S
Entrained A 369.58 | 184.79 | 113.54 | <0.0001 S
water
recovery B 32443 | 162.22 99.67 <0.0001 S
Notes: A: Impeller speed; B: Cell volume; S: Significant; NS: Not significant






