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Abstract — In moutain environments, local factors
such as topography or exposure to the sun influence
the spatial distribution of temperatures. It is
therefore difficult to characterise the global
evolution of temperatures over several decades.
Such local effects can either accentuate or attenuate
thermal contrasts between neighbouring areas. The
present study uses two regional thermal indicators -
thermal gradients and temperatures reduced to sea-
level - to monitor the monthly evolution of
minimum and maximum temperatures in the French
Northern Alps. Measures were calculated for the
period extending from 1960 to 2007 based on data
from 92 measuring stations. Temperature gradients
were computed and further used to monitor the
altitudinal ~ evolution of  temperatures. A
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1. INTRODUCTION

Interpreting temperatures in mountainous
areas has never been straightforward.
Previous studies of temperature have
illustrated the complex relationship
between temperature and relief (Angot,
1892; Harding, 1978; Douguedroit and
Saintignon, 1984; Biicher and Dessens,
1991; Beniston et al., 1994; Beniston et al.,
1997; Weber et al., 1997; Diaz and
Bradley, 1997; Bohm et al., 2001; Rolland,
2003; Beniston, 2006; Barry, 2008). Local
factors, such as topography, can interfere
with the overall interpretations made at
regional scales. For instance, valleys in
close relation to one another might show
very different intra- or inter-annual climate
evolutions. In addition, a number of factors
can come into play to modulate the
temperatures measured by weather stations
in mountain areas: altitude, orientation,
valley shape, and location (Diaz and
Bradley, 1997, Weber et al., 1997).
Altitude is nevertheless the most influential

characteristic regional temperature was determined
for the whole of the French Northern Alps based on
temperatures reduced to sea-level, and changes in
temperatures since 1960 were assessed. Multiple
linear regression models made it possible to extend
measurements over a longer period, and to make
enhanced calculations of temperature changes in the
mountains since 1885. This is the first study to
examine temperature changes in the French
Northern Alps over such an extended period.
Gradient data suggest that over the last 50 years
temperatures have changed at all altitudes. In
addition, the evaluation of the temperature rise over
100 years reveals that minimal and maximal
monthly temperatures trends are only significant a
few months of the year.

trends, statistical significance

of these parameters, as montly and yearly
temperatures are closely related to altitude.

There has been a great amount of scientific
research into environmental changes in the
Alps, mostly using either proxy data or
data obtained from sites equipped with
measuring devices (examples include the
annual mass balance of a number of
glaciers, = modifications in  Alpine
vegetation, dendrochronological studies,
monitoring of the snow mantle,
modifications in  hydrological and
hydrosedimentary flows, etc.). This often
obliges one to link observed environmental
changes with the evolution of temperatures
on a regional scale. The aim of the present
study was to provide data enabling one to
relate the observed environmental changes
and the evolution of temperature at a
regional scale. Such data should prove
particularly useful to wunderstand the
environmental changes at the scale of the
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French Northern Alps since the late 19
century.

Based on the measures of temperatures of
nearly one hundred stations of known
altitudes, it has been possible to make an
accurate assessment of the inter-annual
temperature evolutions for the entire area
of the French Northern Alps (Figure 1).
Temperature changes between 1960 and
2007 will be described first, based on two
regional monthly indicators, thermal
gradient and temperature reduced to sea-
level (Dumas and Antunes, 2003; Dumas
and Rome, 2009). The calculation of
reduced temperatures enabled us to follow
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2. DATA AND METHODS

The study was carried out in the French
Northern Alps using meteorological data
gathered in the French departments of
Isere, Savoie, Haute-Savoie and Hautes-
Alpes. This area does not cover all of the
French Alps, but the aim was to work on a
rather = homogenous  climate  zone
(Douguedroit and Saintignon, 1984;
Dumas and Antunes, 2003; Beniston,
2006; Dumas and Rome, 2009). The area is
large enough to include a variety of
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the temporal evolution of temperatures
over the entire French Northern Alps
region, while the calculation of thermal
gradients revealed the relation between
temperature and altitude. The evolution of
temperature variations related to altitude
will thus be described with monthly and
annual temperature gradients for a period
of almost 50 years. Second, monthly
values of reduced temperatures were
extrapolated over the period extending
from 1885 to 2007. The evolution of
maximum and minimum  regional

temperatures can therefore be described for
a period of over 120 years.

7°00'E
Figure 1. The location of the 92 MétéoFrance weather stations used in the present study
(snow stations ; I - Col de Porte, 2 - Saint Christophe)

topographical features:
slopes and summits.

valley floors,

The first step was to identify over 150
MétéoFrance (the French Meteorological
Agency) stations in the study area. Mean
monthly temperatures were computed from
daily minimum, maximum and average
temperatures. Data from a few stations
were set aside for the following reasons:
deviations in the records, measurement
periods of less than eight years, or



excessively long gaps in the records. A
total of 92 stations were selected for the
period between 1960 and 2007. The
stations selected were ordered according to
their altitude, exposure and topographical
features. Altitudes ranged from 134 m
(Sablons) to 2800 m (St-Martin-de-
Belleville), although 95% of the stations
were below 2000 m, and 15% were
between 1500 m and 2000 m.

Gaps were filled in on the monthly data so
as to build up monthly indicators with a
homogenous data set. The homogeneity of
series was verified in monthly steps using
the method of cumulative residuals (Bois,
1971; Buishand, 1984; Hubert et al., 1989).
The detection of possible deviations was
improved beforehand by deseasonalising
temperatures (Ladiray and Quenneville,
2001). In order to carry this out, data were
standardised (i.e. centred with the mean
and then reduced using the standard
deviation of monthly values). This enabled
the heterogeneity of several series to be
detected and corrected. It should be noted
that the impact of such corrections on the
final results was quite limited as on one
hand the most heterogeneous series were
left out of the study, while on the other
hand the large number of measurement
points greatly limited the possible
influence of untypical stations on the
results.
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2.1. Calculating two regional indicators

For the period extending from 1960 to
2007, based on linear models monthly
means of the minimum (Tn), maximum
(Tx) and mean (Tg) daily temperatures
were used to calculate a temperature
reduced to sea level, as well as a gradient
of the fall in temperature (Figure 2). These
monthly estimations, calculated on the
basis of the altitude of the stations, could
have been refined by also taking
topographical variations into account. For
example, including such topographical data
in a multiple linear regression model
would have yielded a lower residual
variance. However, a study dissociating
sites from their topographical features
would not have given an overall view of
climate changes in the French Northern
Alps on the basis of only two parameters.

In addition, the two indicators stemming
from a linear regression remain relevant
provided that the relationship be verified
and validated by statistical tests. In the
present study, the linear regression models
between weather-station altitudes and their
mean  monthly  temperatures  were
systematically verified using four tests:
Bravais-Pearson, Fisher-Snedecor, Student
tests on origin and slope. The significance
level was set at 1%.
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Figure 2. The correlation of Tn and Tx temperatures as a function of the altitude of

measurement stations. An example of monthly

temperatures in September 2001:

- for Tx: gradient = 0.62°C.100m™, regional temperature = 21.3°C
- for Tn: gradient = 0.46°C.100m™, regional temperature = 10.4°C
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2.2  Reconstructing monthly mean
temperatures from 1885 to 2007

The period from 1885 to 2007 was chosen
to define the climate changes having taken
place in the French Northern Alps. The
reconstruction relies on the data from three
stations whose observations cover the
whole of the 20th century, and whose
observational conditions have remained
completely or largely unchanged. Data
from two of the stations, Annecy
(elevation: 458m) and Lyon (elevation:
207m), were taken from the MétéoFrance
data bank, and that of the third, Geneva
(elevation: 420m), from the Météo Suisse
data bank. The three series had already
been homogenised using algorithms
belonging to MétéoFrance (Mestre, 2000;
Caussinus and Mestre, 2004) and Meétéo
Suisse (in the "Data Warehouse" database).
These three stations were left out of the
calculations of gradients and reduced
temperatures beforechand so as not to
introduce any bias or establish regression
models from non-independent variables. It
was thus possible to not only study the
temperature changes in the French

Northern Alps since the 1960s, but also
over a longer period by reconstructing
temperatures. Such reconstitutions cannot,
however, be carried out with the same
robustness for the temperature gradients.
This would have requires a large number
of observations from stations spanning a
wide range of altitudes. Data spanning the
120 years’ period were only available for
the three stations of Annecy, Lyon and
Geneva, spanning an elevation range of
250 m only, as compared to 92 stations
distributed over a maximum elevation
range of 2500 m.

To reconstruct the temperatures since
1885, we used a validation procedure
based on observations that were fully
independent on the models. The first step
consisted in dividing the 92 stations into
two comparable and homogeneous groups.
The stations were ordered based on their
altitude, and every other station was then
allotted to one group while the other half
was allotted to the other group. Figure 3
illustrates the actual altitudinal distribution
of the stations of the two groups for the
maximal temperature of June 1960.

Tx Alps june 1960 (°C)

0 500 1000
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1500 2000 2500 3000
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Figure 3. Distribution of the stations in two groups: example based on June 1960 maximal temperatures.

The first group of stations was used as the
training group. Multiple linear regressions
were computed monthly over the 1960 —
2007 period with the data collected from
the three stations providing information

from 1885 to 2007. Annual values were
then calculated from mean monthly values.

Regional minimum and maximum
temperatures calculated monthly from



1960 to 2007 are always strongly
correlated with the three observation series
(Table 1; Figures 4 and 54). The monthly
correlation coefficients between regional
temperatures and temperatures from the
Annecy, Lyon and Geneva stations always
exceed 0.93; at least 86% of the variance
of the regional temperatures can therefore
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be explained by the series of temperatures
used in the regression models (Table 1). In
addition to the Bravais-Pearson test, the
linear regression models were validated
using the Fischer-Snedecor test with a
level of significance set below 1%
(significant at p < 0.01).

Table 1. Monthly values of the correlation coefficient R and the F ratio (Fischer-Snedecor
test) for minimum, maximum and average monthly temperatures (Tn, Tx and Tg)

Tg Tn Tx
Month R F R F R F
1 0,975 278,7 0,956 154,3 0,977 308,3
2 0,979 342,3 0,966 202,9 0,979 346,5
3 0,987 545,1 0,965 198,6 0,985 485,9
4 0,981 376,0 0,927 89,4 0,984 458,1
5 0,982 406,0 0,947 125,8 0,985 473,1
6 0,982 392,8 0,965 199,5 0,984 443,9
7 0,969 220,1 0,948 130,9 0,963 190,1
8 0,969 222,8 0,948 129,9 0,960 173,2
9 0,988 591,6 0,968 217,0 0,984 455,6
10 0,985 476,1 0,978 316,2 0,981 368,2
11 0,968 216,7 0,952 142,1 0,970 228,1
12 0,973 264,4 0,967 224,4 0,962 180,0
1"
10 4 Tn estimate
rrrrrrr -—— Tn group 2
—a— Tn group 1

Minimum regional temperature (°C)
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Figure 4. The time series of minimum annual temperatures in the northern Alps (Tn Alps)
calculated and reconstructed for 1960-2007.
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Figure 5. The time series of maximum annual temperatures in the northern Alps (Tx Alps)
calculated and reconstructed for 1960-2007.
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The monthly models were then tested on
the set of independent data from the test
group. As shown on Figure 6 for the
minimal July temperatures, the values

estimated by the model were also strongly
correlated with the observations of the test
group. This held true for the whole set of
data, as can be seen on Table 2.
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Figure 6. Example of the mean minimal July temperatures. Relation between the computed and observed

monthly temperatures for the 1960-2007 period.

Table 2. Correlation coefficients (R) and values of the Fisher-Snedecor test (F) for the monthly computed and
observed temperatures of the test group over the 1960-2007 period.

n Tx Tg
Month R F R F R F
1 0,956 0,611 0,978 0,536 0,979 0,589
2 0,977 0,553 0,990 0,423 0,989 0,609
3 0,962 0,869 0,993 0,258 0,993 0,990
4 0,915 0,626 0,991 0,245 0,983 0,952
5 0,935 0,555 0,988 0,648 0,985 0,906
6 0,955 0,912 0,987 0,548 0,989 0,876
7 0,940 0,819 0,980 0,538 0,980 0,819
8 0,931 0,982 0,978 0,966 0,983 0,838
9 0,949 0,815 0,986 0,289 0,984 0,885
10 0,964 0,913 0,979 0,701 0,985 0,868
11 0,950 0,661 0,970 0,287 0,976 0,753
12 0,967 0,526 0,975 0,899 0,982 0,597

Thus, the validation procedure revealed
highly significant correlations between the
calculated and observed values in the test
group, confirming the robustness of the
procedure. Therefore, it was possible to

reliably extend and extrapolate the
temperatures’ series to the 1885-2007
period.

2.3 Estimating trends

Inter-annual evolution and warming rates
throughout the French Northern Alps can
be examined over 48 years for gradients
and 123 years for temperatures. The total

change based on the mean trend during the
observation period (1960-2007 or 1885-
2007) was obtained by multiplying the
slope of the regression line by 100.

The trend analysis was performed using a
linear regression analysis and Mann-
Kendall test. The Mann-Kendall test (MK),
a non-parametric test for trend detection in
a time series, has been widely used in
environmental sciences (Mann, 1945;
Kendall, 1975; Sneyers, 1975; Vialar,
1978; Kundzewicz et Robson, 2000; B6hm
et al., 2001). The comparison of several



tests applied to hydrological and climate
series has frequently shown MK’s value
and strength (Hirsch et al, 1984;
Gerstengarbe and Werner, 1999; Yue et al.,
2002; Kundzewicz et al., 2005). MK
generally turns out to be more robust than
Student or Spearman tests, as it is less
affected by abnormal values. Non-
parametric MK can be used to detect
monotonic trends that are not necessarily
linear. The null hypothesis in MK is that
the data are independent and randomly
ordered. In the present study, trends are
considered to be statistically significant at
p < 0.05, and highly significant at p < 0.01.

3. RESULTS

3.1. Intra-seasonal and inter-annual

gradient evolution

D. Dumas

The seasonal evolution obtained from the
1960-2007 monthly values revealed an
annual dynamics. Such a dynamic had not
yet been fully described for the Alps
(Figure 7). Based on reduced temperature,
the mean annual temperature amplitude in
this area can be estimated as 16.0°C for the
minima, and 22.3°C for the maxima. The
mean annual temperature is estimated as
7.3°C for the minima and 17.8°C for the
maxima. Although the mean annual
gradients (Table 3) are 0.43°C per 100m
for Tn, and 0.52°C per 100m for Tx,
seasonal variations are clearly noticeable.
The gradients show an annual cycle which
can also be found in other mountain
regions (Harding, 1978). The cycle
observed in the Alps is slightly out of step
with respect to the seasonal evolution of
temperatures, with a fairly rapid rise early
in the year, followed by a slower drop
towards the end of the year (Figure 7).
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Figure 7. The mean monthly evolution of gradients and regional temperatures in the northern Alps: Tn is on the

left, Tx on the right.

Table 3. Monthly gradients (in °C/100m) of minimum (Tn) and maximum (Tx) temperatures. Extreme values,
standard deviations and trends for the period from 1960 to 2007

Mean 1960-2007

Tn 1960-2007

Trend °C/100m

Tx 1960-2007

Trend °C/100m

(¢}

Tx i o

Tg Tn min max per 10 years ut) MK min max per 10 years u(t) MK

January 0,35 0,37 0,34 0,18 0,55 0,08 0,012 1,63 ? -0,06 0,50 0,11 0,009 0,62 [
February 0,46 045 0,46 0,19 0,66 0,08 0,005 1,01 ¢ 0,27 0,62 0,09 0,005 057 ¢
March 0,53 0,46 0,59 0,35 0,58 0,05 0,000 03 ¢ 0,46 0,68 0,05 0,012 2,03 *
April 0,56 0,47 0,66 0,35 0,54 0,04 -0,003 -0,12 4 0,55 0,73 0,04 0,011 2,20 *
May 0,54 045 0,64 0,39 0,50 0,02 0,000 034 ¢ 0,57 0,72 0,04 0,002 060 ¢
June 0,54 0,46 0,62 0,38 0,54 0,03 -0,002 -0,39 4 0,46 0,77 0,04 -0,006 -1,33 4
July 0,52 0,44 0,61 0,37 0,53 0,03 0,000 094 ¢ 0,47 0,73 0,05 -0,011 -1,69 ¢
August 0,51 0,42 0,59 0,31 0,50 0,04 -0,001 -0,07 4 0,43 0,73 0,05 -0,005 -1,23 4
September 0,48 0,41 0,54 0,32 0,51 0,04 0,000 0,07 4 0,45 0,62 0,04 0,002 0,57 9
October 042 041 0,44 0,30 0,51 0,05 -0,002 043 ¢ 0,33 0,59 0,06 0,002 068 ¢
November 0,39 0,40 0,39 0,27 0,50 0,06 -0,013 -2,06 * 0,20 0,55 0,09 -0,007 -0,82 4
December 0,35 0,38 0,32 0,22 0,55 0,07 0,004 007 ¢ 0,14 0,53 0,09 0,005 052 ¢
Min 0,35 0,37 0,32 0,18 0,50 0,02 -0,013 -0,06 0,50 0,04 -0,011

Max 0,56 0,47 0,66 0,39 0,66 0,08 0,012 0,57 0,77 0,11 0,012

Annual 0,47 0,43 0,52 0,36 0,47 0,02 0,000 005 ¢ 0,44 0,58 0,03 0,015 078 ¢

Significance levels of the Mann-Kendall test (MK): **is 0.01; *is 0.05; ¢ >0.05
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Mean monthly gradients are shown on
Table 3. They fluctuate between 0.37 and
0.47°C per 100m for Tn, and between 0.32
and 0.66°C per 100m for Tx. The
gradients’ evolution remains progressive
and regular. Regarding the minimum and
maximum temperatures, the smaller
gradients are observed in December-
January, and the greatest in April. Such
seasonality has not always been described
in the Alps, some authors reporting more
complex, if not random, monthly variations
of the gradients (Angot, 1892; Saintignon,
1976, Dougédroit and Saintignon, 1981;
Bisci et al., 1989). However, other studies
found similar trends, with lower gradients
in winter and higher ones in summer
(Harding, 1978; Rolland, 2003; Barry,
2008). This type of seasonal cycle can
partly be explained by more frequent

thermal inversions in the cold season and
by the particularly unstable nature of the
atmosphere in spring, favouring a more
active vertical mingling. However, it is
also a consequence of the radiative and
turbulent heat exchanges which
progressively change over the year with
the path of the sun and the multiple
interactions of radiations with the relief.
However, there does not seem to be a
direct link with the presence of a snow

cover, suggested in some studies of
thermal gradients (Douguédroit and
Saintignon, 1981; Bisci et al.,, 1989;

Rolland, 2003) (Figure 8). As can be seen,
the greatest gradients, in April, are not
related to the specific state of the snow
cover, and their decrease continues
smoothly after the snow has melted in
May, or somewhat later at greater altitudes.
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Figure 8. Mean monthly evolution of the snow cover computed over the period 1961-2010 from the daily data at
the Col de Porte (1325 m: data Météo-France, CNRS, CNRM-GAME, CEN) on the left, and Saint Christophe

(1570 m: data Météo-France) stations.

Although their seasonal evolutions are
similar, maximum temperature gradients
are greater than minimum gradients
throughout the year, except for the months
of January and December. Minima are
more frequently linked to higher relative
humidity, which tends to attenuate the
decrease of temperatures with altitude. For
instance, in adiabatic conditions at ground
level, the humid adiabatic gradient at a
temperature of 15°C is around 0.5°C per
100m, whereas the dry adiabatic gradient is
close to 1.0°C per 100m (Barry and
Chorley, 1998; Triplet and Roche, 2000).

On an inter-annual scale, scarcely studied
in the literature and never in the French
Northern Alps, mean monthly and yearly
gradients all exhibit a high degree of
variability. Depending on the year and
month, monthly temperature gradients can
vary by ratios of 1 to more than 3, and
even 1 to 9 for maximum temperature
gradients in January. Monthly standard
deviations (Table 3) are greater in autumn
and winter (from October to February),
reflecting the gradients’ greater inter-
annual variability linked to more frequent
thermal inversions in the valleys. Such



inversions are influenced by a number of
climatic parameters such as cloud cover,
wind speed and direction, and air
temperature.

Overall, monthly and annual gradient
variability (Figure 9) do not show any
significant upward or downward trend
(Table 3). Such relative gradient stability is
noteworthy as it could indirectly indicate
that the recent climatic changes in this
mountain area are not more pronounced in
low than in more elevated areas. The
temperature changes observed over the last
50 years would thus concern all of the
French Northern Alps, with no altitudinal
distinction, and would have taken place in
a relatively homogeneous way at all ranges
of altitude. Other authors have however
suggested that the warming trends could be
different depending on the elevation (e.g.,
Rebetez 2001 ;2006). Some studies of
climate change in upland areas in other
Alpine regions have shown that warming is
sometimes more marked at higher altitudes
(Biicher and Dessens, 1991; Weber et al.,
1997). Similarly, based on data collected in
Switzerland over the past 30 years,
Rebetez and Reinhard, (2007) further
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argue that below 1100 m, the low stations
display a stronger trend than the more
elevated areas, whereas above this level the
warming is greater at higher than at lower
elevations. Such conclusions are however
always drawn from a small number of
stations. In addition, they refer to models
developed for very high elevations (above
4000 m) in the tropical Andes (Bradley et
al. 2004; 2006). These -conflicting
hypotheses could be directly tested for the
French Northern Alps through a specific
analysis of temperatures’ evolution as a
function of altitude.

Another factor may influence the gradient
stability, specifically the time of year, as
significant tendencies of monthly gradients
were observed between 1960 and 2007 in
November, March and April (Table 3).
Indeed, in November, the minimum
temperature gradient shows a trend
towards a significant drop (-0.013°C.100m’
'10yrs™). In March and April, on the other
hand, the evolution of maximum
temperature gradients shows a significant
rising trend (+0.012 and +0.011°C.100m’
' 10yrs™).
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Figure 9. The evolution of annual mimimum and maximum temperature
gradients in the northern Alps between 1960 and 2007
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The evolution of temperatures since 1885

Analysis of the evolution of the
temperatures since 1885 is based on the
reconstruction data from the monthly
models for the 1885-1960 period, and on
the sea level temperatures from the 92

stations for the 1960-2007 period. The
evolution of annual anomalies in minimum
and maximum temperatures since 1885 —
determined from the 1961-1990
climatological mean — are shown in
Figures 10 and 11.
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Figure 10. Minimum temperature departures from the 1961-1990 climatological mean in the
French Northern Alps compared with continental Northern Hemisphere temperature anomalies
(CRUTEM3 HN), for the period 1885-2007. CRUTEM3: data from the UK Meteo Hadley

Centre.
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Figure 11. Maximum temperature departures from the 1961-1990 climatological mean in the
French Northern Alps compared with continental Northern Hemisphere temperature anomalies

(CRUTEM3 HN), for the period 1885-2007.



The general evolution of thermal
anomalies established for the French
Northern Alps closely, and synchronically,
follows the mean anomalies calculated for
the continental Northern Hemisphere. At
the hemispheric scale, temperatures
fluctuate within a narrow amplitude of
around 0.5°C, whereas the amplitude is
sometimes 1.5°C over the French Northern
Alps region. In other words, the
amplification of the climatic signal
recorded for the continental Northern
Hemisphere is five times smaller than for
the Alps.

Since 1885, there has been a significant
rise in annual temperatures, with a highly
significant warming rate of respectively
0.87, 0.84 and 0.93°C per 100 years for the
mean, minimum and maximum
temperatures (Table 4). This figure is
similar to the rate of warming observed for
the whole of France over the 20th century,
but had not been established so accurately
for the mountain area (Moisselin et al.,
2002). Between 1885 and 2007,
temperature changes in the Alps were
therefore close to the 0.85°C in 100 years
observed over the whole of the Northern
Hemisphere’s continental regions.
(CRUTEMB3-NH data provided by the UK
Meteo Office’s Hadley Centre: Brohan et
al. 2006; Jones et al.,, 1999; Jones and
Moberg, 2003; Rayner et al., 2003, 2006).
Nevertheless, the evolution of the
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temperatures in the Alps departs from that
observed in the Northern Hemisphere
starting in the 1970s. Such congruence of
the temperature evolution in a mountain
area with the global temperatures over the
XXth century, followed by an uncoupling
in the 70s and 80s has also been described
in other mountainous regions (Weber et al.,
1997; Beniston et al., 1997; Beniston,
2005; Bhutiyani et al., 2007). It has also
been reported that, within a century
timeframe, the rise in temperatures in
mountainous areas is not always greater
than that of the surrounding plains (Weber

et al., 1997; Colombo et al., 2007;
Rangwala and Miller, 2010).
The evolution of temperatures on a

monthly scale does not appear as clear-cut.
First, depending on the month, the rise
does not occur with the same intensity
(Figure 12). Second, for some months, a
rise in temperatures cannot always be
statistically validated by the Mann-Kendall
test (Table 4). The results of this test
suggest that neither minimum nor
maximum  temperatures have  risen
significantly in February and November.
Nor can the rise be confirmed for
maximum temperatures in April, June and
September. Over the whole year, except
for February and November, minimum
temperatures show significantly greater
and more regular warming than maximumu
temperatures.

Table 4. Linear trend (°C per 100 years), 1885-2007 estimates, based on the data of the monthly models for the
1885-1960 period and on the sea level temperature from the 92 stations for the 1960-2007 period.

CRUTEM3 NH Tg Tn Tx
trend trend trend trend

°C per 100 years ut) MK °C per 100 years u(t) MK °C per 100 years u(t) °C per 100 years ut) MK
January 1,12 6,53  ** 1,52 2,76 ** 1,96 3,39  ** 0,90 1,69
February 1,32 7,25  ** 0,55 1,03 0,53 0,71 0,53 0,92
March 1,27 8,62  ** 0,98 2,45 * 0,57 1,57 1,45 2,50 *
April 0,93 8,17 ** 0,32 0,84 0,22 0,68 0,78 1,68
May 0,76 8,46  ** 0,63 1,58 0,53 1,35 0,82 1,72
June 0,66 7,76 ** 0,52 0,79 0,37 1,19 0,54 0,39
July 0,53 6,40 ** 1,29 3,15  ** 1,41 4,88  ** 1,11 1,99 *
August 0,61 7,38 ** 1,26 336  ** 1,44 532  ** 1,08 2,03 *
September 0,52 6,11  ** 0,53 1,45 0,54 1,61 0,54 1,33
October 0,68 6,74  ** 1,35 3,02  ** 1,05 2,21 * 1,75 3,42 **
November 0,87 6,48 ** 0,24 0,71 0,18 0,43 0,34 0,89
December 0,88 6,08 ** 1,21 2,94  ** 1,31 2,89  ** 1,26 2,71 **
Annual 0,85 9,84 ** 0,87 4,92  ** 0,84 5,50  ** 0,93 4,25 **
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Mann-Kendall test (MK) significance levels: **is 0.01; *is 0.05; blank is >0.05
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Figure 12. Yearly evolution of the monthly trends of the Tn, Tx, Tg and CRUTEM3-NH temperatures

computed for 1960-2007 and 1885-2007 periods.

Important variations in monthly warming
rates can also be found for the period from
1960 to 2007 (Figure 12). It appears that
annual temperature means have been
raising throughout the last fifty years in the
French Northern Alps, and that a
noticeable and highly significant increase
in recorded figures has progressively taken
place. The mean rise is estimated at 3.4°C
over 100 years for minimum temperatures
and 3.9°C over 100 years for maximum
temperatures. Annual warming over the
same period has been 3.6°C, that is, two
thirds greater than the rise of 2.4°C over
100 years observed for the whole of the
Northern Hemisphere’s continental areas
(Table 5).

Warming has not been observed with the
same rate at a monthly scale, depending on
the months and specific temperature
variable. Between 1960 and 2007, the
highest significant monthly warming rate
peaked at 7.8°C per 100 years for
maximum  temperatures in  March,
compared with 3.7°C per 100 years for the
lowest significant monthly rate observed

for minimum temperatures in June.
Nevertheless, as for the period from 1885
to 2007, on a monthly scale the
temperatures observed over the last fifty
years have not always shown indisputable
warming (Table 5):

- In February and November, the warming
rates of maximum and minimum
temperatures cannot always be confirmed
by the Mann-Kendall test. Warming rates
for both these months tend moreover to
be minimal, and are always smaller than
those observed for the continental
Northern Hemisphere.

- The rise in mean temperatures (Tg) is
statistically established in March as well
as from May to August and in December.
For the other months of the year,
although the trends may be real (e.g., in
January the equivalent rise is 4.6°C over
100 years), they are not confirmed by
MK.

- The great warming rates of monthly
minimum temperatures (Tn), always



above 3.7°C per 100 years, are
statistically significant in only seven
months out of 12: in December and
January, from May to August, and in
October.

- Finally, for maximum temperatures
monthly warming rates, even though
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sometimes very strong, are significant for
only four months of the year: March,
May, June, and August. It cannot not be
statistically demonstrated that the other
months’ maximum temperatures have
risen since 1960.

Table 5. Linear trend (°C per 100 years), 1960-2007 calculated based on the sea level temperatures obtained

from the 92 stations.

MK

Tn Tx

trend trend

°C per 100 years

u(t)

°C per 100 years

u(t)

MK

*k

*ok

sk

*k

*k

4.86 228 * 4.41 1.72
0.92 0.02 2.67 0.75
3.54 1.81 7.81 3.06 **
2.02 1.69 4.17 1.83
5.01 3.59 ** 5.39 242 *
3.73 3.20 ** 5.82 252 *
4.40 3.34 ** 4.04 1.78
4.52 4.05 ** 4.66 2,15 *
2.06 1.71 1.23 0.84
3.93 247 * 2.66 1.37
0.36 -0.05 -0.05 0.07
5.09 251 * 4.07 1.78
3.37 533 ** 3.91 4.21 **

Mann-Kendall test (MK) significance levels: **is 0.01; * is 0.05; blank is >0.05

CRUTEMS3 NH Tg
trend trend

°C per 100 years u(t) MK °C per 100 years u(t)
January 3.18 5.14 ** 4.64 1.96
February 3.08 4.21 ** 1.80 0.66
March 2.98 535 ** 5.68 2.92
April 2.64 6.13 ** 3.09 1.92
May 2.14 6.81 ** 5.20 3.02
June 2.13 6.22 ** 4.77 2.99
July 2.05 594 *x 4.22 2.56
August 2.17 594 ** 4.59 2.97
September 1.94 5.48 ** 1.65 1.35
October 2.05 512 *x 3.30 1.94
November 2.05 4.09 ** 0.15 0.12
December 2.58 523 ** 4.58 2.31
Annual 2.42 6.54 ** 3.64 5.05
CONCLUSION

The evolutions of regional temperatures
and gradients in the French Northern Alps
greatly vary depending on the month of the
year, the specific temperature measure (Tn,
Tx, or Tg), as well as the period of time
investigated.

The inter-annual evolution of gradients
over the last fifty years is undoubtedly the
trickiest to evaluate. Annual and monthly
gradients show  large  inter-annual
variations, and apart from minimum
temperatures in November, and maximum
temperatures in March-April, there seems
to have been no significant evolution since
1960. The stability of the gradients over
the last fifty years could thus indirectly
reflect the fact that temperature changes in
the French Northern Alps affect the entire
area in a relatively uniform way, a
hypothesis that contrasts with conclusions
drawn from smaller scale observations

made in other Alpine areas. However, the
seasonal variations of these gradients are
easier to interpret. Shallow winter
gradients and steeper summer ones reflect,
among other factors, the influence of
thermal inversions on the minima. This is
not a mnovel observation regarding
mountain area, but is nevertheless the first
time that temperature gradients are
precisely assessed for the French Northern
Alps.

Between 1885 and 2007, and since 1960,
temperature changes in the French
NorthernAlps have been more conspicuous
at an annual scale. For the 1885-2007
period, the Alpine range sustained the
global modifications due to climate change
at an annual scale without much
amplification. The same cannot however
be said for the period starting in 1960,
where observed warming rates have clearly
increased. Over the last few decades, this
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amplification has become even more
noticeable at a monthly scale, with
warming rates often exceeding 4.0°C per
100 years. This is to be compared to a
mean monthly warming rate of 2.4°C per
100 years for the Northern Hemisphere’s
continental regions. The increase in
monthly temperatures is nevertheless much
more variable depending on the month. In
addition, whatever the time period studied,
all monthly temperatures do not always
indicate significant, indisputable warming.
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