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Abstract. After 2003's summer heat wave, Electreeite 1  Introduction

France created a global plan called “heat wave-dryness”. In

this context, the present study tries to estimate high river temThis study is performed for applications concerning French
peratures for the next decades, taking into account climaticiuclear thermal power plants cooling systems in a context
and anthropogenic evolutions. To do it, a specific method-of industrial safety checking. After the 2003 heat wave, it
ology based on Extreme Value Theory (EVT) is applied. In appeared necessary to re-evaluate the extreme hot tempera-
particular, a trend analysis of water temperature data is don#ures, which the rivers water could reach in the next decades,
and included in EVT used. The studied river temperaturesby taking the climatic and anthropogenic changes into ac-
consist of mean daily temperatures for 27 years measuredount.

near the French power plants (between 1977 and 2003), with Indeed, the river temperature fluctuations are forced by
four series for the Rbne river, four for the Loire river and natural and anthropogenic factors, e.g. industrial thermal dis-
a few for other rivers. There are also three series of meartharges or hydraulic installations that modify natural flow.
daily temperatures computed by a numerical model. For each Among the natural causes, we can identify hydraulic forc-
series, we have applied statistical extreme value modellinging of tributaries or ground waters, which have their own wa-
Because of thermal inertia, the Generalized Extreme Valuaer temperature and discharge. In a similar way, the atmo-
(GEV) distribution is corrected by the medium cluster length, spheric forcing of air temperature, moisture, precipitations,
which represents thermal inertia of water during extremelycloud cover and wind, take part in the river thermal balance.
hot events. The. ando parameters of the GEV distributions  However, it is now recognized from IPCC work that global
are taken as polynomial or continuous piecewise linear funcmean annual temperature increased during the last century.
tions of time. The best functions fgr ando parameters are  Trends in summer mean air temperature in France have been
chosen using Akaike criterion based on likelihood and somé&dentified too (Mestre, 2000 and IMFREX project). Similarly
physical checking. For all series, the trend is positive/for  to the mean, hot extreme air temperatures appear to present
and not significant fos, over the last 27 years. However, we positive trends with increasing heat waves events (Laurent et
cannot assign this evolution only to the climatic change foral., 2007). This atmospheric forcing influencing the hot river
the Ri®ne river because the river temperature is the I'eSUHemperatures has a high impact as it generally occurs during
tant of several causes: hydraulic or atmospheric, natural ogry periods of low river flows.

related to the human aCt|V|ty For the other riVerS, the trend For this reason, it seems interesting to determine whether
for 12 could be a.SSigned to the climatic Change more Clearly.the river energy balance during heat wave episodes is a sta-
Furthermore, the sample is too short to provide reliable returitionary process or not. This study examines this question,
levels estimations for return periods exceeding thirty years s efforts to assign the detected trends to natural or anthro-
Still, quantitative return levels could be compared with phys-pogenic causes is a delicate issue. This point will be dis-
ical models for example. cussed more thoroughly later in the paper. Only few stud-
ies were carried out on this subject with applications to river
ecosystems (e.g. Sinokrot et al., 1995 or Gooseff et al., 2005)
as well as for industrial facilities dimensioning. This trend

Correspondence td=. Huguet analysis which is a goal of the paper, is then applied to eval-
BY (frederic-p.huguet@edf.fr) uate the hot extreme temperatures in the future.
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Table 1. Percentage and longest period of missing data. 2 Presentation of water temperature time series

Water temperature is observed upstream and downstream
from several measuring sites found on the river bank near
nuclear power plants in France. For the purpose of our study,

Station Percentage of Longest gap
missing data  (in number of days)

Belleville 12.02 347 we will be interested only in water temperatures upstream of
Dampierre 1.07 104 the power plants.

Saint-Laurent 1.07 104

Chinon 2.28 213 2.1 The observed temperature series

Bugey 0.06 2

Saint-Alban 0.27 6 Series of daily averages were computed from hourly temper-
$rriz:12tin 8'811 11 ature measurements. In the presence of missing or erroneous
Cattenom '1 72 measurements, temporal interpolation (linear or Fourier se-
Fossenheim 0 0 ries) or regression starting from the nearest station were per-

Golfech 1.58 79 formed on each series to obtain complete chronology. Thus,
we have complete series of daily average temperatures mea-
sured in water, for the period 1977-2003, except for Chooz
whose data is far too incomplete and unreliable. For this last
site, the water temperature sensor has been installed in an

In our study, as design values are usually defined as returinappropriate manner to measure the upstream temperature
levels, we propose a statistical model based on the extremaccurately. For this reason for this power plant the series of
value theory. This approach has the advantage of providingneasured temperatures is replaced by a series of computed
a rigorous mathematical framework for extreme values withtemperatures, (see Sect. 2.2). Table 1 details the percentage
temporal variability (in the case of a non stationarity assump-of missing data that have been replaced by interpolation or
tion) and the random fluctuations of these values. This theonpy regression and the longest period of missing data, for each
introduced by Gumbel (1958) within a stationary framework, site.
then largely enriched later on (Coles, 2001) was applied in
hydrology (case of high water level; Katz et al., 2002) or in 2.2 The computed temperature series
oceanography (high sea level close to ports, Coles, 2001).
In a non stationary context, extreme value theory reveals it-The series of water temperatures for the Chooz site is com-
self as a powerful tool to detect changes and provides freputed and averaged over 24 h from 3-hourly data produced by
guency ana|ysis (Zhang et a|_, 2004) Recenﬂy, the extremé numerical model. The CALNAT model calculates the tem-
value theory was used to evaluate hot air temperatures iferature in a point of the river using a deterministic way, in-
France with temporal variations (Parey et al., 2007). More-tegrating the equation of the temperature evolution (see Gras,
over, this theory provides quantitative results in the form of 1969):
return levels, which could be used for example for indus- T aT 9 9T 1
trial work dimensioning. Extremes can be modelled through— +U~-—— = — (Kf) +—— (SR+AR-WR-C-E)
two approaches. The first one is based on the Generalize&% fx Ox ox pCH

o . Lo @)

Extreme Value distribution (GEV), i.e. the limit distribution
of the maxima of a sequence of independent and identicallyyhere,
distributed random variables. The second one is the Peakg riyer speed
ngr Threshold method (POT) which I.ooks. at values aboveg thermal diffusivity along the river
a high threshc_>|d,. thg exceedances being fitted to a Genera}o— mass of water per unit volume
ized Pareto Distribution (GPD). C specific heat capacity of water

Several series of water temperatures near 12 power plantd depth of river thermal inertia.
are available for our study. In Sect. 2, we present the data The five thermal fluxes SR, AR, WR, C and E are caused
used. Then in Sect. 3 we describe the applied methodologyby solar radiation, atmospheric radiation, water radiation,
In particular, we explain how the non stationarity assump-wind convection, and evaporation, respectively. The flux of
tion is introduced and how the GEV distribution is corrected solar radiation depends on the albedo, the cloud cover, the
to take the thermal inertia of the river into account. The re-location (latitude and longitude) and the date (day and hour
sults on the detected trends and the associated return levetd the year). The flux caused by the atmospheric radiation is
are presented in Sect. 4. Finally, we conclude on the obtainedomputed using the air temperature and the cloud cover.
results. Still, those must be considered with caution espe- To calculate the water radiation, the knowledge of water
cially when they are applied in a context of public interest or temperature is needed. In our context, the convection de-
safety. scribes the wind cooling on water surface. To estimate it,
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Finally wind speed, air temperature, air humidity, atmo-
spheric pressure and latent heat of vaporization are used t e S N

calculate the thermal evaporation flux. Atmospheric data are ] ] )
taken from the nearest Meteo-France observation station. Fig. 2. Power stations site and related water temperature series.
To sum up, the temperature evolution is forced by weather
data (air temperature, air humidity cloud cover and wind) and; spp model reliably. To obtain them, we have to take be-
qeeds a specific _initial condition and boundary Iayer Con_di'tween 15% and 60% of summer data (depending on the river
tions. More details about the CALNAT model are given in e series). Threshold specified in this way are thus far too
Dupeyrat et al. (2006). low to select only extreme temperatures and GPD conditions
Similarly, series of water temperature are formed over theyj not be fulfilled. Therefore these pre-processing analy-
period 1949-2003, for the power stations of Belleville and seg showed that the GEV distribution is more suitable for the

Dampierre. study of water temperatures.
The validation of the model is described in Dupeyrat et

al. (2006). It consists in comparing computed and measure@®.1.2 The generalized extreme value distribution
temperatures when the latter are available. This validation

is done over the periods 1978-1991 and 1998-2004 for th&or independent observations arising from a common contin-
Chooz site, and 1977-2003 for the Belleville and Dampierreuous distribution, the probability for not exceeding a leyel

sites (see Fig. 1 for example). for a temperatur in any block of days can asymptotically
be approximated by the cumulative distribution function of a
2.3 Locations of the temperature series GEV distribution.
P(T <2) =G (z, 1, 0,8) (2

Four series are located along thedRk river (Bugey, Saint-
Alban, Cruas and Tricastin), four along the Loire river Where:

(Belleville, Dampierre, Saint-Laurent and Chinon) and some 1
others on other French rivers (Chooz, Cattenom, Fessenhein@ (2 11, 0, E) = expl_ [1+ £ (z— M):| g }
and Golfech). Figure 2 shows their locations.

with [1+$(Z_M)}>Ofor§;éo (3a)
3 Methodology 7
(z—mw
3.1 Extreme value method G (2.1, 0.8) = exp)—exp| —— for§ =0 (3b)
3.1.1 Choice of statistical extreme value method With: u location parameteyy € ]—o0, +o¢]

o scale parametes, € 0, +o¢]
Some preliminary tests have been performed with the POT shape parametef, e ]—o0, +0o0]
method. We need a time series of around hundred water tem- The parameterg ando are proportional to the mean and
peratures above a given threshold in order to be able to fito the variance of extremes respectively. The proportionality
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Probability density function of the GEV distribution 25
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0.8 - i The extreme value theory (Coles, 2001) shows that the
= 06 | probability for not exceeding the valuE=z is asymptot-
© ically well approximated by a Generalized Extreme Value
a (GEV) distribution. In order to apply the Generalized Ex-
02 (pioiE)=(6:3:+03) treme Value distribution for the sequencg,), two funda-
0 oo oo oe aEgEess : : mental assumptions must be fulfilled:
-5 a 5 10 15
z — The sequenceH,) must have the same probability dis-

tribution along the fixed time block, but not necessarily
for different blocks or years. The selection of the hot

Fig. 3. GEV distribution functions. season has been made in such a way.

— The sequenceH,) must consist of independent or

coefficient depends on the shape paramiet@f course in a weakly dependent values in order to apply GEV approx-
non stationary case, these parameters depend on the consid- imation. If they are not, some correction have to be done
ered block. on the limit law using the clusterization indéx In or-

This function is known as the generalized extreme value ~ der to verify this point, the cluster lengths have been
distribution, because it includes three types of distribution studied.
function, according to the value f The GEV distribution
reduces to the Gumbel family fa=0. It belongs to the
Fréechet family fors >0, and the Weibull family fog <O.

3.2.2 Episodes length

i . In order to study the independence of high values, the clus-
_Parameteg characterizes the shape of the probability den-ie(s are defined by a set of couples (date, temperature) whose

sity function g. Indeed, according to its valge-0,£>0and  {emperature is higher than a given threshibidu. Thus, two

§ <0, this function is not bounded, bounded from the left by ¢)ysters are at least separated by one value (daily mean tem-

zim=p—¢ and bounded from the right byim respectively  perature) below the threshold. The cluster fatan then be

(see Fig. 3). estimated by the ratio of the number of clusters to the number
of values above the threshald

3.2 Application to the water temperature data Temperature is more clustered for weake® can be re-
garded as an estimator of the thermal inertia of river water

3.2.1 Data description and hypothesis verification temperatures for the threshalg estimated as the inverse of

the average length of clusters.

We work with daily averages of water temperatures over the The results in Table 2 are found by taking as thresholds

whole year (circle in Fig. 4) upstream from the power plantsthe values of the 92nd percentile for all the hot seasons. This
and over various periods. The temperature values are sehreshold has been found to represent a good compromise
lected from 90-day hot seasons (square in Fig. 4), fixed bebetween a high enough level and a selection of a significant
tween the 20 June and the 17 September. Thus, we suppreasmber of episodes for reliable statistics.

the seasonal cycle. From this hot season series néted Maximum temperatures for each site show that 2003 is an

sequenceT(,) of hot extremes is extracted by taking the tem- unprecedented heat wave in intensity over the 1977-2003 pe-
perature maximum per time block b of 30 consecutive daysriod (see Table 2). It is also the case for the cluster lengths

(triangle in Fig. 4). except at St. Laurent (19 days from 22/7/1994 to 9/8/1994),

Nat. Hazards Earth Syst. Sci., 8, 67-79, 2008 www.nhat-hazards-earth-syst-sci.net/8/67/2008/
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Table 2. Characteristic size of clusters during heat wave period (the number of days written in bold corresponds to the maximum of the
clusters size over the 1977-2003 period).

Station Maximum temperature  Threshald Maximum size of clusters in 2003  Average length of clusters  Clusters rate

(in °C and dates) (iRC) (in number of days and dates) (in number of days) 0
Belleville 29.2-7/8/2003 22.9 14: 2/8/2003-15/8/2003 3.38 0.292
Dampierre 30.0-8/8/2003 23.2 14 2/8/2003-15/8/2003 3.48 0.287
Saint-Laurent 27.4-9/8/2003 22.3 13: 3/8/2003-15/8/2003 3.75 0.267
Chinon 31.1-9/8/2003 23.1 16: 2/8/2003-17/8/2003 3.9 0.256
Bugey 26.0-11/8/2003 22.5 19 12/7/2003-30/7/2003 5.42 0.185

16: 3/8/2003-18/8/2003

Saint-Alban 26.4-13/8/2003 24.1 37 15/7/2003-20/8/2003 7.8 0.128
Cruas 25.7-10/8/2003 22.9 53 10/7/2003-31/8/2003 5.74 0.174
Tricastin 25.9-11/8/2003 23.1 53: 10/7/2003-31/8/2003 6.96 0.144
Chooz 27.1-9/8/2003 22.7 17: 2/8/03-18/8/03 5.74 0.174
Cattenom 28.5-7-11/8/2003 25.4 15: 3/8/03-17/8/03 5.13 0.195
Fessenheim 26.1-11-13/8/2003 22.4 54:9/7/2003-31/8/2003 8.48 0.118
Golfech 29.6-10-11/8/2003 26.0 33 12/7/2003-13/8/2003 7.5 0.133

Chooz (30 days from 12/7/1994 to 10/8/1994) and Cattenonshape parameter can reasonably be kept constant with time.

(19 days from 22/7/1994 to 9/8/1994). As a matter of fact¢ is the most delicate parameter to esti-
The results of Table 2 show an important clustering of themate and as our series are quite short, trends could not easily

water temperature. However, the sites on the Loire river arebe identified. In this non stationary context of time varying

less clustered than those positioned on thér@triver. Cat-  n ando parameters, the return levels need to be re-defined.

tenom and Chooz sites present an intermediate clusterization

between that of the Loire and the &re. On average, Fes- 3-3.1 Definition of return level in a non stationary context

senheim and Golfech are the most clustered series. These .
differences are linked to different flow characteristics of the ' We define the return level z as the level reached or exceeded

river on average once over the time periBdfor block maxima,

Thus, observed river temperatures show a certain thermdf!® knowledge of the quadruplet (1), o (1), £, 6) is suffi-

inertia as the duration of a very hot temperature episode ca€Nt for the estimation of the return level.

reach almost a whole season. This is why it is necessary to INde€d.z can be statistically defined as the level whose
correct the GEV distribution with the facter (see Leadbet- NUMDer of exceedanceé has an expectancy E(N) equal to
ter et al., 1983): one, during the various hot seasong?f This is true for any

block b belonging tdz}, 15 + P’] with initial time ; corre-
(z — W) - sponding to the first future year after the end of the series.
G(z,pn,0,8,0)=expi—0 [1 + ET} Thus, in our case we estimate the level reached or exceeded
on average once between 2004 and 2002'—1).

, (z— ) But the numbeV of exceedances of levelin time’s in-
with |14+ &—-= 0 for 0 4a .
[ T8 } g §# (42) terval [z}, 15, + P’] can be derived as:
m

_ N = Yy (5)
G(z,h,0,E,0) = exp{—e exp[—M“ for £=0 (4b) ,,Z:;

o

_ With m, the number of blocks corresponding to each hot sea-

3.3 Temporal evolution and trends of the parameters son of P/,

. . .. AndY,, the variable related to a given block b, defined as:
To estimate the hot extreme temperature in the future, it is

necessary to identify trends, which may be present in obserYy = x[1,>;1 =1 if T > z
vational data of extreme water temperatures, and comput?
changes in the involved return levels. Therefore, the param-”
eters of the GEV distribution are supposed time-dependent Therefore, the expectancy f is given by:
and the form of this evolution is modelled as polynomial or

m m m
continuous piecewise linear functions. Only parameters praq — g vil=S"Emi1=SN"PrT: > 6
ando are considered to vary with time. We suppose that the [N] ; b !)Z:; (5] ; T >2) ()

= X[Tp>z] = 0if T, <z

www.nat-hazards-earth-syst-sci.net/8/67/2008/ Nat. Hazards Earth Syst. Sci., 8, 67-79, 2008
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Finally, according to Egs. (4a) and (4b), the expectandy of 1, € [a(k_l), ak] elsex(ay_y.a,1=0 Wherea, are the angular

equal to one can be written as: points fori>k>0 andag=t (initial time of the series) and
N a;=to+ P with the series duratio®.
fE£0:E(N) =) 5 {1—exp[—9 (1+52;’(‘[()“’)> E} } -1 (7a) To respect the continuity between two linear pieces, we
b=1 b have:

o + Prax = ak+1) + Bu+nar fori >k >0

o (tp)

Ifs:0:E(N):g{l—exp[—eexp(—lm’))“:1 (7b)

The models in zero and one part correspond to the station-
With the indicator function § such as §=1 if ary (for u ando) and linear (forw) models respectively of

[1+5(2(—7_M>] -0 the polynomial modelling.
Because of high computational time, the CLM were not
5=0 otherwise. studied foro. Thusoe is supposed to be stationary, which is a
Therefore, the return level can be computed resolving Plausible assumption according to the results of polynomial
Egs. (7a) and (7b) modelling.
The Akaike criterion (see above) and localization condi-
3.3.2 Estimates of the GEV parameters tions of the angular points determine the optimal CLM model

(noted cImOPT). Indeed, the classical theory of the likeli-
To take the climatic evolution into account, the parameters hood tests can be applied only if separation constraints are
ando are regarded as functions of time imposed between the angular points. The same constraint

Several time models are then consideredif@ndo: needs to be applied to CLM edges as well.

These time dependent models will be used for prediction.

— polynomial models fopu=pu () ando=o (1), 1.e.as:  More precisely, they will be extrapolated to predict the val-
ues of the parameters in the future and thus also to estimate

the return levels. The validity of such an extrapolation is a
strong hypothesis. Of course it requires choosing for these
parameters an analytical form easy to estimate (as a polyno-

mial form of low degree). Moreover, the resulting extrapo-
lation should have physical sense. This approach seems to

Th timal bol ial Id b lected by th . be the best way to perform this prediction. The main rea-
€ optimal polynomial cou'd be selected by the mMaximuMg,, i 14t there does not exist any model (as a filter) giving

likelihood test whose asymptotic distribution is a chi square .. ios for the variables (G@oncentration) linked to the

with a number of degrees of freedom defined as the differ- . :
. . reenhouse effect and its consequences for the rivers temper-
ence in the number of parameters (Davison, 2003). 9 g P

. . ) X ature. This problem is in a sense more complex than the one
Still, there is a technical problem, because this test pro- P P

vides results only for nested models. For instance, it doeézoncermng alr temperatures.
not allow to choose between polynomials defined by degrees
(1,2) and (2,1). But this situation does not occur for our data.4 Results
Another and perhaps simpler way to select the opti-
mal polynomial (noted polyOPT) is to use the Akaike 4.1 Results on trends
type criteria. LetL(n,i,j) be the log likelihood, n
being the sample size. The penalized likelihood is4.1.1 Model choice
A, i, j)=L (n,i, j)—¢ (n) (i+j). Then, we chooseand
j maximisingA(xn, i, j). A popular choice of the function Tables 3, 4 and 5 give the results obtained for both types of
¢(n) is In(n), giving a consistent estimate fomnd j (Davi- modelling using likelihood maximization. They also provide
son, 2003). the model selected in fine. The models are defined by the
couple (, j) of the order of the polynomial equation faor
— Another choice of parameterisation pf consists of  ando respectively. Continuous piecewise linear models with
continuous piecewise linear models (CLM) with zero, i parts are notedlP.
one, two or three parts (respectively noted OP, 1P, 2P et The two types of modelling show trends for all sites. With

w(ty) =bo+b1 ty+ ... +b; t]
ando () = co+c1 tp + ... + ¢; 1 with i<4 and j<4.

Thus, these models are defined by the couplg)(of the
order of the polynomial equation for ando respectively.

3P). polynomials, the effect of variance appears only on St. Lau-
rent and Cattenom with a negative trend. Thus, there does
They are defined such as: not seem to be generalized trend in variance as in the case
' for mean. Furthermore, as the samples are quite short, trends

L
tp) = t for a model with i . . . ; X
# (1) El (@il Xla— ] ! in variance are difficult to be accurately estimated and it then

pieces with the indicator functiony, ;.4 =1 for has been decided not to take them into account.

Nat. Hazards Earth Syst. Sci., 8, 67-79, 2008 www.nhat-hazards-earth-syst-sci.net/8/67/2008/
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Table 3. Optimal trend computed for GEV parameters (Loire sites). Table 5. Optimal trend computed for GEV parameters (others

sites).
Bellevile Dampierre  Saint-Laurent Chinon
polyOPT 3,0) 3,0) 1) (1,0) Golfech Chooz Cattenom Fessenheim
clmOPT 2P 2P 1P 1P polyOPT (3,0) (1,0) (1,1) (3-4,0)
Selected model 2P 2P Linear pn  Linear onu cImOPT 2P 2P 1P 1P
Selected model 2P Linear @gn Linearonu Linear onu

Table 4. Optimal trend computed for GEV parameters @Rh

sites).
The Ridne river
Bugey Saint-Alban Cruas Tricastin
polyOPT 3.0) 3.0) 3.0) 3,0) Figure 6 presents the trends far, on various sections
cImOPT 1P 1P 2P 2P of Rhdne river: Bugey, which is located rather upstream, and

Selected model  Lineargm  Linearony  Linearonu  Linear ony Cruas located rather downstream. On the two sites again,

a polynomial extrapolation starting from models in (3,0)

or in 3P CLM onu, are not reasonable. These high order

trends give a good fit with the observations but cannot be

Return levels are then evaluated using extrapolation ofconsidered as representative of the global trend. A good

identified trends. Of course, for the location parameter example of a correct fit but with little physical sense is the
trends have to be monotonous on a large time interval at theharacteristic model shape of the 3P. Even the 2P model
end of the observation period, and degrees above 2 cannshows a great influence of 2003 on the trend in Bugey, but
be retained. For piecewise linear functions, we also havenot in Cruas. On the other hand, the linear trend seems to
to check that the last break point is not too close to the enchave a more reasonable physical meaning on the two sites.
of the series, which could reveal a strong influence of theFor the Ribne, the river thermal behavior is different from
last hot year 2003, leading to unrealistic extrapolations.the Loire. In particular, the river thermal balance does not
Moreover, a coherence of the trends between close sitedepend only on atmospheric forcing but also on the glacial
located on the same river and which do not have a distinctivecontributions (lake Eman and glacial tributaries) and on
hydrological feature is maintained. This coherence couldanthropogenic factors. In this complex and slow thermal
be spread along the entire river, in the case of thérRh  balance, it appears necessary for the river to preserve the
The cases of the Loire and Bihe rivers will be described in  same modelling of: for all the sites.
more details.

Discussion on trend models
The Loire river

According to the sample, the situation is very specific.
Figure 5 shows the trends computed faqrin Belleville and ~ CLM models are used in order to control and perhaps to
Dampierre: the best polynomial obtained is (3,0) and theimprove polynomial models. But, the data present a very
CLM model is 3P They correspond to the best statisticalhot temperature at the end of the sample. Then, the last
fit to describe the data, but regarding the shortness of théreak point has a strong probability to be near to this end
series, they cannot reasonably be used for extrapolation. Aand therefore the last piece can have a very high slope. For
mentioned above, these models are very sensitive to the 2008 fit and descriptive aim, CLM is well adapted. But for a
heat wave placed at the end of the sample. That remainprediction by extrapolation, CLM could be lead to huge
true for all the sites. Thus, only extrapolation starting from values which cannot easily interpretable.
linear and 2P CLM models can be considered as reasonable. To sum up, a positive trend for the evolutiongofs found
The 2P model has the advantage of separating the first yeafsr all the power plants. However, it is advisable to inter-
of relatively cold summers from the last part of the trend, pret this trend with great care, as the water temperature is the
which can then more reasonably be extrapolated. Naturatesultant of several causes, natural or not.
climatic variability is here sampled in an uncomfortable way That is particularly true on the Rine river, which is a so-
for robust trend identification, since relatively cold years arecalled “transfer river”. The heat contributions of industrial
frequent at the beginning of the sample and a particularly hobrigin is not evacuated (or little) in the atmosphere and mod-
year occurs at the end of the observed period. In additionijfy the water temperature all along the river downstream of
as the water temperature adjustment with the atmospherithe disposal (see F. Hendrickx et al., 2004). Thus, the de-
conditions is fast on this river, various trends grcan be  tected trend includes both natural and industrial evolutions
retained for sufficiently distant sites. during the last 27 years.
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For the Loire, the trend is less complex because the ad- For each parameter the standard error is similar for all sta-
justment of water temperature to the atmospheric conditiongions. On average, standard errors §orthe last slope of
is faster. Thus, the river temperature is not influenced by theu andeo are equal to 0.07, 0.27.16 and 0.13 respectively.
upstream thermal discharges. Thus, the 95% confidence intervals for these parameters are
It is also the case for G0|fech, ChOOZ, Cattenom and Fesabout equal to 014, 0531®and 0.25 around the estimated

senheim, which do not have major industrial facilities carry- values.
ing out upstream important thermal discharges. With values of¢ ranging between-0.570 and—0.126,

On the other hand, the upstream hydraulic installations cai'€ distribution governing the extreme water temperatures
influence the water temperature by modifying the flows. ~ Pelongs to a Weibull type for all the stations with a 70% con-

For all these reasons, it is difficult to attribute trends only fidence interval Thgs’ the probablll_ty density of the_extreme
to climatic evolutions e\'/en if they should have an influence temperat'ure levels is bounded, which seems physically rea-

' ‘sonable in the case of hot extreme water temperature.

In the overwhelming majority of stations, no significant

4.1.2 Results on the GEV parameters trends are detected in theparameter of the GEV, and be-
cause of the shortness of the samples, the identified ones

Figure 7 and Table 6 give the results of the GEV parametersnust be carefully considered. For applications to return lev-
for the chosen models. The value of the cluster rate els computing, it has been decided to not take them into ac-
added too. count.
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Table 6. Last slope value oft parameter (in C degrees/time).

Site Belleville Dampierre  Saint-Laurent Chinon
Selected model 2P 2P Linear an  Linear onu
w104 25 2.1 3.4 4.75

Site Bugey Saint-Alban Cruas Tricastin
Selected model Lineargm Linear onu Linearonu  Linear onu

pn 1074 2.8 3.0 4.2 3.98

Site Golfech Chooz Cattenom Fessenheim
Selected model 2P Linearen Linearonu  Linear onu
w104 2.8 2.6 2.7 3.2

For the parameteu, a positive trend is detected for
all stations, whatever the temporal evolution model cho-
sen for this parameter. The slope coefficient of the last
part of the model fop. lies between 2.£10-4°C/time and

Chooz

0174, -0.398 LIN1 42

Cattenom
Y 0195023, LIN, 157

4.75x 10_40 Cltime. PARIS (fat:48°50°N, lon:02° 20 E) ;“‘é
4.2 Results on return levels B 2
St Laurent Dampierre ey
. . 0.267,:0305UN1 515 D.207,-0268,2P1.52 6.
4.2.1 Influence of non stationarity * Fessenhei
Chinon *55“6 Beﬂe’vﬂle 0.116,-0.126 , LIMz1.368

Figures 8 and 9 give the 10-, 20- and 30-year return levels

0255, 0281 LIN B84 by

while taking (right figure) or not (left figure) series clusteri- |f Legend 2 '3 Bugey, (& o
zation into account. TR §F g 5 Posomude’
A ) g A

The 10-, 20- and 30-year return levels seem to be phys-| sacusss enparature N‘ SiAlban 4
ically reasonable. Indeed, the 10- or 20-year return levels| ® ST
were already reached, sometimes exceeded in particular dur empeene D 4
ing the 2003 heat wave, on all sites. For Chooz, even the’l o QQZ;C Tﬁc'astiﬁl' ‘o
30-year return level was approached. On the other hand, th  iometers ety S T §C
50- and 100-year return levels do not appear very reasonablq * s
in particular in comparison with the sample size (27 years, o — SRl

0.292 -0.371 2P,1.68

sometimes less when using piecewise linear functions) on
which the extrapolation is based.

Fig. 7. Values of paramete, o, £ and model type of:, for each

To evaluate the trend effects, return levels were computedite ¢ value,£ value, model type fop, o value in C degrees).

with a stationary assumption. In this cage,c and¢ pa-
rameters of GEV distribution are supposed to be constant.

The results are given in Fig. 9 in the same form as in the non ReSl_JIts are almost the same for all stations, even if_ confi-
stationary case (see Fig. 8). dence intervals are narrower fpr thedrte than for the Loire.
We also compute confidence intervals for the different re-Thus, we do not give the detailed results. The orders of mag-
turn levels. The non stationarity hypothesis makes it impos-hitude are as follows:
sible to use close asymptotics. Thus, we simulate 1000 tra-
jectories of the estimated optimal model. Then, the return
levels are computed for every trajectory. From these data,
we obtain an empirical estimate of the return levels distri-
bution and we choose as confidence interval an interquantile
interval, for instance¢(0.05)4(0.95)) for the risk level 0.1.
We also check that the magnitude of these intervals does nat 2.2
depend on small variations of the estimated model parame-
ters. Table 7 shows different confidence intervals computedrhe difference of return levels according to whether the se-
using trajectories, for Saint Laurent. ries are considered stationary or not, increases with return

— The width of the confidence interval is 2 degrees at risk
level 0.05 for a 10-year return level.

— Itis divided by 2 for a risk level 0.3.
— Itis multiplied by 1.8 for a 30-year return level.

Influence of on return level
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level duration. On average on all the stations, this differencepected. Indeed, the probability (1-G) of exceeding a fixed

is between 1.8C for 10 years and 3°& for 30 years. For return level is a decreasing functionéf

30-year return level, the temperature variation lies between oy g|l return levels, the differences vary betweerrG.2

2.5°C and 3C according to the stations. and 2C. Finally, if we want to take temporal evolution en-
Figure 10 shows the differences between the 30-year levdiirely into account, the parameter should be a function of

with or withouté in the stationary and non stationary con- time. But, in that case the problem becomes difficult to solve,

texts. Globally, these differences decrease witas ex-  as our series are much too short to allow a reliable study of
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Table 7. Cconfidence intervals for return levels (i€ degrees) at Saint-Laurent.

95% confidence interval 90% confidence interval 70 % confidence interval
(°C) lower bound upper bound lower bound upper bound lower bound upper bound
10 years 27,87 29,86 28,03 29,7 28,34 29,39
20 years 28,75 315 28,97 31,28 29,39 30,85
30 years 29,57 33,13 29,85 32,85 30,41 32,29

evolution of clustering. This issue could guide a future de-

velopment of our methodology. g 14 ° o o

;‘: 12 *
4.3 Results for the long time series iz . 2% o e 4

EE 08 °® ¢° ° o
In order to analyse the effect of the sample size, two long _3 06 ¢ o
temperature time series computed with a thermal model of 2 2 .. M
rivers behaviour, are used (see paragraph 2.2). For importantf .
computing time reasons, only the polynomial modelling of &8 o

0 0,05 0,1 0,15 0,2 0,25 03 0,35

the parameterg ando has been tested with these 55-year .

series. The main results are given in Table 6.

The optimal polynomial models are (1,1). The variance ef-
fect becomes important for these series and tends to increa
the return levels compared to the model (1,0).

For the same modelling of parameger the return levels
estimated from 1977-2003 and 1949-2003 series show sig-
nificant differences, which increase with the return period.
This sensitivity test shows quite well that there is a strong

sampling effect on the return level calculation. _ ) o _
However, Table 9 shows that the shape paramigisrof This paper proposes a methodology to identify if trends in

the same order of magnitude for the 27-year and the 55-yeagXtremely high river temperatures exist for the next decades.

series, which supports the idea of the time independence op€veral models has been studied to estimate the trends. As

£. application, one of these trend models is used to evaluate the
The choice of the computation period, although crucial for "€tUrn levels of extreme hot water temperature.

the extreme temperature evaluation, is delicate. Indeed, it We studied the trends of extremely hot water temperatures

is difficult, or even impossible, to determine with exactitude at 12 French stations, based on measured or computed (for

the beginning of the climatic change effects on water temperone station) series over the period 1977-2003, using statisti-
atures. cal extreme value theory, and particularly the GEV distribu-

However as we said before for the Loire, the thermal equi-tion. The GEV used for the return levels calculation takes the
librium with the atmospheric forcing is fast because of low thermal water inertia into account via thecorrective factor.
flow and small depth. Thus, the thermal influence of hot wa-The distribution modelling the extreme series is found to be
ter rejected by upstream power plant is weak. The analy-0f Weibull type, with a negative shape parameter. Thus, there
sis of monthly mean temperature of the Loire river using aiS an upper bound for the extreme temperatures, which seems
series since 1976 and a series since 1881 shows a tempdthysically reasonable.
ature increase, with a significant acceleration since the late All these stations show an increasing trend in the mean
1980s (Moatar, 2006) due to the rise in air temperatures andevel of extremes. On the other hand, we do not identify a
to lower discharge rates. reliable trend in the dispersion of the extreme values. This

Besides, the trends observed fofor the average and ex- identified trend takes at the same time climatic change and
treme air temperature, show an acceleration from the yearsvolutions of human induced activities along the rivers into
1970 (Parey et al., 2007). account, particularly for the Rime river. Analyses of longer

For these reasons, to calculate short term return levels, itemperature time series (1949-2003) confirm a sample size
could seem wiser to carry out calculations by extrapolatingeffect in the trend calculations. This is why it is advisable to
the most recent trends and thus starting from the series basedke these results with care especially if they must be applied
on the last 30 years. with the aim of public interests and safety.

‘ # stationary hypothesis 0 non stationary hypothesis ‘

ﬁg. 10. Difference of 30-year return level with or witho@tin non
stationary and stationary cases, for all sites.

5 Conclusions
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Table 8. Return levels computed from 1949-2003 series.

Belleville (1,0) Belleville (1,1) Dampierre (1,0) Dampierre (1,1)

Return levels Withou# Withd Withoutd With9 Withoutd Withd Withoutd With 6

10 years 27.82 26.44 28.42 26.78 28.39 27.40 28.97 27.91
20 years 28.25 27.17 29.09 27.79 28.84 27.71 29.66 28.29
30 years 28.43 27.49 29.49 28.33 29.01 28.04 30.06 28.85
Table 9. & value for the two periods 1949-2003 and 1977-2003. relationship between air temperature and water temper-

ature is complex, and could be modified in case of very
high air temperatures.

Belleville (1,0) Dampierre (1,0)

_ _ Nevertheless, the linear extrapolation of water temperature
Series period  1949-2003  1977-2003  1949-2003 1977-2003{rend remains the most reasonable assumption in the short

£ —0.377 —0.377 —-0.357 —0.244 term to estimate the return levels of hot extreme tempera-
tures.
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