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Comments and suggestions made by the two referees are gratefully acknowledged. We modified the 
text in response to the main criticisms. In the following, we list the referee comments (in italic and 
blue), we provide specific responses to these comments (in black) and finally we present a marked-up 
manuscript version. 

 

1 REFEREE #1 

1.1 General comments 

Overall, the questions addressed by the modeling effort are interesting and the results presented are 
also interesting. However, I do not feel enough information has been provided to substantiate the 
findings of the paper due to the lack of detail on the rainfall-runoff modeling. The authors refer to 
several citations about the model, but the application of the model to this study should be justified. To 
do this, information on how the model was calibrated needs to be described to show that such 
calibration was appropriate for the current use. Performance metrics of the calibration should be 
included. In addition, the model itself needs to be described regarding what inputs are needed, what 
the “4 and 2 free parameters to calibrate” are (that wording was very confusing to me; line 429). There 
should also be a description of what those calibrated parameters were and whether their values are 
appropriate. Their influence on the model results for the study described in this manuscript would also 
be helpful, given that streamflow reconstruction with the model had discrepancies. 

We agree with the referee #1 that the description of the rainfall-runoff model was lacking important 
information in the present form. A complete description of the GR4J model and its snowmelt routine 
CemaNeige has ben added in the section 3 (Methodology), with a focus on the inputs needed and on 
the timestep of the model:  

The structure of the CemaNeigeGR4J model is presented in the Figure 3. GR4J is based on two non-
linear stores (production and routing stores) and a unit-hydrograph, while CemaNeige is a degree-day 
snow accounting routine, which divides the studied catchment into five elevation bands. 
CemaNeigeGR4J uses as inputs daily series of precipitation, minimal and maximal air temperatures and 
a daily potential evapotranspiration series, calculated using Oudin et al. (2005) formula, designed for 
rainfall-runoff modelling. CemaNeigeGR4J produces daily streamflow series. 

A table has also been added in this section (Table 1), giving a description of each of the six calibrated 
parameters, their unit and their final calibrated values.  

Although there is an entire result subsection devoted to the rainfall-runoff model calibration 
performances (4.1 Rainfall-runoff model calibration performances), we added the calibration metric 
values obtained after calibration (Kling and Gupta Efficiency score (Gupta et al., 2009), KGE = 0.93). 
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Finally, quantifying the influence of each rainfall-runoff model parameter on the final streamflow 
reconstruction is out of the scope of this paper and is definitively an open question (and thus an 
interesting perspectives of this work). Here, the idea was to apply a classical rainfall-runoff model 
calibration strategy and then used the obtained parameter values in order to have a model able to 
transform an ensemble of daily climatic series into an ensemble of daily streamflow series. 
Nevertheless, our expert (and thus biased) judgement, as hydrologists, is that the rainfall-runoff 
transformation is not a “significant issue” on this catchment, mainly due to its topographic (topography 
relatively flat) and hydro-climatic context (catchment hydrology strongly influenced by snowmelt, with 
slow flow dynamics and none sudden events) and its (very) large size. 

 

I suggest that the authors need to make clearer the inputs needed for the reconstructed streamflows – 
I assumed it was time series of air temperatures and precipitation only, but that never clearly stated. 
The timestep necessary for these inputs also should be clear. 

We agree that the timestep of the model was not clearly stated. The climatic reconstruction described 
in this paper is done at the daily timestep and the rainfall-runoff model used is also operating at the 
daily timestep. Thus, input and output series are all at the daily timestep. It is now clearly stated in the 
manuscript (see previous answer).  

 

This relates to another thing that was unclear to me regarding why the authors used daily data if all of 
the comparisons/results shown were monthly. I am guessing the reason is possibly because the rainfall-
runoff model only operated at the monthly timestep (relates to the lack of detail on the rainfall-runoff 
model). Alternatively, perhaps the reservoir operations would like daily data and hence, the approach 
needs to produce daily data. If this latter is the case, then the authors should present daily results and 
model performance as well, even if they do not perform as strongly as the monthly summaries of 
results. Regardless, there needs to be some explanation regarding why daily inputs are needed, but 
only monthly and annual results are reported. 

Monthly and annual values are showed in the paper because of the main article goal, which is to 
compare the new streamflow reconstruction with two other reconstructions (using tree-rings) 
available at the annual resolution. Nevertheless, as detailed in the previous answers, outputs of the 
reconstruction methodology are available at the daily resolution. We now evaluate the performance 
of the climatic reconstruction at the daily timestep and present it alongside the monthly and annual 
performances (see for example Figure 6). 

 

I also had some difficulty following the terms used by the authors. This may be because I am not an 
atmospheric scientist and if the journal feels that its audience is most likely to follow the terminology 
used then these comments may not be valid. In particular, I was not familiar with “geopotential height,” 
which therefore made discussion of one of the primary datasets used for the reconstructions to be very 
difficult for me to follow. I recommend if the audience for this article is likely to be interdisciplinary, 
that the authors provide more description of what geopotential height is and how that relates to the 
data they used in their study. Also, the authors use “reconstitute” or “reconstitution” quite a bit in the 
manuscript. I think a more appropriate word is “reconstruct” or “reconstruction.” The meaning of 
“reconstitute” is different from “reconstruct” and I think it is inappropriate here. 

Geopotential height fields is now clearly defined in the manuscript, in section 2.1 (Datasets used for 
the climatic reconstructions): 

A geopotential height is the height above sea level of a given pressure level. For example, if a station 
reports that the 500 hPa height at its location is 5600 meters, it means that the level of the atmosphere 
over that station at which the atmospheric pressure is 500 hPa is 5600 meters above sea level (example 
from the NOAA's National Weather Service). Note that for pressure levels close to sea level (typically 
1000 hPa), the geopotential height can sometimes be negative. The analysis of geopotential height 
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fields over a given domain describes the spatial distribution of high/low pressure systems upon which 
similarity in between days can be measured.  

Also, we now only use the words “reconstruct” and “reconstruction” in the manuscript. 

 

1.2 Specific comments 

1. Abstract: Suggest rewording line 9 “to compare the obtained streamflow series” to something like 
“to compare streamflow series obtained with the new method” to be more clear (but also, compare to 
what?) 

Agreed, and we now explicitly state that we compare the streamflow series reconstructed in this article 
with two streamflow series obtained with tree ring data by other authors: 

In this paper, we applied a new hydro-climatic reconstruction method on the Caniapiscau Reservoir and 
compare the obtained streamflow time series against time series derived from dendrohydrology by 
other authors on the same catchment and study the natural streamflow variability over the 1881-2011 
period in that region. 

 

2. Line 58: The colon (:) after “Canada” seems inappropriate. I suggest just starting a new sentence 
with “The length (number of years): : :” 

Agreed. 

 

3. Line 59: What is “(cQ)2”? Is this an abbreviation for something? If it is a publically available database, 
should a website be given? 

(cQ)² is the abbreviation for “Impact des Changements Climatiques sur l’hydrologie (Q) au Québec”. 
The cQ2 database is not publically available. 

 

4. Line 87: Suggest changing “consisting in cal-” to “consisting of cal-” 

Agreed. 

 

5. Line 143: Is 15,240 megawatts for the whole complex or just for Caniapiscau Reservoir? 

It is for the whole complex. The revised total installed capacity is in fact 17 418 megawatts (now 
corrected in the manuscript). The installed capacity for Brisay power plant at Caniapiscau is 469 
megawatts.  

 

6. Section 2.1.1: I am unfamiliar with geopotential height reanalysis and a couple of sentences here to 
define the approach would be useful. 

We now introduce this sub-section by defining what a geopotential height reanalysis is and how it is 
generated (see answer to the general comments). 

 

7. Lines 195-196: I did not understand what the “5 first” were that were extracted –what determines 
what are first and last in the 56 members? 

We agree with the referee #1 that this sentence was unclear, and we thus rephrased it. Since each 
member is equiprobable, selecting the members 1 to 5 (i.e. the “5 first”) is equivalent to randomly 
selecting 5 members out of the 56 members available.  

Of the 56 ensemble members constituting the 20CR reanalysis, the members 1 to 5 were extracted and 
used over this region (see section 3.1.1Erreur ! Source du renvoi introuvable. for more details). 
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8. Lines 203-204: Keep the greater than sign (>) with the numbers (i.e., >100) 

Agreed, we now use the sign here and in other equivalent sentences in the manuscript. 

 

9. Lines 242-244: This is a fragment sentence – please reword 

Yes, few words were missing in this sentence and we thus reworded it: 

For the air temperature, the Berkeley Earth Surface Temperature (hereafter denoted as BEST) analysis 
has been used, taken from the http://berkeleyearth.org/ Web site (Rohde et al., 2013).  

 

10. Lines 247-248: What is meant by “A daily catchment series” – do you mean a series of air 
temperatures for the catchment of Caniapiscau reservoir? 

Yes, we meant that we used one and only daily series of air temperature for the entire catchment.  

 

11. Line 255: Change “is coming” to “comes” 

Agreed. 

 

12. Line 258: change “system” to “systems” 

Agreed. 

 

13. Lines 258-259: Why is the La Grande system one of the most important hydropower systems in the 
world? 

The Three Gorges Dam is the most important hydropower system is the world with a total installed 
capacity of around 22 000 megawatts, the La Grande system has an installed capacity of 17 418 
megawatts and is thus one of the most important hydropower system in the world. The Brisay power 
plant (at Caniapiscau) is ranked as the 9th with an installed capacity of around 500 megawatts. 

 

14. Line 265: Should “abound” be “around”? 

Yes, we changed this in the manuscript. 

 

15. Line 314: What do pressure fields have to do with analogue days? 

The term “pressure fields” is used here to describe the “geopotential height fields” (see answer to the 
general comments and to the specific point #6) which are used to find meteorological analogy between 
days: days with similar geopotential height fields are assumed to be meteorologically “analogue” and 
thus to produce similar temperature and precipitation pattern over a given region. We rephrased this 
sentence in order to be clearer: 

The ANATEM method (Kuentz et al., 2015) is built on the combination of two approaches: (i) the ANA 
(which stands for “ANAlogue”) approach, that aims to find, for a given day, a given number of analogue 
days, based on the similarity of synoptic circulation (Obled et al., 2002) and (ii) the TEM (which stands 
for “TEMoin”, the French word for “witness”) approach, which is a basic regression model that uses a 
continuous and long-term reference (the witness) climatic series to reconstruct past climate. 

 

16. Line 314: change “fields” to “field” 

Agreed. 

 

17. Section 3.1.1: The authors made a good attempt to explain this complicated process of finding 
analogue days, and Table 1 was helpful. More detail on the Teweles and Wobus (1954) distance is 

http://berkeleyearth.org/
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needed – I was not familiar with it, so lines 359-362 were not helpful in describing how the ranking was 
done (I also suggest avoiding such colloquial phrasing as “thanks to” to be more clear). As I interpreted 
by reading between the lines, it looks like 20 time series were created for M1, 20 time series were 
created for M2, and so on. If so, could that also be explicitly stated? 

We added some details on how the Teweles and Wobus (1954) distance is calculated (the formula and 
an example of the calculation) in a new Appendix part of the paper (Appendix B). The “thanks to” has 
been deleted. Finally, we now explicitly state that 20 time series are created for each considered 
members: 

For each day, the 100 climatic values are obtained based on the 20 “closest” analogue days for each of 
the 5 20CR members considered. 

 

18. Line 404: I think a closing parenthesis is missing for “T(dk)” 

Yes, we added a closing parenthesis. 

 

19. Line 410: Delete “In conclusion,” – the paper is not finished yet. 

Agreed. 

 

20. Lines 414-419: I suggest deleting these two sentences as they are repetitive with statements in 
Section 3.1.2. 

Agreed. 

 

21. Section 3.2: Please see previous comments about needing more detail on the rainfall-runoff model. 

Information about the rainfall-runoff model has been added in this section (see answer to general 
comment). 

 

22. Lines 439-444: Description of the Kuentz et al. (2013) study belongs more in the discussion where 
the authors could compare their results with those of the previous (similar) study. 

We moved this sentence to the discussion section. 

 

23. Line 455: State what is a good value versus a bad value for KGE (i.e., is 1 best?) 

We now explicitly state that a perfect KGE value is 1: 

The KGE criterion ranges between -∞ and 1 (perfect simulation). 

 

24. Lines 458-462: Wouldn’t all values of beta be positive, thus what type of values would indicate an 
overestimation (perhaps values >1)? 

The referee #1 is right, all beta values are positive and values greater than 1 indicate an overestimation 
while values lower than 1 indicate an underestimation. We corrected this mistake in the manuscript. 

 

25. Lines 463-468: Wouldn’t all values of alpha be positive, thus what type of values would indicate an 
overdispersion? 

The referee #1 is right, all alpha values are positive and values greater than 1 indicate an 
overdispersion. We corrected this mistake in the manuscript. 

 

26. Lines 469-473: It probably would be helpful to indicate what value is a better result (i.e., 1 is a 
perfect correlation) 
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Agreed. 

 

27. Line 496: delete “of” before “yearly” 

Agreed. 

 

28. Lines 513-522: Isn’t the ANA with the line over it representing the average of the five 20CR 
members? If so, isn’t it expected that it would have less variability than the individual reconstructions? 
I do suggest that a definition of the terms with the lines over them (5 ANA with line over it and 5 
ANATEM with line over it) be given in the text and in the figure captions 

We agree with the referee #1: these lines and associated terms are clearly defined in the text (in 
section 3.5 Comparison of reconstructed series against observations) and are now distinguishable in 
the figure, to avoid any confusion: 

In order to compare the reconstructed streamflow time series against observations, the reconstructed 
ensembles were first aggregated: a daily series was generated for each of the five 20CR members 
considered by averaging the 20 daily series constituting each ensemble. The five daily mean series are 

denoted as ANA̅̅ ̅̅ ̅̅  or ANATEM̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ , depending on the method used to produce them.  

 

29. Lines 523-540: I think that the use of the term “time step” is incorrect here unless the modeling was 
truly done at different time steps (which should be clearly explained if so). Otherwise, “period” or 
“resolution” would be more appropriate.  

Agreed, we now use the “resolution” term in the entire manuscript. 

 

30. Line 540: I suggest using “as expected” rather than “logically” or else explain what you are 
considering as logical. 

We reworded this sentence: 

Averaging each ensemble of the considered 20CR members (blue points) results in better temporal 
correlations at the daily and yearly resolutions, but at the expense of lower variability reproduction 
performance. 

 

31. Section 4.1.2: Is the TEM series referred to here the BEST series? 

Yes, TEM referred here (and after) to the BEST series. In order to avoid any confusion, we changed 
here (and after) TEM to BEST. 

 

32. Section 4.2: I was not clear about how this section was providing different information than Section 
4.3.1. Perhaps those two sections could be combined? 

These two sections are providing different information since the first one (section 4.2) details the 
rainfall-runoff model calibration performances (i.e. using observed air temperature and precipitation 
daily series for reproducing daily observed streamflow series), while the second one is giving detail on 
the ability of the reconstruction to reproduce observed streamflow (i.e. using reconstructed air 
temperature and precipitation series for reconstructing observed streamflow series). 

We changed the order of these subsections in the manuscript, by presenting them in this new order: 

4.1 Rainfall-runoff model calibration performances (1963-1979); 

4.2 Climatic reconstructions (1951-2010 and 1880-2011); 

4.3 Streamflow reconstructions (1962-2011 and 1881-2011); 
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33. Lines 635-644: Is this paragraph and Figure 7 about output from CemaNeige model? If so, please 
state so. 

All the rainfall-runoff model outputs presented in the manuscript have been produced by using both 
GR4J rainfall-runoff model and its snowmelt routine CemaNeige. We now explicitly state so in the 
manuscript: 

All the rainfall-runoff model outputs presented in the manuscript have been produced at the daily 
resolution by using both GR4J rainfall-runoff model and its snowmelt routine CemaNeige. 

 

34. Lines 635-644: Why is there a focus on May values? Is this an important month or is it the month 
with the best fits? 

There is a focus on the May values because Boucher et al. (2011) produced a May streamflow 
reconstruction, using both continuous series (tree ring minimal density measurements) and discrete 
series (with ice-scars due to ice abrasion during floods). This month is particularly important in this 
catchment since it is a month with a large increase of the streamflow and with the observation of the 
spring flood peak at the end of the month or in early June. 

 

35. Section 4.3.2: Are the reconstructions described here using CemaNeige model? 

Yes, see answer to the specific comment #33. 

 

36. Lines 697-703: How did you determine that the 1950-60 period is an “average period” – was there 
a statistical analysis done to determine this, or are you arbitrarily deciding it is so? 

The term “average” is arbitrary in this context, and was used here since the average of the May 
streamflow reconstructed using the tree-ring over this decade (1950-1960) is close from the overall 
May streamflow average value (1881-1980). We changed this descriptive term in the manuscript: 

Another significant difference exists over the 1950-1960 period, seen as an common decade by the tree 
ring reconstruction (reconstructed spring flood ranging from 47 to 87 [mm/m]), while being seen as a 
highly variable hydrological decade for the ANATEM reconstruction, with high values for the first five 
years (around 110 [mm/m] for the 1950-1955 period), and then two very low values (around 20 
[mm/m] for the 1956-1957 period), finally followed by three high value years (around 110 [mm/m] for 
the 1958-1960 period). 

 

37. Section 5: I would like to see a discussion of the parameters and limitations of the rainfall-runoff 
model. Were assumptions made with the rainfall-runoff model reasonable for this application? 

We added a discussion about the rainfall-runoff transformation in this section, arguing that the 
assumptions made are reasonable regarding the performances obtained by the rainfall-runoff model 
over the calibration period (presented in the results section): 

Finally, the reconstructed climatic time series are transformed into streamflow time series thanks to a 
daily rainfall-runoff model, previously calibrated over the relatively short observation period (with 
really good calibration performances). The use of one model, one objective function and one parameter 
set is questionable. Quantifying the sensitivity of the obtained reconstruction to the hydrological 
modeling assumptions made was out of the scope of this paper, but definitively deserves further 
research, especially considering the issue of uncertainty due to rainfall-runoff model parameters in a 
changing climate 

 

38. Line 779: change “representing” to “represent”  

Agreed. 
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39. Lines 799-812: I do not follow the text here. What limited performances are being referred to? What 
did Kuentz et al. (2015) highlight? How does the work have a perspective of finding an additional series? 
Is that done and described (I don’t think so, but I couldn’t really tell what was being stated here)? Please 
elaborate more on how variables like relative humidity, precipitable water content (what is this?), and 
local pressure measurements would be used. Would they be used in the rainfall-runoff model? Would 
they be used to reconstruct precipitation or air temperature? Where would these variables come from? 
Are they something that you can get from geopotential height? When reconstructing into the past, how 
you do you estimate these variables? Or are you intending to just reconstruct back through the 
observational record rather than for centuries as would be done with paleoreconstructions using tree-
ring data? 

The limited performances referred here are the inability of the ANA approach to reproduce the long-
term trend of climatic series (here temperature and precipitation), as already pointed out by Kuentz 
et al. (2015). Unfortunately, none long precipitation and temperature series are available in the studied 
region. The perspectives are thus to improve the current methodology and particularly testing 
variables available through the reanalysis for the analogy. Several authors used variables such as air 
temperature, vertical velocity and humidity at different atmospheric levels (variables produced by the 
20CR reanalysis and thus available from 1851 to 2011) to find analogue dates and finally reconstruct 
daily air temperature and precipitation series. Trying to use such variables for the reconstruction and 
compare the obtained performances with and without these additional variables is an interesting 
perspective: 

The inability of the analogue approach to reproduce the interannual precipitation variability - already 
highlighted by Kuentz et al. (2015) over 22 French catchments – is due to the absence of a local 
reference climatic time series, unlike for temperature reconstruction, where a local temperature time 
series is used, and ensures that the simulated interannual temperature variability is reproduced 
efficiently. Finding an additional series which significantly improves the precipitation reconstruction is 
a major perspective of this work. The use of variables produced by the available reanalyses (e.g., 
relative humidity, precipitable water content) for finding analogue dates will be investigated, along 
with the testing of time series of local pressure measurements. For example, Caillouet et al. (2016) 
showed that adding the sea surface temperature variable to the temperature, geopotential, vertical 
velocity and humidity for finding analogue dates significantly improves the reconstruction of air 
temperature and precipitation over France. 

 

40. Lines 813-823: Although the sensitivity analyses results are not shown, it would be useful to know 
what variables or approaches were sensitive. I did not follow the last sentence – was this lack of 
uncertainty shown in the results, and if so, can the authors point the reader to what they are referring 
to? 

(This comment is found also in the general comment of the Referee #2).  

Several results of this sensitivity analysis (e.g. the spatial domain considered for the analogy) are now 
presented in a new Appendix part added to the manuscript (Appendix A). The last sentence was: 
“Interestingly, the uncertainty due to the use of five members of the 20CR reanalysis appears to be 
limited, and even null from 1940 onward”. Yes, this “lack of uncertainty” is shown in results, see for 
example the Figure 8 (now Figure 9): it is impossible to distinguish the 5 ANATEM average series after 
1940, highlighting that considering 5 different members of the 20CR reanalysis has a negligible impact 
on the reconstruction of the mean annual streamflow. We now explicitly point the reader to this figure 
in the manuscript: 

Interestingly, the uncertainty due to the use of five members of the 20CR reanalysis appears to be 
limited, and even null from 1940 onward. See for example Figure 9 which presents the centennial 
ANATEM streamflow reconstructions: it is impossible to distinguish the five ANATEM average series 
after 1940, highlighting that considering five different members of the 20CR reanalysis as inputs of the 
reconstruction method has a negligible impact on the reconstruction of the mean annual streamflow. 
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41. Line 825: Should “model” be added after “rainfall-runoff”? 

Yes, we added “model” after “rainfall-runoff”. 

 

42. Lines 824-839: I do not follow what this paragraph is arguing. How (and why) would the parameter 
set change in changing climate? What parameter set are you talking about – the ones for the rainfall-
runoff model, or perhaps the ones for Equation (1)? Please reword the entire paragraph to be more 
clear. 

This paragraph is intend to reminding and discussing the assumptions made when using a (calibrated) 
rainfall-runoff model over a climatically-contrasted and long period of time. We thus talk about the 
parameter set of the rainfall-runoff model, obtained after a calibration over a short period (here 17 
years). Numerous authors thus highlighted that calibrated parameter sets are dependent on the 
climate of the calibration period and that the rainfall-runoff models show limited performances when 
applied over periods that are climatically contrasted regarding to the climate of the calibration period. 
It is clearly out of the scope of this paper to quantify the sensitivity of the streamflow reconstruction 
to these “stationary” assumptions, but it is an interesting perspective of this work. We reworded this 
paragraph to be clear: 

Finally, the reconstructed climatic time series are transformed into streamflow time series thanks to a 
daily rainfall-runoff model, previously calibrated over the relatively short observation period. The use 
of one model, one objective function and one parameter set is questionable. Quantifying the sensitivity 
of the obtained reconstruction to the hydrological modeling assumptions made was out of the scope of 
this paper, but definitively deserves further research, especially considering the issue of uncertainty due 
to rainfall-runoff model parameters in a changing climate. Thus, numerous authors highlighted that 
calibrated parameters of rainfall-runoff models are dependent on the climate of the calibration period 
and that performance decreases when applied over periods where the climate differs from that of 
calibration period (e.g., Merz et al. 2011; Coron et al. 2012 and Brigode et al. 2013b). Thus, testing 
different calibration strategies (e.g., bootstrap calibration used by Brigode et al. 2015), testing 
particular objective functions especially devoted to the final study objective (e.g., studying mean annual 
streamflow), and adapting the time step of the rainfall-runoff model to the objective would be 
interesting for future works. 

 

43. Line 859: change “focusing” to “focus” 

Agreed. 

 

44. Figures 3, 4, 5, 6, 8, 9: I have a very difficult time making out the 5*20 ANATEM or 5*20 ANA data 
in these figures. I cannot distinguish 5*ANA from 5*20 ANATEM in Figure 3. I suggest the authors 
consider using some different colors for these lines or symbols. 

We agree that several lines are impossible to see or to distinguish on these figures. Even if this is a 
significant and interesting result (meaning that there is no dispersion between simulations or no 
difference between the observation and the simulation), we changed the colors between ANA and 
ANATEM (in Figures 5, 6 and 7) in order to distinguish the different simulations.  

 

45. Figure 7: Suggest moving “(a)” before “mean annual streamflow” and “(b)” before “May monthly” 

Agreed. 

 

46. Figure 9: Should the reference to Nicault et al. (2014) in the caption actually be to Boucher et al. 
(2011)? 

Yes, we corrected this mistake.  
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2 REFEREE #2 

2.1 General comments 

The paper is well written and is in a form very similar to other paper on the paleoclimate text. It is rather 
long, but using several methods, this is necessary to present everything. Nevertheless, there is not 
always justification of the choices. For instance the choice of the zone used for the geopotential is not 
justified. And some parameters for the different models are not explicit. If possible it would be nice to 
integrate them in a way, but I know it is an issue because the paper will be longer. Because it is a long 
paper using several concepts, I would recommend to the author to summarize in a flow-chart figure 
each step of their methodology to reach streamflow. It would make it easier for the reader to follow 
the whole text. If the author can take this remarks into account, the paper will be nearly ready for 
publication. 

The tests performed for choosing the spatial domain considered for the geopotential height field are 
now presented in a new Appendix part of the manuscript (Appendix A). 

We also added several paragraphs in order to fully describe the rainfall-runoff model and its snowmelt 
routine and how are calibrated the parameters (cf. answers to Referee #1 general comments).  

Moreover, wed added a flowchart summarizing the reconstruction methodology applied (Figure 3). 

 

2.2 Specific comments 

Fig 1: I do not recognize the catchment on figure 1b? why? 

The studied catchment is one of the 211 cQ2 catchments is thus plotted in the Figure 1b, but was 
hidden by an intermediate sub-catchment. The Caniapiscau catchment is now highlighted in the Figure 
1b with shading lines.  

 

Page 3 line 4 add reference after “dendrohydrology”.  

We added the reference to the review of Loaiciga et al. (1993). 

 

Legend figure 4: add “for” 1950?? 

Agreed. 

 

Page 15 line 1: blank after the dot.  

We added a space. 

 

Figure 9: I do not understand tree ring reference to Nicault and Boucher in b? 

The “tree-ring series” presented in the Figure 9 is from Boucher et al. (2011), we thus corrected the 
Figure 9 (now Figure 10) legend. 
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Abstract: 15 

Over the last decades, different methods have been used by hydrologists to extend observed hydro-climatic 16 

time series, based on other data sources, such as tree rings or sedimentological datasets. For example, tree ring 17 

multi-proxies have been studied for the Caniapiscau Reservoir in northern Quebec (Canada), leading to the 18 

reconstruction of flow time series for the last 150 years. In this paper, we applied a new hydro-climatic reconstruction 19 

method on the Caniapiscau Reservoir to and compare the obtained streamflow time series against time series 20 

derived from dendrohydrology by other authors on the same catchment obtained streamflow series and study the 21 

natural streamflow variability over the 1881-2011 period in that region. This new reconstruction is based, not on 22 

natural proxies, but on a historical reanalysis of global geopotential height fields, and aims firstly to produce daily 23 

climatic time series, which are then used as inputs to a rainfall-runoff model in order to obtain daily streamflow time 24 

series. The performances of the hydro-climatic reconstruction were quantified over the observed period, and 25 

showed good performances, both in terms of monthly regimes and interannual variability. The streamflow 26 

reconstructions were then compared to two different reconstructions performed on the same catchment by using 27 

tree ring data series, one being focused on mean annual flows, and the other one on spring floods. In terms of 28 

mean annual flows, the interannual variability of the reconstructed flows were similar (except for the 1930-1940 29 

decade), with significant noteworthy changes seen in wetter and drier years. For spring floods, the reconstructed 30 

interannual variabilities reconstructed were quite similar for the 1955-2011 period, but significantly strongly different 31 

between 1880 and 1940. The results emphasize the need to apply different reconstruction methods on the same 32 
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catchments. Indeed, comparisons such as those above highlight potential differences between available 33 

reconstructions, and finally, allow a retrospective analysis of the proposed reconstructions of past hydro-34 

climatological variabilities. 35 

1 INTRODUCTION 36 

1.1 Challenge of decadal hydrological variability 37 

Time series of Sstreamflow series observations, which constitute the basis for all hydrological analyses, are 38 

generally characterized by a relatively short record period, typically ranging from several years to several decades. 39 

ThusIn fact, the average length of 6945 daily streamflow series collected by the Global Runoff Data Center, and 40 

available worldwide, is 44 years (GRDC, 2015). The information extracted by hydrologists from these time series 41 

(in the form of statistical indices, calibration of model parameters, etc.) are generally used for water resource 42 

management, in the formfor instance for of the hydropower generation mid- to long-term planning, for instance. The 43 

short record period is a major issue for hydrologists since it may be insufficient to capture and provide an clear 44 

understanding of the decadal variability of hydrological processes. For example, after studying a 90-year long daily 45 

streamflow series of the Po River (Italy), and highlighting significant natural variability at the decadal scale, 46 

Montanari (2012) stated that “more research efforts are needed to improve the interpretation of such long-term 47 

fluctuations”. 48 

Studying natural variability requires long instrumental records (typically longer than 100 years), but such long 49 

time series are non-existent in remote regions such as northern Quebec (Canada). : tThe length (number of years) 50 

of 221 observed streamflow time series from Quebec - (extracted from the (cQ)2 (Impact des Changements 51 

Climatiques sur l’hydrologie (Q) au Québec) database, (Guay et al., 2015) - is shown in Figure 1Figure 1b and c, 52 

highlighting that very few series have more than 50 years of data. Hydrological decadal variability is crucial in this 53 

region, since it is home to some of the largest hydropower systems in the world; as well, significant inter-annual 54 

inflow variability has been recorded in several Quebec catchments (e.g., for annual flows, by Perreault et al., 2000 55 

and 2007; Jandhyala et al., 2009). The few decades of observations available for this region are not sufficient to 56 

allow a robust analysis of multi-decadal hydrological variability, and thus, raise the issue of the reconstruction of 57 

past hydrology, i.e., occurring before the systematic recording of streamflows. 58 

1.2 Reconstruction of past hydrology 59 

Over the past decades, different methods have been used by hydrologists to reconstruct natural flows on 60 

catchments of interest, depending on available data. These methods may be classified into two groups, according 61 

to the time stepstemporal resolution of the reconstructed series.  62 

The first group brings together the methods based on long and continuous hydro-climatic series constructed 63 

with daily or sub-daily observations, and consequently, allowing the reconstruction of streamflow time series at a 64 



fine temporal scale (e.g., daily time stepresolution). When long streamflow series are available for other catchments 65 

close to the one under study, classical statistical regressions or other regionalization methods could be applied for 66 

the reconstruction (e.g., Hirsch (1982), Hernández-Henríquez et al. (2010), and Arsenault & Brissette (2014)). The 67 

paired catchment approach - consisting in of calibrating and then using a streamflow-streamflow model - could also 68 

be used (e.g., Andréassian et al., 2012). When long climatic series (typically covering precipitation and temperature) 69 

are available in the studied region, the reconstruction could be done by using a rainfall-runoff model, in order to 70 

transform the climatic series into streamflow series (e.g., simulation of 124 years of streamflow for the Thames 71 

River (UK) by Crooks & Kay, 2015).  72 

The second method is based on continuous or discrete series of paleo-indicators, generally producing 73 

reconstructed series at seasonal or annual time stepsresolutions (Bradley, 1999). The most natural proxies used 74 

for hydrological reconstructions are sediment stratigraphy (e.g., Thorndycraft et al., 2005) and tree ring series (see 75 

reviews by Loaiciga et al. (1993) and Meko & Woodhouse (2011)). This latter proxy for streamflow reconstruction, 76 

referenced as dendrohydrology (Loaiciga et al., 1993), is analyzed in a bid to reconstruct past hydro-climatological 77 

variations of a given catchment by studying tree ring width variations among different trees sampled in the same 78 

region. Reconstructed streamflow series are obtained by applying either direct or indirect methods. The direct 79 

methods aim to link tree ring series with streamflow series through statistical models calibrated over an observation 80 

period (e.g., in Tasmania (Australia) by Allen et al., 2015 and in the southeastern United States by Patskoski et al., 81 

2015). The indirect methods aim firstly to reconstruct climatic series, such as temperature or precipitation, and 82 

secondly, to transform these climatic series into streamflow series through rainfall-runoff models (e.g., in the 83 

Western US by Gray & McCabe (2010) and Saito et al. (2015)). These methods allow the continuous reconstruction 84 

of the annual or seasonal water balance of a given region, over long time periods. Additionally, other information 85 

could be extracted following tree ring analysis and used to reconstruct discrete chronologies of extreme hydrological 86 

events. For example, George & Nielsen (2003) used anatomical tree ring signatures to reconstruct paleofloods of 87 

the Red River in Manitoba (Canada). 88 

Recently, dendrohydrological methods have been successfully applied in boreal environments, characterized 89 

by a rarity of long hydro-climatological series. For example, Nicault et al. (2014) used tree ring multi-proxies (tree 90 

ring widths, tree ring densities and tree ring stable isotope ratios) to produce spring, summer and annual flow series 91 

of the Caniapiscau Reservoir in northern Quebec (Canada) for the 1800-2000 period. On the same catchment, 92 

Boucher et al. (2011) used both continuous series (tree ring minimal density measurements) and discrete series 93 

(with ice-scars due to ice abrasion during floods) to produce spring flood series for the 1850-1980 period. These 94 

two reconstructions revealed significant flow variability in this region, both in terms of annual flows and flood 95 

frequency. It should be noted that the Caniapiscau Reservoir is the most upstream and one of the largest reservoirs 96 

of the La Grande complex, which is one of the biggest hydro-power generation complexes in the world, with a totaln 97 

installed generating capacity of 17,418 15,240 megawatts. Decadal hydro-climatological variability in this region 98 

thus provides important information concerning the long-term planning of hydro-power generation.  99 



1.3 Scope of paper 100 

Although the above-mentioned hydrological reconstructions were associated with good verification statistics on 101 

the calibration period, the lack of observed streamflow data did not allow a rigorous independent verification of 102 

those reconstructions. An alternative solution involved carrying out new reconstructions based on different proxies 103 

and different methods, and then, as an additional verification step, analyzing the consistency between the different 104 

reconstructions. Comparisons of streamflow reconstruction methods are rare in the literature, and the Caniapiscau 105 

Reservoir catchment offers an interesting case study since various tree ring reconstructions have been performed 106 

there. Thus, our objective is to apply a new reconstruction method on the Caniapiscau Reservoir, in order to 107 

compare the obtained streamflow series with series obtained by dendrohydrology and to study the observed 108 

streamflow variability over the 1881-2011 period. This new reconstruction is based, not on natural proxies, but on 109 

a historical reanalysis of geopotential height fields. A climatic ensemble was reconstituted reconstructed at the daily 110 

time stepresolution using the ANATEM methodology (Kuentz et al., 2015), a resampling method based on synoptic 111 

situation similarities between days (found by looking at the geopotential height reanalysis), with a sampling of 112 

observed climatic series for a given time period (the observation period) over a longer time period (the 113 

reconstruction period). combining large-scale atmospheric information (geopotential height reanalysis) with local 114 

climatic observations (reference climatic series). Then, a rainfall-runoff model - previously calibrated on the 115 

observed period - was used to transform this climatic ensemble into a streamflow ensemble. The performances of 116 

the hydro-climatic reconstructions and of the rainfall-runoff model calibration were firstly evaluated over the 117 

observed period, by comparing the reconstructions and the simulations with the observations. Secondly, the tree 118 

ring based on the ANATEM centennial reconstructions were compared, and finally, the long-term hydrological 119 

variability of the Caniapiscau Reservoir was discussed. 120 

2 DATA 121 

2.1 Datasets used for the climatic reconstructions 122 

2.1.1 Geopotential height reanalysis 123 

The climatic reconstruction method applied in this study (fully detailed in the following section) is based on 124 

finding similarity between days at the synoptic scale. The similarity is based on geopotential height fields over a 125 

given spatial domain. A geopotential height is the height above sea level of a given pressure level. For example, if 126 

a station reports that the 500 hPa height at its location is 5600 meters, it means that the level of the atmosphere 127 

over that station at which the atmospheric pressure is 500 hPa is 5600 meters above sea level (example from the 128 

NOAA's National Weather Service). Note that for pressure levels close to sea level (typically 1000 hPa), the 129 

geopotential height can sometimes be negative. The analysis of geopotential height fields over a given domain 130 

describes the spatial distribution of high/low pressure systems upon which similarity in between days can be 131 



measured. Several long-term geopotential height reanalysis have been produced during the last decade, in order 132 

to study climate variability and climate change over the last century. 133 

The geopotential height reanalysis used in this study was drawn from the 20th Century Reanalysis V2c data, 134 

provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, available from their Web site at 135 

http://www.esrl.noaa.gov/psd/ (Compo et al., 2011). This global reanalysis (hereafter denoted as 20CR), 136 

assimilating only surface observations of synoptic pressure, monthly sea surface temperature, and sea ice 137 

distribution, spans the period of 1851 to 2011, with a six-hourly temporal resolution and a 2° spatial resolution. For 138 

each day, two levels were considered here, 1000 hPa at 0h and 500 hPa at 0h. The geopotential height fields were 139 

extracted over an area covering the entire province of Quebec, with 221 grid points, as shown in Figure 1Figure 140 

1a. Of the 56 ensemble members constituting the 20CR reanalysis, the 5 firstthe members 1 to 5 were extracted 141 

and used over this region (see section 3.2 for more details).  142 

2.1.2 The quest for centennial climatic series in northern Canada 143 

Centennial and continuous climatic series are rare in Canada, and almost non-existent in remote high-latitude 144 

regions, such as northern Quebec (Cowtan & Way, 2014). In this our study, there is a need for both consistent and 145 

very long (> 100 years) climatic series. Vincent et al. (2012) and Mekis & Vincent (2011) built two databases of 146 

“adjusted and homogenized” air temperature and precipitation series, respectively, both available at monthly and 147 

daily time stepsresolutions for all of Canada. These databases were specifically created for use as references in 148 

climate change impact studies. During their creation, care was taken to correct any errors that may surface, and to 149 

account for any shifts that may occur as a result of stations being moved or of changes in measurement instruments 150 

that may be present in the climatic series observed. Nevertheless, the average length of such series in northern 151 

Quebec is 50 years, which is considered too short for this work or for any study concerning natural climatic 152 

variability.  153 

In Quebec, the few long climatic series (> 100 years) available are generally for large cities, which are all located 154 

in the southern part of the province. These series are rarely continuous at the daily time scale, and are derived from 155 

different sources; as a result, producing good quality continuous series therefore requires a lot of work. For 156 

example, Slonosky (2014) compiled data from numerous sources (mainly from the cities of Québec and Montreal) 157 

to produce continuous daily temperature series for the St. Lawrence Valley region for the 1798-2010 period. In 158 

northeastern Canada, two sources of such historical data exist. First, the Moravian missionaries, who have been 159 

living among the Inuit in the Labrador coastal region since 1771, have measured and recorded climatic variables 160 

(Demarée & Ogilvie, 2008). Secondly, interesting qualitative information for the Hudson Bay and the James Bay 161 

(northwestern Quebec) 19th century climate are present in the Hudson’s Bay Company trade post journals. Wilson 162 

(1983) compiled these data and produced summer temperature series and a wetness index for this region, and the 163 

series was then used by Bégin et al. (2015) as a reference series for comparisons with their climate reconstruction 164 

of the Canadian northeastern boreal forest. Unfortunately, no such data sources are present in the interior part of 165 

northern Quebec.  166 
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Figure 1. (a) Datasets used for the hydro-climatic reconstruction: the extension of the 20CR grid points used is shown in blue, 168 

while the BEST grid points used are highlighted in purpleorange. The Caniapiscau reservoir catchment is plotted in red. (b) 169 

Spatial distribution and (c) distribution of the length (number of years) of the observed streamflow series for 211 catchments 170 

in Quebec, extracted from the cQ2 database, Guay et al. (2015).  171 

2.1.3 A reanalysis as local reference temperature series 172 

For the air temperature, the Berkeley Earth Surface Temperature (hereafter denoted as BEST) analysis has 173 

been used, taken from the http://berkeleyearth.org/ Web site (Rohde et al., 2013); the site provides . BEST is a 174 

gridded air temperature reanalysis for lands, starting in 1753 at the monthly time stepresolution, and in 1880 at the 175 

daily time stepresolution, with a 1° spatial resolution. A daily catchment series has been assembled for the 1880-176 

2011 period by averaging the 11 BEST grid points covering the Caniapiscau reservoir catchment, highlighted in 177 

Figure 1Figure 1. Note that this reanalysis was recently used in northeastern Canada by Way and Viau (2014), in 178 

their study of past air temperature variability in New-BrunswickLabrador. 179 

2.2 Caniapiscau reservoir catchment 180 

In Quebec, 9799% of the produced electricity comesis coming from hydropower generation systems. The La 181 

Grande operational chainwater resources system, located in northern Quebec and operated by Hydro-Québec 182 

(HQ), is one of the most important hydropower systems in the world, with an installed capacity of 17,418 megawatts 183 

(the Three Gorges Dam is the most important hydropower system in the world with a total installed capacity of 184 

around 22 000 megawatts). and This system produces 50% of the total energy generated by HQ. The Caniapiscau 185 

hydroelectric reservoir catchment is the first dam of the La Grande operational chain (the Brisay power plant 186 

installed at the outlet of the Caniapiscau reservoir is ranked as the 9th with an installed capacity of around 500 187 

megawatts) and is a 37,328 km² snowmelt-dominated catchment. Figure 2Figure 2 illustrates the hydro-climatic 188 

context of the Caniapiscau reservoir catchment. The catchment elevation (SRTM data, Jarvis et al., 2008) ranges 189 

from abround 500 to 900 m a.s.l., with the highest elevation areas located in the southern parts of the catchment. 190 

http://berkeleyearth.org/


The daily streamflow series (a) and the monthly regimes (c) show the strong snow-dominated signature of the 191 

catchment, with an annual flood observed due to snowmelt during the month June. On average, the mean annual 192 

precipitation and runoff are around 800 mm (with around 300 mm falling as snow; the snow mean annual series is 193 

plotted in light blue in Figure 2b) and 650 mm, respectively, on the Caniapiscau reservoir, and the mean annual 194 

temperature is around -3.6 °C. 195 

Catchment climatic data used in this study consists of daily series of minimum, mean and maximum air 196 

temperature and of total precipitation, available for the 1950 to 2011 period. This dataset was produced by Hydro-197 

QuébecHQ, using kriging methods (Tapsoba et al. 2005). Daily streamflow series are available from 1962 to 2011. 198 

Note that only the 1962-1979 period was considered for the rainfall-runoff model calibration here, since the 199 

Caniapiscau Dam was built during the 1980-1982 period, and streamflow series available for 1982 to 2011 are 200 

naturalized flows produced by Hydro-QuébecHQ. Nevertheless, this second period (1982-2011, mean annual 201 

values are plotted in grey in Figure 2Figure 2b) will be used as a validation period for the reconstruction. 202 

2.3 Reconstructed yearly streamflow series from tree rings 203 

Two yearly time series of Caniapiscau Reservoir flows have been used here for comparison at the centennial 204 

scale: (i) the series of annual flows proposed by Nicault et al. (2014) for the 1800-2000 period, and (ii) the series of 205 

spring floods proposed by Boucher et al. (2011) for the 1850-1980 period. The first yearly time series was processed 206 

from continuous tree ring series derived from 20 black spruce (Picea mariana [Mill.] BSP) sites located within 200 207 

km around the Caniapiscau reservoir. Two reconstruction methods were used (Partial Least Square regression 208 

(PLS) and Best Analogue Methods), and the reconstructions obtained were combined in a single composite 209 

reconstruction. The second yearly series was processed from ice-scar time series derived from a small lake located 210 

next to the Caniapiscau reservoir and using tree ring densities obtained from 12 black spruce sites. A new transfer 211 

model technique based on Generalized Additive Model (GAM) theory was used to process spring flood 212 

reconstructions. 213 



 214 

Figure 2. Hydro-climatic context of the Caniapiscau reservoir catchment: (a) observed daily streamflow and precipitation time 215 

series used for the rainfall-runoff model calibration (1962-1979), (b) temperature, precipitation and streamflow mean annual 216 

series, (c) temperature, precipitation and streamflow monthly regimes, (d) catchment location within Canada, and (e) SRTM 217 

elevation data. Monthly regimes were calculated for the 1950-2011 period for temperature and precipitation, while for the 1962-218 

1979 period, the calculations were for streamflow. 219 
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3 METHODOLOGY 221 

3.1 General streamflow reconstruction methodology 222 

The general methodology consists in the reconstruction of an ensemble of daily climatic time series (with the 223 

ANATEM method) and of the transformation of this daily climatic ensemble into a daily streamflow ensemble, using 224 

a rainfall-runoff model.  225 

The ANATEM method (Kuentz et al., 2015) is built on the combination of two approaches: (i) the ANA (which 226 

stands for “ANAlogue”) approach, that aims to find, for a given day, a given number of analogue days, based on 227 

the similarity of synoptic circulation (Obled et al., 2002) and (ii) the TEM (which stands for “TEMoin”, the French 228 

word for “witness”) approach, which is a basic regression model that uses a continuous and long-term reference 229 

(the witness) climatic series to reconstruct past climate. The ANATEM method thus allows the reconstruction of the 230 

climate of the past by combining synoptic information (ANA approach) with local climatic observations (TEM 231 

approach). Finally, this method allows the production of an ensemble of daily climatic time series by the selection 232 

of several analogues for any given day. For a complete description of the ANATEM method and an evaluation of 233 

its performance at the regional scale (French Alps), see Kuentz et al. (2015).  234 

The rainfall-runoff transformation is done here with GR4J (Perrin et al., 2003), a daily lumped continuous rainfall-235 

runoff model and its snowmelt routine, CemaNeige (Valéry et al., 2014). GR4J and CemaNeige have 4 and 2 free 236 

parameters to calibrate, respectively, using the observed streamflow data available on the studied catchment. 237 

The whole streamflow reconstruction methodology - performed in the R-project environment (2014, 238 

http://www.r-project.org/) - is carried out in four steps (see Figure 3Figure 3): 239 

 Step 1: calibration of the rainfall-runoff (R-R) model. The rainfall-runoff model is calibrated on the 240 

observed streamflow data. 241 

 Step 2: finding analogue dates (ANA). Synoptic states are compared in order to find analogue days 242 

for each day of the reconstruction period, amongst the days of the observation period. 243 

 Step 3: reconstruction of a daily climatic (P and T) ensemble (ANATEM). The best analogue 244 

obtained at step 2 are stochastically resampled and long-term reference climatic series are used (if 245 

available) to improve the resampled series. 246 

 Step 4: reconstruction of a daily streamflow ensemble. The climatic ensemble is transformed into 247 

a streamflow ensemble using the rainfall-model parameter set obtained at step 1. 248 

These four steps are further detailed hereafter. 249 

  250 
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 251 

Figure 3 : Illustration of the four-step methodology used for the reconstruction of a daily streamflow ensemble (R-R stands for 252 

rainfall-runoff, E for potential evapotranspiration, T for air temperature, P for precipitation, Q for streamflow). 253 
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3.1 Rainfall-runoff modellingStep 1: calibration of the rainfall-runoff model 255 

The GR4J (Perrin et al., 2003) rainfall-runoff model was used to transform the climatic ensemble into an 256 

ensemble of streamflow time series. GR4J is an efficient and parsimonious (only four free parameters to be 257 

calibrated) daily lumped and continuous model, which, when it is combined with its snow accumulation and melt 258 

snowmelt routine, CemaNeige (Valéry et al., 2014), is well suited for the hydrological modeling of snow-dominated 259 

catchments. GR4J and CemaNeige (model-pair hereafter denoted as CemaNeigeGR4J) were recently evaluated 260 

over several catchments located in Quebec (e.g., Seiller et al., 2012; Valéry et al., 2014) and showed good 261 

modelling performances. 262 

The structure of the CemaNeigeGR4J model is presented in the Figure 3Figure 3. GR4J is based on two non-263 

linear stores (production and routing stores) and a unit-hydrograph, while CemaNeige is a degree-day snow 264 

accounting routine, which divides the studied catchment into five elevation bands. CemaNeigeGR4J uses as inputs 265 

daily series of precipitation, minimal and maximal air temperatures and a daily potential evapotranspiration series, 266 

calculated using Oudin et al. (2005) formula, designed for rainfall-runoff modelling. CemaNeigeGR4J produces 267 

daily streamflow series. 268 

GR4J and CemaNeige have 4 and 2 free parameters to calibrate, respectively. These 6 parameters - highlighted 269 

in Figure 3Figure 3 and described in Table 11 - These 6 parameters were calibrated together conjointly over the 270 

same calibration period (1962-1979, cf. section 2.1), using a local gradient search procedure, applied in 271 

combination with pre-screening of the parameter space (Perrin et al., 2008). tThe Kling and Gupta Efficiency 272 

criterion (Gupta et al., 2009, hereafter denoted as KGE; see section 3.3 for more details) was used as objective 273 

function. The KGE criterion ranges between -∞ and 1 (perfect simulation) and is calculated as follows: 274 

KGE = 1 − √(β − 1)2 + (α − 1)2 + (r − 1)2 (1) 

With: 275 

 β: ratio between the means of the simulated and observed streamflow time series; this quantifies the 276 

simulation bias, and ranges between 0 and +∞ (values > 1 indicate a model overestimation). 277 

 α: ratio between the standard deviations of the simulated and observed streamflow time series; this 278 

quantifies the ability of the simulation to reproduce the variability of the considered variable, and ranges 279 

between 0 and +∞ (values > 1 indicate a model overdispersion). 280 

 r: coefficient of correlation between the simulated and the observed streamflow time series; this 281 

quantifies the ability of the simulation to reproduce the observed temporal variations of the considered 282 

variable, and ranges between -1 and 1 (perfect correlation).  283 

Using KGE limits the biases of both water balance and variability, while keeping a good temporal correlation. 284 



Note that Ffor each model simulation (calibration and reconstruction), the first simulated year was used as an 285 

initialization period, and was not considered for the final performance evaluation. All the rainfall-runoff model outputs 286 

presented in the manuscript have been produced at the daily resolution by using both GR4J rainfall-runoff model 287 

and its snowmelt routine CemaNeige. 288 

Table 1 : Description and final values of the 6 free parameters of the CemaNeigeGR4J model after being calibrated over the 289 

observed streamflow series of the Caniapiscau catchment. 290 

Parameter Description (and unit) Calibrated values 

X1 (GR4J) Capacity of the production store (mm) 405 

X2 (GR4J) Water exchange coefficient (mm/day) 3.06 

X3 (GR4J) Capacity of the nonlinear routing store (mm) 326 

X4 (GR4J) Unit hydrograph time base (day) 3.50 

X5 (CemaNeige) Cold content factor (-) 0.004 

X6 (CemaNeige) Snowmelt factor (mm/day/°C) 3.66 

 291 

3.2 Step 2: Finding finding analogue days dates (ANA) 292 

The ANA approach is a resampling method based on pressure fieldsynoptic circulation similarities between 293 

days, with a sampling of observed climatic series for a given time period (here, 1950-2011, the observation period) 294 

over a longer time period (here, the 1880-2011 period, the reconstruction period). The synoptic information 295 

considered for the analogy is geopotential height fields. Here, each day is described by four geopotential height 296 

fields: (i) 1000 hPa at 0h, (ii) 1000 hPa at 24h, (iii) 500 hPa at 0h, and (iv) 500 hPa at 24h. The geopotential height 297 

fields are extracted over a large domain covering the studied area (cf. sub-section 2.1.1, see Appendix A). The 298 

metric used to rank the days in terms of analogy is the Teweles-Wobus (1954) distance (see Appendix B), which 299 

highlights similarities in terms of geopotential field shapes (Obled et al., 2002), and has been shown to provide 300 

better outcomes than what is obtained by using classical Euclidean distances in this framework (Wetterhall et al., 301 

2005). Note that a seasonal constraint is imposed for the identification of analogue days: the potential analogue 302 

days of a given day are the ones included in a 60-day period centered on the calendar studied day. Thus, analogues 303 

of a winter day are themselves winter days: for example, the potential analogue days for January 1, 1880 are all of 304 

the available days within the December 1st to January 30th period of the observed time seriesobservation period 305 

(here 1950-2011 period). Another constraint is also imposed for the identification of analogues in which no analogue 306 

can be selected if they are closer than 15 days from the chosen date. For example, the potential analogue days for 307 

January 1, 2000, are all of the available days within the December 1st to January 30th period of the observation 308 

period except the December 15, 1999 to January 15, 2000 period. Finally, tThe ranking of analogue days - thanks 309 

to is based on the Teweles-Wobus distance (see Appendix B). For each day,  - allows a given number of n 310 



analogues to beis considered for each studied day, and thus generatinges a climatic ensemble of n series. Here, 311 

the 20 nearest analogue days were selected for each studied day and each 20CR member considered (n = 20). 312 

Table 2Table 2 illustrates the generation of this climatic ensemble by giving several analogue days obtained for 313 

three particular dates (1880-01-01, 1880-01-02 and 2011-12-30). For example, when considering member 1 of the 314 

20CR (M1), the first analogue day of 1880-01-01 is 1984-01-23, the second analogue day is 1991-12-12, and the 315 

20th analogue day is 1988-01-16. Finally, 20*5 (5 members of the 20CR considered) daily climatic series were 316 

generated over the 1880-2011 period. Note that a similar approach was tested over France in the framework of 317 

precipitation downscaling (Chardon et al., 2014). 318 

3.3 Step 3: Addition of local information to improve reconstructions 319 

(ANATEM)reconstruction of a daily climatic (P and T) ensemble 320 

Using ANA outputs, ANATEM aims to exploit the available long-term reference time series (hereafter denoted 321 

as TEM) to improve the climatic reconstruction, by applying a classical regression between ANA outputs and the 322 

reference series. In this study, the ANA approach was directly applied for the precipitation reconstruction (since no 323 

precipitation “witness” series was available), while the ANATEM approach was applied for the reconstruction of 324 

daily temperature (using the BEST daily temperature series). As in Kuentz et al. (2015), the local regression model 325 

(hereafter denoted as LM), applied here for the temperature reconstruction, is based on an additive correction, 326 

modeled by a daily harmonic function. The parameters of this regressionis function wereas calibrated estimated 327 

over the observed observation period (here, 1950-2011) on the interannual mean monthly residuals of the 328 

differences between the catchment temperature series and the TEM series, and has the following expression: 329 

T̂LM(d) = TTEM(d) + β(d) + ε(d) (12) 

where T̂LM(d)  is the estimate of the air temperature for the day d, TTEM(d) is the value of the witness series 330 

temperature for the same day, β(d) is the correction, depending on the calendar day of the year, and ε(d) is a 331 

residual assumed to have zero mean. 332 

The ANATEM method was applied at the daily time stepresolution over the 1880-2011 period. The ensemble 333 

of temperature values reconstructed for the day d has the following expression: 334 

[T̂
ANATEM(d)
k ]

k=1,…,n
= T̂LM(d) + [T(dk) − T̂LM(dk)]k=1,…,n (23) 

where [T̂
ANATEM(d)
k ]

k=1,…,n
 is the ensemble of n reconstructed temperature values for the target day d, T̂LM(d)  335 

is the air temperature estimate obtained with the regression model for the day d, dk is the kth analogue day selected 336 

for the day d, T(dk) is the observed temperature value for the kth analogue day, T̂LM(dk) is the air temperature 337 

estimate obtained with the regression model for the kth analogue day, and n is the total number of analogue days 338 

(here n=20, see section 2.1.1). 339 



The final climatic ensemble is built with 100 precipitation (ANA outputs) and air temperature (ANATEM outputs) 340 

daily series over the 1880-2011 period. For each day, the 100 climatic values are obtained based on the 20 “closest” 341 

analogue days for each of the 5 20CR members considered.  342 

 343 

Table 2. Illustration of the analogue dates obtained with the ANA approach. Here, a sub-sample of the 20 analogue days of 344 

three particular dates (1880-01-01, 1880-01-02 and 2011-12-30) are given for each of the five 20CR members considered (M1 345 

to M5). The ranking of analogue days is performed with Teweles-Wobus (1954) distances. 346 

20CR MEMBER ANA 1880-01-01 1880-01-02 ... 2011-12-30 

M1 

ANA1 1984-01-23 1959-02-13 ... 2007-12-18 
ANA2 1991-12-12 1961-01-11 ... 1989-11-05 

... ... ... ... ... 
ANA20 1988-01-16 1953-12-25 ... 2007-12-19 

M2 

ANA1 1984-01-23 1974-12-27 ... 1979-11-19 
ANA2 1990-11-30 1961-01-11 ... 1971-11-13 

... ... ... ... ... 
ANA20 1957-02-02 1990-02-19 ... 1976-12-04 

M3 

ANA1 1950-02-03 1950-02-04 ... 2007-12-18 
ANA2 1989-01-13 1971-12-24 ... 1989-11-05 

... ... ... ... ... 
ANA20 1990-11-30 1957-02-07 ... 2003-12-14 

M4 

ANA1 1986-12-15 1956-12-21 ... 2007-12-18 
ANA2 2007-01-02 1974-01-19 ... 1989-11-05 

... ... ... ... ... 
ANA20 2004-12-29 1971-12-24 ... 1994-11-20 

M5 

ANA1 1984-01-23 1961-01-11 ... 2007-12-18 
ANA2 1989-01-13 1962-01-25 ... 1971-11-13 

... ... ... ... ... 
ANA20 1993-11-09 1965-11-04 ... 1958-11-16 

 347 

3.4 Step 4 : reconstruction of a daily streamflow ensemble 348 

Using the rainfall-runoff model parameter set obtained after calibration (step 1), the reconstructed climatic 349 

ensemble is finally transformed into one streamflow ensemble, available over the 1881-2011 period (1880 being 350 

used as an initialization period) at the daily temporal resolution. The final streamflow ensemble thus consists of 100 351 

daily streamflow series over the 1881-2011 period. 352 

3.43.5 Evaluation Comparison of reconstructed series against observations 353 

In order to compare the reconstructed streamflow time series against observations, the reconstructed 354 

ensembles were first aggregated: a daily series was generated for each of the five 20CR members considered by 355 

averaging the 20 daily series constituting each ensemble. The five daily mean series are denoted as ANA̅̅ ̅̅ ̅̅  or 356 

ANATEM̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ , depending on the method used to produce them.  357 

The evaluation of the reconstruction performances was based on the three KGE components and its final values 358 

(ranging between -∞ and 1), . For the reconstructed climatic time series, the computation of these four scores was 359 

carried out over the 1950-2011 period, at the daily time scale but also at the monthly time scale, in order to evaluate 360 



the intra-annual reconstruction performances, and at the yearly time scale, in order to evaluate interannual 361 

reconstruction performances. For the reconstructed streamflow ensemble, these scores were computed over mean 362 

annual flow values and mean May flow values over two time periods, 1963-1979 (rainfall-runoff model calibration 363 

period) and 1982 to 2011 (naturalized flows). 364 

4 RESULTS 365 

4.1 Rainfall-runoff model calibration performances (1963-1979) 366 

Over the 1963-1979 calibration period, the CemaNeigeGR4J model performs really well with a KGE value of 367 

0.93 (rainfall-runoff simulation with KGE > 0.8 are generally considered as good). The values of the 6 calibrated 368 

parameters are detailed in the Table 11. Figure 4Figure 4 presents the performance of the CemaNeigeGR4J 369 

rainfall-runoff model over the calibration period (1963-1979). Simulated and observed quantiles of monthly 370 

streamflow show a strong correlation (Figure 4Figure 4a), with a limitedn overestimation of the lowest values by the 371 

rainfall-runoff model observed during the winter months (from January to April, Figure 4Figure 4b). The timing of 372 

the simulated regime is similar to the observed one. However, systematic limited biases are found, with an 373 

overestimation of the winter streamflow values (January to April) and of the spring flood values (June) and an 374 

underestimation of the streamflow values during the snowmelt period (July to October). The model is also able to 375 

simulate the general interannual variability of mean annual streamflow (Figure 4Figure 4c), with higher values for 376 

the 1964-1969 period and lower values for the 1970-1976 period, for example. Nevertheless, non-systematic biases 377 

are found for several years, with both underestimations (e.g., 1964 and 1969 years) and overestimations (e.g., 378 

1972 and 1975 years) of mean annual streamflow values. Finally, the observed and modeled distributions of annual 379 

streamflow values are similar (Figure 4Figure 4d), with an overestimation of the lowest mean annual streamflow 380 

values. 381 



 382 

Figure 4. Performances of the CemaNeigeGR4J rainfall-runoff model (black) and of the ANATEM flow reconstruction (blue 383 

colors) evaluated over the calibration period of the rainfall-runoff model (1963-1979)). (a) Monthly quantile-quantile plots 384 

(logarithmic scale), (b) observed and simulated monthly streamflow regime, (c) observed and simulated interannual streamflow 385 

variability, and (d) observed and simulated streamflow yearly mean distribution. The legend indicated on the (d) graph is also 386 

valid for the (b) and (c) graphs.  387 



4.2 Climatic reconstructions (1950-2011 and 1880-2011) 388 

In this section, the results of the climatic reconstruction are presented, first in terms of performance estimated 389 

over the observed period (1950-2011), and then in terms of centennial mean annual series (1880-2011). 390 

4.2.1 Performance of the climatic reconstructions over the observed period (1950-2011) 391 

Figure 5Figure 5 compares the temperature reconstruction (using ANA and ANATEM outputs) and precipitation 392 

reconstruction (using ANA outputs) to the observations for the 1950-2011 period, in terms of monthly regimes and 393 

yearly value distributions. For temperature, the ANATEM reconstruction is excellent, both in terms of monthly 394 

regime and of yearly mean value distribution. The ANA temperature reconstructions (in grey) show a limited 395 

performance for the coldest months (December and January) and for the warmest months (July and August), and 396 

thus highlight the importance of using the TEM BEST temperature series through ANATEM, which successfully 397 

corrects the ANA outputs. The intra-variability of the ANATEM temperature ensemble is very limited.  398 

The precipitation reconstitution reconstruction is not as good as that of the temperatures. The timing of the 399 

monthly regime is well captured, with lowest monthly precipitations observed in February, and the highest in July. 400 

However, Aan overestimation of the reconstituted reconstructed precipitation is observed for all months, with the 401 

exception of January and September. Overall, a wet monthly bias of precipitation is found. This bias is also seen in 402 

the plot of the yearly value distributions (Figure 5Figure 5d), which show that a majority of the mean annual 403 

precipitation values are overestimated by the reconstruction. In terms of variability within the ensemble, the 404 

similarity of the five 20CR members (ANA̅̅ ̅̅ ̅̅ , in blue) shows that the uncertainty of the geopotential height field 405 

(quantified here through the consideration of the five members) has a negligible impact on the precipitation 406 

reconstruction over this time period and at these time stepsresolutions (yearly and monthly). The relatively large 407 

width of the ANA ensembles (grey envelopes) indicates that the uncertainty due to the selection of 20 analogue 408 

days has an impact on the precipitation reconstruction. 409 

 410 



 411 

Figure 5. Monthly regimes (a and c) and yearly value distributions (b and d) for temperature (with ANA and ANATEM) and 412 

precipitation (with ANA) reconstructions and observations over the 19510-2010 period. Note that for temperature monthly 413 

regime (a), the ANATEM simulations are similar to the observations, and thus, ANATEM curves (blue) are not visible since 414 

they are below the observation curve (red).  415 



Figure 6Figure 6 summarizes the climatic reconstruction performances at the daily, monthly and yearly time 416 

stepsresolutions, both  over the 1950-2011 period. For air temperature (Figure 6Figure 6Figure 4a), and as 417 

previously indicated, the overall reconstruction performances are excellent for ANATEM outputs (KGE > 0.9), and 418 

limited for ANA outputs (KGE > 0.4). At both time steps, ANA outputs (grey points) are characterized by an 419 

overestimation (β > 1) tendency for the three resolutions and an underdispersion (α < 1) tendencyies for the monthly 420 

and annual resolutions. If the yearly temporal correlation is good at the daily and at the yearly time stepresolutions, 421 

the temporal correlation is excellent at the monthly time stepresolution (r ≈ 1). For precipitation (Figure 6Figure 422 

6Figure 4b), the overall reconstruction performance is better at the monthly resolutiontime step (KGE > 0.6) than 423 

at the daily (KGE ranging between 0.3 and 0.5) and yearly resolutiontime step (KGE ranging between 0.2 and 0.6). 424 

The reconstructed time series show a clear overestimation bias, an underdispersion problem, and a limited temporal 425 

correlation at both time stepsthe three different resolutions. Averaging each ensemble of the considered 20CR 426 

members (blue points) results in better temporal correlations at the daily and yearly resolutions, but logicallyat the 427 

expense of, lower variability reproduction performance. 428 

 429 

Figure 6. Daily, mMonthly and yearly performances of the air temperature ANA and ANATEM reconstructions (a) and the ANA 430 

precipitation reconstructions (b), for 1950-2011 period. 431 

  432 



4.2.2 Centennial mean annual climatic series (1880-2011) 433 

Figure 7Figure 7Figure 5 shows the reconstructed climatic series over the entire studied period (1880-2011), at 434 

the yearly time stepresolution. For temperature, the ANATEM reconstruction shows a very good fit to the observed 435 

series, with the exception of the first decade (1950-1960), when the reconstructed annual temperatures appear to 436 

be systematically lower than the observed annual temperature. ANA ensembles are larger than their ANATEM 437 

counterparts, and perform worse in terms of mean annual temperature variability. The good performance of the 438 

ANATEM reconstruction is thanks largely due to the TEM BEST series, which is strongly correlated with the 439 

observed series at the annual time stepresolution, except for the first observed decade. At the centennial scale, the 440 

reconstructed temperature time series are highly similar to the TEM BEST series, showing that the entire 441 

temperature signal reconstructed is driven here by the TEM BEST series. The ANATEM ensemble width is narrow 442 

at the annual time scale, as has already been seen for the monthly regime (Figure 5Figure 5a and b). The 443 

reconstruction shows an increase in the Caniapiscau catchment mean annual temperature over the last 130 years. 444 

For mean annual precipitation, the ANA reconstruction does not perform as well, especially over the last two 445 

decades (1990-2010), where the reconstruction failed to reproduce the observed low values for the mean annual 446 

precipitation (compared to mean values over the entire observed period). A similar bias is found for the 1950-1965 447 

period, while the variability of the mean annual precipitation values during the 1965-1985 period are well 448 

reproduced. Relatively, the precipitation reconstruction seems to be able to reproduce the wet-dry periods, but fails 449 

to match the observed values. Considering the reconstruction at the centennial time scale, no significant trend is 450 

found for mean annual precipitation. Several periods are interesting, such as the sequence of wet and dry years 451 

around 1920. Finally, variability due to consideration of five 20CR members is seen until 1940, and seems to be 452 

higher for several time periods, such as the 1880-1890 decade. 453 

  454 



 455 

Figure 7. Interannual variability of reconstructed mean annual values of temperature (ANA and ANATEM outputs) and 456 

precipitation (ANA outputs) compared with observations over the 1880-2011 period. (a) and (c) are raw yearly values while (b) 457 

and (d) are 6-year running means of mean annual temperature and mean annual precipitation, respectively.  458 



4.3 Streamflow reconstructions (1962-2011 and 1881-2011) 459 

In this section, the results of the streamflow reconstructions are presented, first in terms of performance 460 

estimated over two time periods, and then in terms of centennial series (annual mean flows and spring flood values). 461 

4.3.1 Performance of streamflow reconstruction over two observed periods (1962-2011) 462 

Using the five climatic ensembles produced by ANA (for precipitation) and ANATEM (for temperature) as inputs 463 

to the CemaNeigeGR4J rainfall-runoff model, five ensembles of 20 daily streamflow series were produced over the 464 

1881-2011 period (the year 1880 is used as an initialization period for the rainfall-runoff model). Figure 6 Figure 465 

4Figure 4 presents the performance of the streamflow reconstructions over the rainfall-runoff model calibration 466 

period (1963-1979). The obtained reconstructions have, logically, the same qualities and defaults characterizing 467 

the climatic reconstructions (presented in section 4.2.14.1.1) and the rainfall-runoff model performance (presented 468 

in section 4.14.2). Figure 4Figure 4Figure 6a is a quantile-quantile plot between observed and simulated mean 469 

monthly streamflows. Monthly correlations between observations and simulations are good, but reveal a systematic 470 

overestimation of the lowest mean monthly streamflow values (winter months). A clear overestimation of the 471 

monthly flood peak (June) is also found (cf. Figure 4Figure 4Figure 6b), due both to the rainfall-runoff model 472 

performance on this catchment and a general overestimation of the precipitation by the climatic reconstruction, as 473 

already shown in Figure 5Figure 5Figure 3. Observed and simulated interannual variabilities are similar, but with 474 

an overestimation of the mean annual streamflow values by the reconstructions, especially for the years with 475 

relatively low mean annual streamflow values (1971-1976).   476 



Figure 8Figure 8Figure 7 summarizes the performances of the streamflow reconstructions over two periods 477 

(1962-1979 and 1981-2011), in terms of mean annual streamflow values (Figure 8Figure 8Figure 7a) and May 478 

monthly flow values (Figure 8Figure 8Figure 7b). Overall KGE performances are limited to good for mean annual 479 

streamflow series and very good for the May monthly flow series. Again, an overestimation of mean annual flows 480 

is found for both periods. For May monthly flows, no specific trend is found for the first period, while a slight 481 

underestimation is observed for the second period. 482 

 483 

 484 

Figure 8. Streamflow reconstruction performances evaluated over two periods (1962-1979 and 1981-2011), (a) mean annual 485 

streamflow values (a) and (b) May monthly flow values. (b) 486 

  487 



4.3.2 Centennial mean annual flow reconstructions (1881-2011) 488 

Figure 9Figure 9 presents the centennial ANATEM streamflow reconstruction and compares the reconstruction 489 

to observations and to the mean flow reconstruction proposed by Nicault et al. (2014) using tree rings. As shown 490 

in Figure 4Erreur ! Source du renvoi introuvable., a good correlation is found between the ANATEM 491 

reconstruction and observations for the 1963-1979 period. Considering the other streamflow observation time 492 

period (naturalized flows of 1982-2011), the correlation is weaker, with a general overestimation of the mean annual 493 

streamflow. At the centennial scale, a comparison between ANATEM and tree ring mean flow series reveals that 494 

the two series are not statistically different, since the ANATEM ensemble is within the tree ring interval confidence 495 

interval (green envelopes), except for the 1930-1940 period. For this period, and especially around 1940, ANATEM 496 

mean flow reconstructed values are significantly higher than tree ring ones. A significant variability of mean annual 497 

streamflow is simulated for the 130 past years. The two reconstructions agree for the 1880-1910 period, simulated 498 

as a period of decreasing mean annual streamflows, followed by a 10-year increasing period. The 1920-1950 period 499 

shows differences between the two reconstructions, with ANATEM mean flows being larger than for tree rings. For 500 

the 1950-2011 period, the mean flow relative evolutions are similar, but the absolute values are different, with 501 

ANATEM values being systematically higher than tree ring values. This constant bias could be explained by the 502 

overestimation of precipitation over the record period. The 1912 year seems to be a “hydrologically interesting 503 

year”, since it is simulated as a very wet year by tree rings, while simulated as a dry year by ANATEM. Finally, as 504 

for the ANA precipitation reconstruction, the variability due to consideration of five 20CR members is seen until the 505 

year 1940, and seems to be higher over the distant past.  506 

  507 



 508 

Figure 9. ANATEM mean flow reconstructions: comparison with observations and Nicault et al. (2014) tree ring series, 1881-509 

2011 period. (a) is raw yearly values while (b) is 6-year running means of mean flows.   510 



4.3.3 Centennial spring flood reconstruction (1881-2011) 511 

Finally, Figure 10Figure 10 presents the ANATEM centennial spring flood reconstruction compared to 512 

observations and to the reconstruction proposed by Boucher et al. (2011) using tree rings. For ANATEM and for 513 

the observed streamflow series, these annual series were constituted by estimating, for each year, the May monthly 514 

flow, since Boucher et al. (2011) produced a May streamflow reconstruction. The correlations between the ANATEM 515 

reconstruction and the observed series (1963-1979 and 1982-2011) are excellent and very good, respectively, and 516 

thus reproduce the increase of spring floods during the 1970-1980 period, and then the decrease during the 1980-517 

1990 period, finally followed by a slight increase and a stagnation over the two last decades. At the centennial 518 

scale, the two reconstructions appear to be significantly different for a long period of time, since the ANATEM 519 

ensemble is out of the tree ring confidence interval for the 1881-1920 period. Another significant difference exists 520 

over the 1950-1960 period, seen as an “average common decade” by the tree ring reconstruction (reconstructed 521 

spring flood ranging from 47 to 87 [mm/m]), while being seen as a highly variable hydrological decade for the 522 

ANATEM reconstruction, with high values for the first five years (around 100 110 [mm/m] for the 1950-1955 period), 523 

and then two very low values (around 20 [mm/m] for the 1956-1957 period), finally followed by three high value 524 

years (around 110 [mm/m] for the 1958-1960 period). Overall, the ANATEM reconstruction simulated an increasing 525 

trend of spring floods for the Caniapiscau catchment. This trend is related to the increasing temperature trend, as 526 

illustrated in Figure 7Figure 7Figure 5. 527 



 528 

Figure 10. ANATEM spring flood reconstructions: comparison with observations and Boucher et al. (2011) tree ring series, 529 

1881-2011 period. (a) is raw yearly values while (b) is 6-year running means of spring flood values.   530 



5 DISCUSSION AND CONCLUSION 531 

In this study, a daily hydro-climatic reconstruction is proposed for the Caniapiscau Reservoir (northern Quebec, 532 

Canada) for the 1881-2011 period. This reconstruction was generated by firstly applying the ANATEM method 533 

(Kuentz et al., 2015), combining large-scale atmospheric information (here the NOAA 20th Century geopotential 534 

height reanalysis, Compo et al., 2011) with local climatic observations – when such series are available – to produce 535 

a daily ensemble of climatic series (precipitation and air temperature). Secondly, this climatic ensemble was used 536 

as input to a rainfall-runoff model (here GR4J , (Perrin et al., 2003) and its snow accumulation and melt routine, 537 

CemaNeige (Valéry et al., 2014)) previously calibrated in order to obtain a streamflow ensemble, at the daily time 538 

stepresolution. The performances of the climatic reconstructions were quantified over the observed period (1950-539 

2011) and showed very good performance for air temperature, both in terms of monthly regime and interannual 540 

variability. This excellent performance is due mainly to the use of a local reference temperature time series (here, 541 

a daily temperature time series extracted from the Berkeley Earth Surface Temperature analysis, Rohde et al., 542 

2013). For precipitation, no local reference climatic time series was available and the precipitation reconstitutions 543 

reconstructions are thus only a function of geopotential height field analogy. The precipitation reconstitutions 544 

reconstructions present a good performance in terms of regime, but with a somewhat limited ability to reproduce 545 

the observed annual values and interannual variability, combined with a systematic wet bias. The performance of 546 

the streamflow reconstruction was then compared to streamflow observations. This comparison showed a good 547 

performance, both in terms of monthly regimes and interannual variability, with a systematic overestimation of the 548 

mean annual streamflow values, due mainly to the wet bias of the precipitation reconstruction by the ANATEM 549 

method. 550 

These newly produced reconstructions were then compared to two different reconstructions performed on the 551 

same catchment by using tree ring data series, one being focused on mean annual flows (Nicault et al., 2014), and 552 

the other on spring floods (Boucher et al., 2011). In terms of mean annual flows, the interannual variability of flows 553 

reconstructed by tree rings and ANATEM were similar (except for the 1930-1940 decade), with significant changes 554 

seen in wetter and drier years. This variability seemed to be driven mainly by the variability of mean annual 555 

precipitation. In terms of spring floods, the interannual variabilities reconstructed by tree rings and by ANATEM 556 

were quite similar for the 1955-2011 period, but significantly different for the 1880-1940 period. The ANATEM spring 557 

flood reconstruction showed an increasing trend over time, and this variability seemed to be driven by the variability 558 

of the mean annual temperature.  559 

These results emphasize the need to apply different reconstruction methods on the same catchments. Indeed, 560 

such comparisons highlight potential differences between available reconstructions, and finally, allow a 561 

retrospective analysis of the proposed reconstructions of past hydro-climatological variabilities. In this study, two 562 

very different reconstruction methods were applied on the same catchment, revealing several periods where the 563 

two reconstructed streamflow series differ considerably. Thus, in terms of mean annual flows, the year 1922 and 564 

the 1930-1940 decade appear to be particularly dry and wet, respectively, when reconstructed with the ANATEM 565 



method, while they are simulated as particularly wet and dry when reconstituted reconstructed using tree ring 566 

proxies. In terms of spring floods, the two reconstruction methods are in disagreement for the 1950-1960 decade, 567 

simulated as a decade with wide variabilities by ANATEM, with short sequences of alternating high and low spring 568 

flood values, compared to the tree ring reconstruction. Further investigation is needed in order to understand the 569 

differences for these specific periods. Finding indications of particular hydro-climatic conditions at the regional scale 570 

through the analysis of documents, reports or ad-hoc measurements could representing a means of assessing the 571 

respective performances of each reconstitution reconstruction method. More generally, the long-term signals of the 572 

spring flood reconstructionsreconstitutions are different, with a clear increasing tendency for floods reconstituted 573 

reconstructed with ANATEM, related to the mean annual temperature rise in this region through the studied 574 

decades. Further work is needed to investigate this difference between the two reconstructions. 575 

The evaluation of the analogue performance revealed two main limitations for the precipitation reconstruction. 576 

Firstly, a general wet bias was found when the reconstructed precipitation time series were compared to 577 

observations, and therefore, a similar bias was observed for streamflow reconstruction. A classical bias-correction 578 

method could be applied on the reconstructed precipitation time series in order to eliminate this bias. However, 579 

applying a bias correction method implies an additional error source which could be amplified when the streamflow 580 

is analyzed (Teng et al., 2015), and, even more importantly, raises the issue of the bias stationarity (e.g., 581 

Teutschbein & Seibert, 2013; Chen et al., 2015, and Velázquez et al., 2015). Secondly, the interannual variability 582 

of mean annual precipitation is reproduced with limited performances on the Caniapiscau reservoir catchment. This 583 

limitation e inability of the analogue approach to reproduce the interannual precipitation variability - already 584 

highlighted by Kuentz et al. (2015) over 22 French catchments – is due to the absence of a local reference climatic 585 

time series, unlike for temperature reconstitutionreconstruction, where a local temperature time series is used, and 586 

ensures that the simulated interannual temperature variability is reproduced efficiently. Finding an additional series 587 

which significantly improves the precipitation reconstruction is a major perspective of this work. The use of variables 588 

produced by the available reanalyses (e.g., relative humidity, precipitable water content) for finding analogue dates 589 

will be investigated, along with the testing of time series of local pressure measurements. For example, Caillouet 590 

et al. (2016) showed that adding the sea surface temperature variable to the temperature, geopotential, vertical 591 

velocity and humidity for finding analogue dates significantly improves the reconstruction of air temperature and 592 

precipitation over France. 593 

In this study, most of the ANA approach options used to find analogue days were defined by looking at previous 594 

applications of the same methodology (e.g., Horton et al. 2012 and Chardon et al. 2014) and by sensitivity analyses 595 

(results not shown herepartially shown in Appendix A). The sensitivity of the final reconstitutions reconstructions to 596 

these options (size of the geopotential height domain extension (see Appendix A), choice of the geopotential height 597 

levels studied, number of analogue days, etc.) could be further investigated in a future work. Interestingly, the 598 

uncertainty due to the use of five members of the 20CR reanalysis appears to be limited, and even null from 1940 599 

onward. See for example Figure 9Figure 9 which presents the centennial ANATEM streamflow reconstructions: it 600 

is impossible to distinguish the five ANATEM average series after 1940, highlighting that considering five different 601 



members of the 20CR reanalysis as inputs of the reconstruction method has a negligible impact on the 602 

reconstruction of the mean annual streamflow. 603 

Finally, the reconstructed climatic time series are transformed into streamflow time series thanks to a daily 604 

rainfall-runoff model, previously calibrated over the relatively short observation period (with really good calibration 605 

performances). The use of one model, one objective function and one parameter set is questionable. Quantifying 606 

the sensitivity of the obtained reconstruction to the hydrological modeling assumptions made was out of the scope 607 

of this paper, but definitively deserves further research, especially considering the issue of uncertainty due to 608 

rainfall-runoff model parameter set in a changing climate. Thus, numerous authors highlighted that calibrated 609 

parameters of rainfall-runoff models are dependent on the climate of the calibration period and that performance 610 

decreases when applied over periods where the climate differs from that of calibration period (e.g., Merz et al. 2011; 611 

Coron et al. 2012 and Brigode et al. 2013b). Thus, testing different calibration strategies (e.g., bootstrap calibration 612 

used by Brigode et al. 2015), testing particular objective functions especially devoted to the final study objective 613 

(e.g., studying mean annual streamflow), and adapting the time step of the rainfall-runoff model to the objective 614 

would be interesting for future works. 615 

 616 

The combination of the ANATEM reconstitution reconstruction method with a rainfall-runoff model offers an 617 

interesting method for use in reconstituting reconstructing hydro-climatic series at a very fine time stepresolution 618 

(here daily), which is usually needed in applying impact models (such as dam management models), and finally, to 619 

discuss the climatic process, which significantly influences the hydrological decadal variability at the catchment 620 

scale. An interesting perspective would be to test this modeling approach on numerous other catchments, and 621 

focusing on regions where long and good quality hydro-climatic time series are available, thus giving the opportunity 622 

to quantitatively evaluate the reconstitution reconstruction methodology over long time periods. Kuentz et al. (2013) 623 

thus reconstructed 110-year streamflow time series for 22 French catchments with a combination of the ANATEM 624 

reconstruction method and a daily rainfall-runoff model, reconstitutions which allowed to discuss the hydro-climatic 625 

variability over the last century in the studied region (French Alps). Finally, these applications could also give 626 

interesting insights on regions where it is not sufficient to consider only climatic time series in explaining observed 627 

multi-decadal hydrological variability, and thus highlight other significant factors influencing hydrological variability 628 

that need to be quantified (e.g., changes in land use, urbanization or hydrogeology). 629 

Another way to evaluate the two reconstruction methods would be to use the hydro-climatic time series 630 

reconstructed by ANATEM as inputs for a tree diameter growth model (e.g., models developed and applied for 631 

black spruces (Picea mariana [Mill.] BSP) in Canada by Subedi & Sharma 2013 and Huang et al. 2013), and to 632 

then compare the tree ring simulated through this growth model with the observed tree ring series. 633 
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6 APPENDIX A 635 

Several tests have been performed for choosing the spatial domain to consider for the description of the 636 

geopotential height fields (see Brigode et al. (2013a) and Radanovics et al. (2013) for similar approaches). Here, 637 

eight different spatial domains have been tested (domain numbered from 1 to 8). These domains, illustrated on 638 

Figure A1a, are centered on the Caniapiscau catchment and are of progressively larger. For each domain, a climatic 639 

reconstruction has been performed with the ANA method for the Caniapiscau catchment but also for 211 other 640 

Quebec catchments of the cQ2 database (Guay et al., 2015). These reconstructions have been performed on the 641 

1990-2010 period with only one member of the 20CR reanalysis. The performances of these different 642 

reconstructions have been evaluated by comparing observed series with reconstructed series looking at different 643 

precipitation and air temperature criterion.  644 

Figure A1b presents the three criterion chosen to evaluate the precipitation reconstruction: (i) the correlation 645 

between observed and reconstructed annual precipitation series (first line, optimal value is 1), (ii) the correlation 646 

between observed and reconstructed daily precipitation series (second line, optimal value is 1) and (iii) the bias 647 

between observed and reconstructed precipitation series (last line, optimal value is 0). The boxplots summarize the 648 

performances obtained over the 211 catchments, while the purple point highlights the performance obtained 649 

specifically over the Caniapiscau catchment. Domain n°5 was finally chosen as a (subjective) compromise between 650 

having high correlation between reconstructed and observed precipitation series (at yearly and daily resolutions) 651 

and having low precipitation bias between reconstructed and observed series on both the studied catchment 652 

(Caniapiscau) and on other neighboring Quebec catchments. Thus, we believe that the methodology performed in 653 

this study could also be used for the reconstruction of streamflow series on other neighboring catchments.  654 

Finally, Figure A1c presents the spatial distribution of the three criterion values obtained within domain n°5. 655 

These maps reveal interesting spatial patterns, highlighting for example higher performances in terms of daily 656 

precipitation correlation obtained for northern catchments compared to southern catchments. It is out of the scope 657 

of this paper to discuss the spatial variability and the spatial patterns of the climatic reconstruction performances, 658 

but this issue definitively deserves further research. 659 

  660 



 661 

Figure A1 : (a) Spatial extension of the eight geopotential height domains considered. (b) Performances of the precipitation 662 

ANA reconstruction estimated over the 1990-2010 period for 211 catchments of the cQ2 database (the boxplots are constructed 663 

with the 0.10, 0.25, 0.50, 0.75 and 0.90 percentiles). (c) Spatial distribution of the performances obtained with the domain n°5 664 

over the 211 catchments of the cQ2 database. The Caniapiscau catchment is highlighted with purple color. 665 
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7 APPENDIX B 667 

The Teweles-Wobus (1954) distance (noted DTW hereafter) is used to find analogues to the synoptic circulation 668 

of a given day and thus to quantify the (di)similarity between two synoptic spatial configurations, each characterized 669 

by by four geopotential height fields over a given spatial domain (see Appendix A): (i) 1000 hPa at 0h, (ii) 1000 hPa 670 

at 24h, (iii) 500 hPa at 0h, and (iv) 500 hPa at 24h. The final DTW between a day A and another day B is the sum of 671 

four DTW calculated for each of the four geopotential height fields. The distance between the geopotential height 672 

field Z (e.g. 1000 hPa at 0h) of the day A and the day B is calculated as follow:  673 

DTW,Z = 100 ×
∑ ∑ |∆i,j

i,A − ∆i,j
i,B| + ∑ ∑ |∆i,j

j,A
− ∆i,j

j,B
|

J−1
j=1

I
i=1

J
j=1

I−1
i=1

∑ ∑ max (|∆i,j
i,A| , |∆i,j

i,B|) + ∑ ∑ max (|∆i,j
j,A
| , |∆i,j

j,B
|)

J−1
j=1

I
i=1

J
j=1

I−1
i=1

 674 

Where : 675 

 ∆i,j
i,A= Zi+1,j

A − Zi,j
A  is the geopotential gradient of a west-east direction starting from a point (i,j) for 676 

the day A. 677 

 ∆i,j
j,A
= Zi,j+1

A − Zi,j
A  is the geopotential gradient of a south-north direction starting from a point (i,j) for 678 

the day A. 679 

This distance is thus focused on the synoptic circulation gradients (south-north and west-east directions) and 680 

not on the absolute geopotential height values. DTW ranges from 0 (for two identical fields) and 200 (for two opposite 681 

fields). 682 
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