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Spatial interpolation of sub-daily air temperatures for improving 
snow and hydrological forecasts on Alpine catchments 

E. JABOT1,*, I. ZIN2, T. LEBEL3, A. GAUTHERON4, C. OBLED2 

ABSTRACT 

In snow hydrology, temperature represents a key parameter controlling the precipitation phase 
as well as the accumulation and melting of snow. Producing temperature fields at a sub daily time 
step is thus a key requirement; in regions such as the Alps, it also represents a major challenge due 
to the strong variability of topography and elevation lapse rates. In this study a simple and robust 
algorithm is proposed in order to produce air temperature maps in mountainous regions. Data from 
about 200 temperature stations (for the period 2000-2009) are interpolated at a 1 km resolution 
over a window of 71500km² in the Northern French Alps, for four different hours of the day (0h, 
6h, 12h and 18h UTC), using geostatistical methods. Kriging with elevation Z as external drift 
shows the best results in terms of mean absolute error, root mean square error and kriging standard 
deviation. It is also found that adding the solar radiation as an additional external variable does not 
improve significantly the results. A comparison of negative temperature surfaces, (areas with 
temperature below 0°C at each period of the day), is made with operational temperature products 
supplied by Meteo-France (SAFRAN Alpes). It shows small differences in terms of the size of 
predicted surfaces below 0°C on the Isère catchment (5740km²), which gives confidence in using 
these interpolated temperatures for further snowmelt and snow cover dynamics modelling studies.  
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INTRODUCTION 

The temperature fields over a mountainous region are critical inputs to snow and hydrological 
models, especially regarding their snow melt and accumulation component which estimates the 
snow quantity available on a catchment (Verbunt et al., 2003). Heterogeneities of temperature both 
impact the total snow water equivalent (Hock, 1999) and induce various dynamics in the snow 
cover areas (Durand et al., 2009a and b). This, in turn, affects the time scales of the hydrological 
response (Kling et al., 2006). Basically one may consider two main approaches to produce realistic 
daily temperature maps. The first assumes that a sufficiently dense network of temperature 
measurements is available over the region of interest; one can then proceed by optimally 
interpolating these measurements. However, most networks do not sample properly the higher 
elevations (typically above 1500-2000 m), so that a second approach is using some kind of 
external information in the interpolation process. The use of a linear lapse rate is the most 
common example of such external information introduced in the temperature interpolation process 
(see e.g., Dodson and Marks, 1997). Despite the fact that several climatic and topographical 
factors may affect the spatial gradients of temperature in mountainous regions, it results from 
different studies (eg Lookingbill et al., 2003, Blandford et al., 2008, Dobrowski et al., 2009), that 
elevation remains the first order variable explaining these gradients. It is especially worth noting 
that taking into account weather patterns, for instance, was shown by Courault and Monestiez 
(1999), to only modestly improve the accuracy of the interpolation, because the effect of the 
elevation on the temperature proved to be much higher than that of circulation patterns. 

Previous authors (for instance, Stahl et al., 2006; Benavides et al., 2007) have compared 
different methods for interpolating temperatures, showing that geostatistical methods using some 
external information such as the Environment Lapse Rate (ELR) are the most efficient.  

In addition to producing a realistic spatial distribution of daily temperatures, another key point 
for snow hydrology is to take into account the temperature daily cycle. Shamir and Georgakakos 
(2005) have considered a 6 hourly time step, showing this to be a significantly better way for 
assessing snow melt dynamics. A still better time resolution (1 hour) was used by Tobin et al. 
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(2011), leading also to the conclusion that using elevation as an external drift for kriging is the 
best method in the context of snow/rainfall partitioning and flood modelling. 

As regarding the spatial interpolation process, ordinary kriging is used as a base method to 
which more elaborated methods are compared. A spatial resolution of 1km*1km for the 
interpolation grid was felt as appropriate, given the topographical information available and the 
spatial resolution required for snow hydrology. 

With respect to the sub-daily problem, a 6-hourly time step (0h, 6h, 12h and 18h) was chosen as 
a reasonable trade-off between observation availability and the minimum time resolution required 
to get at least the main features of the diurnal cycle.  

A comparison with a physical model from Meteo France (Safran Alpes, Durand et al. 1993) is 
discussed in the last part, as an additional way of assessing the quality of our method. 

MATERIALS AND METHODS 

Study Area 

The study area is located in French Northern Alps and neighbouring Italian and Swiss Alps, on a 
rectangular grid of 71500 km² extending between 4.5° and 8.0°E and 44.3° and 46.6°N (cf. Figure 
1). Altitudes range between about 40 m in the Rhône River floodplain and 4810 m on the top of 
the Mont Blanc. A particular target area within this grid is the Isère River catchment downstream 
to Grenoble (5740 km² - yellow area in Figure 1), which is the French catchment of interest of the 
Interreg IV ALCOTRA-RiskNat project. The elevation range of Isère River catchment is 200-
3840m, with a median altitude of about 1500 m. The Isère catchment at Grenoble is characterized 
by negative temperatures during winter, with a warm summer and precipitations occurring mainly 
in winter as snow above 1000m. The snow accumulation starts at the beginning of November 
while the melt occurring in April, and the Isère River has a rainfall and snow dominated 
hydrological regime. 

Table 1 Number of observations used for interpolating and validating the kriged temperatures fields, 
depending on the provider. 

Data provider (country) 
For interpolation and 

cross validation 
For independent 

validation 
Total 

Meteo France (F) 129 15 144 

ARPA Piemonte (I) 28 27 55 

ARPA Valle d'Aosta (I) 23 24 47 

MeteoSwiss (CH) 14 0 14 

EDF (F) 0 20 20 

GLACIOCLIM OS (F) 0 2 2 

Total 194 88 282 

Available datasets 

Hourly temperature records measured over the period 2000-2009 at 282 stations distributed all 
over the study area were supplied by the operational networks of Meteo France and Electricité de 
France (EDF) in France, ARPA Piemonte and ARPA Valle d’Aosta in Italy and Meteo Swiss in 
Switzerland, as well as by the French research Observation Service GLACIOCLIM - cf. Figure 1 
and Table 1. All the data except those provided by EDF were issued from classical automatic 
temperature devices; EDF temperature sensors are installed on Cosmic ray Snow Gauges (CSG) 
masts. For the present study, temperatures at 0, 6, 12 and 18h UTC were retained for representing 
the daily temperature cycle. 
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Figure 1. Location of the study area with the different networks and the Isère River catchment at Grenoble. 

Observing networks are quite heterogeneous from a country to another, with high spatial 
densities in Italy and Switzerland and a relatively sparser network in France, notably at higher 
elevations. In order to have a more homogeneous spatial distribution over the study area, data 
from 88 stations were set aside for independent validation and a reduced network of 194 stations 
was considered for spatial interpolation and cross validation, with an average density of one 
station per 370 km² (cf. Table 1 and Figure 1). The altitudinal distribution of the stations retained 
for the reduced network superimpose quite well with the hypsometric curve of the study area 
(respectively, red and black curves in Figure 2). The 88 stations set aside for independent 
validation cover essentially the 1500-2700m elevation range (blue curve in Figure 2). 

Air temperature (at 2 metres) reanalyses issued from the mesoscale SAFRAN Alpes prediction 
system (Durand et al., 1993; Durand et al., 2009a) and provided by the Centre d’Etudes de la 
Neige (CEN) of Météo France were also used as an additional information source for evaluating 
spatial interpolated temperature fields. The SAFRAN Alpes temperature records are given on 23 
climatologically homogeneous zones (massifs) whose 21 are located within the study area (cf. 
black contours in Figure 1). Vertical and horizontal variations of temperatures within each massif 
are taken into account by considering 300m-height elevation bands and 7 different aspects (N, S, 
W, E, SW, SE, flat), respectively. SAFRAN Alpes reanalyses are also supplied at hourly time step 
over the period 2000-2009 and sub-daily temperatures at 0, 6, 12 and 18h UTC were considered 
here. 

A Digital Elevation Model (DEM) issued from the Shuttle Radar Topography Mission (SRTM; 
USGS, 2006) was available. It was resampled by bilinear interpolation with ArcGIS 9.3 from its 
original resolution of 90m to 1km, which is the targeted spatial resolution of the interpolated 
temperature fields. 
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Figure 2- Interpolation and independent validation network in terms of number of stations and cumulative percentage 
for elevation bands. The Digital Elevation Model (DEM) is also shown in cumulative percentage for elevation bands. 

Global solar radiation Rg (sum of direct and diffuse solar radiation) has also been used as 
possible explanatory factor of the temperature spatial variability. At each time step (0, 6, 12 and 
18h UTC), we considered the sum of the global solar radiation intensity calculated during the 
previous 6 hours by the algorithm developed by Rich et al. (1994) and implemented on ArcGIS 
9.3. 

General methodology 

Figure 3 summarizes the general methodology followed in this study. The objective was to 
estimate temperature fields at regional scale (i.e. on the whole grid of Figure 1), from the available 
local records, at 1 km² spatial resolution and at sub-daily time step, namely at 0, 6, 12 and 18h 
UTC.  

As a preliminary study, an analysis of the spatio-temporal variability of temperature over the 
considered grid was carried out. The mean rate of change of temperature with altitude, i.e. the 
Environmental Lapse Rate (ELR), was estimated by linear regression every day at 0, 6, 12 and 18h 
UTC on the basis of the observed records at the 194 stations of the reduced network (cf. Eq. 1): 

 
)()()( sbsaZsT        (1) 

where T(s) is the vector of observed temperatures at spatial locations s [°C], Z(s) is the vector of 
co-located elevations [m]; a and b are the two regression coefficients calculated from the set of co-
located T and Z data, with a representing the ELR [°C/m] and b representing the base temperature 
Tbase at Z=0 m; )s(δ is the vector of the residuals of the linear regression [°C]. At each time step, 

the coefficient of determination R² was calculated in order to assess the quality of the linear 
regression  
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Figure 3. Methodology used in this study. 

Like other linear regression models, kriging assumes that the variable to be interpolated (here, 
the temperature) can be expressed as a sum of a deterministic trend and of a random function: 

)()()( sssT      (Eq. 2) 

where )s(T  is the temperature at spatial location s, )s(μ  is the deterministic trend, function of 

the spatial location s, and )s(ε  is a random function having a null mean and a spatially 

homogeneous variance.  
Kriging belongs to the larger family of Best Linear Unbiased Esimators (BLUE) and as such, it 

takes into account the spatial structure of the data by using a function modelling the decreasing of 

the spatial correlation with distance. Indeed, kriging provides an estimation )s(T̂ 0  of the 

considered variable at each location 0s  by a weighted linear combination of N observed adjacent 

observations: 

)()(ˆ
0 ii sTsT  

 N.....1i   (Eq. 3) 

The weighting values iλ  assigned to each observation )s(T i  are calculated in order to give 

estimations that are not biased (i.e. the mean of the prediction errors is zero) and of minimal error 
variance (“Best” in the BLUE acronym refers to this property of minimum variance). 

Kriging has been proved by several authors to perform better than conventional methods for 
interpolating temperatures in complex terrains (e.g. Hasenauer et al. 2003, Lookingbill et al. 2003, 
Benavides et al. 2007); it was implemented here using the freeware R-Gstat (Pebesma, 2004). 

Four different kriging approaches have been compared here, namely Ordinary Kriging (OK), 
Ordinary Kriging of detrended temperatures issued from the preliminary analysis on ELR (DOK), 
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Kriging using elevation Z as External Drift (KEDz) and Kriging using both elevation Z and global 
solar radiation Rg as external drift (KEDz+Rg). The first two approaches assume a constant 
deterministic trend (μ(s) is steady), while the latter two consider an external drift function of one 
or several auxiliary variables (here, elevation and global solar radiation - μ(s) is unsteady). 

The key of kriging implementation is the inference of a model of variogram, used to fill in the 
kriging equations given in the appendix. A series of different classes of theoretical models were 
tested for an appropriate fitting of the experimental semi-variograms calculated from Equation A2. 
This led to retain the Gaussian class of models, defined as follows:  

















²

²
exp1)( 0 a

h
cch

   (Eq. 4) 

Based on the ELR analysis results, 6 climatological semi-variograms were retained for each 
kriging approach, in order to distinguish seasonal (winter – December to February, summer – June 
to August, mid-season – other months) and sub-daily (night - 0 and 6h UTC and day - 12 and 18h 
UTC) patterns. 

Interpolation results were evaluated by leave-one-out cross validation and independent 
validation. The relative performance of the 4 kriging approach was compared in terms of statistics 
of standard assessment criteria (defined in Table 2): the bias (or Mean Error - ME), the Mean 
Absolute Error (MAE), the Root Mean Square Error (RMSE) and the Normalized Root Mean 

Square Error (NRMSE), as well as in terms of theoretical kriging variance 2
kriσ . Finally, a first 

application of the obtained temperature fields was made in order to map catchment areas above 
and below the 0°C isotherm, which is an important issue in snow hydrology. A comparison with 
reference maps issued from the mesoscale SAFRAN Alpes system was also performed, in order to 
evaluate our results. 

Table 2 Assessment criteria used for cross and independent validation. iT̂  is the predicted value at 

location si, Ti is the observed value at location si, N is the number of considered values and 
2
kriσ  the 

theoretical variance given by kriging at location si.  

Assessment criteria Equation 
Optimal 

value 

Bias (or Mean Error) 



N

i
ii TT

N
ME

1

)ˆ(
1  0 

Mean Absolute Error 



N

i
ii TT

N
MAE

1

ˆ1  0 

Root Mean Square Error  
2

1

ˆ1 



N

i
ii TT

N
RMSE  0 

Normalized Root Mean Square Error  





N

i kri

ii TT

N
NRMSE

1
2

2ˆ1


 1 

RESULTS 

Analysis of Environmental Lapse Rates 

Lapse rates at 0, 6, 12 and 18h UTC were analyzed throughout the year, in order to detect daily 
and seasonal patterns. Interannual daily ELR oscillate between -7 and -2 °C/km (which is 
consistent with the average dry-moist adiabatic range of -10 to -0,5 °C/km) and show a noticeable 
variability around the normal ELR commonly taken at -6,5°C/km (cf. Figure 4 b). Summer ELR 
absolute values are generally more stable from a day to another than winter ones. Similarly, the 
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diurnal cycle is more marked in summer than in winter, with daytime ELR higher than night time 
ones in absolute value: this difference can reach more than 2 °C/km in June-July.  

Standard deviations around mean interannual summer values (not shown here) are associated to 
relative stable climate forcing and a strong, predictable decrease of temperature with elevation: 
about 60% of the summer ELR are associated to R²>0.8 on the regression equation used for 
calculating ELR (cf. Eq. 1 and Figures 4 a). This mainly occurs at 12 and 18h UTC, with ELR 
ranking from -5 and -7°C/km in average. On the contrary, cold air pooling, notably in valleys, or 
occasional inversions at local scale complicate the relationship between geomorphologic factors 
and climate forcing in wintertime, leading to higher standard deviations around mean interannual 
winter values (not shown here). 

Figure 4. Interannual mean R² (a), Elevation Lapse Rates (ELR – b) and Tbase (c) for 2000-2009 computed on 194 
stations at 0h, 6h 12h and 18h UTC. The dotted lines on the Tbase graph correspond to the separation between the 

seasons used in the paper. 

Finally, on the basis of ELR results and of thresholds on the base temperatures Tbase (cf. Figure 
4 c), 6 major patterns have been identified, associated to 3 different seasons (summer, i.e. June, 
July and August; winter, i.e. December, January and February; mid-season, for remaining months) 
and 2 sub-daily time steps (night, i.e. 0 and 6h UTC and day, i.e. 12 and 18h UTC). 
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Modelling of semi-variograms 

Table 3 shows the parameter values of the adjusted climatological semi-variograms, depending 
on the considered kriging approach (OK, DOK, KEDz or KEDz+Rg), as well as on season 
(summer, winter or mid-season) and time step (night or day). Semi-variograms used for KEDz and 
DOK are exactly the same, as approximated jβ  coefficients of KEDz (cf. Eq. A5) were derived 

from the general ordinary least square regression used for DOK (cf. Eq. 1). In the same way, night 
semi-variograms associated to KEDz+Rg are equal to those of KEDz, because of the absence of 
solar radiation during night time. Slightly big differences between the OK semi-variograms 
parameter values and the residual (DOK, KED) semi-variograms ones show the strong effect of 
the elevation trend on the structure of the temperature fields. Rather important nugget effects (i.e. 
high values of the c0 parameter in Eq. 4) are observed, regardless of the considered semi-
variogram. This is probably due to both measurement errors and temperature variations at much 
smaller scales than any of the measured pairwise distance (i.e. to local scale effects having a 
shorter structural range than the sampling support, thus requesting a denser observation network in 
order to be taken into account). For residual semi-variograms, the sill value (i.e. the sum of the c0 
and c parameters in Eq. 4, giving a measure of the temperature fields’ variance) is higher in winter 
than in summer, according to stronger valley effects and more frequent temperature inversions, 
associated to cold air stratification, as already pointed out by the ELR analysis. Similarly, daytime 
summer and winter ranges are roughly the same, whereas night ones are twice smaller in winter.  

Table 3 Fitted parameter values of the climatological semi-variograms used for kriging, depending on 
the chosen approach: Ordinary Kriging of temperatures (OK), Ordinary Kriging of Detrended 

temperatures (DOK), Kriging with elevation Z as External Drift (KEDz) and Kriging with elevation Z 
and global solar radiation Rg used as External Drift (KEDz+Rg).  

 Season Model Nugget (°C²) Range (km) Sill (°C²) 

O
K

 

night 
summer Gaussian 

10 131 25 winter Gaussian 
mid-season Gaussian 

day 
summer Gaussian 18 135 43 
winter Gaussian 11 136 28 

mid-season Gaussian 15 128 36 

K
E

D
z 

&
 D

O
K

 

night 
summer Gaussian 3,1 108,6 4,8 
winter Gaussian 5,7 48,5 7,2 

mid-season Gaussian 3,6 77,1 5 

day 
summer Gaussian 2,5 100,2 5,5 
winter Gaussian 5,3 118,3 7 

mid-season Gaussian 2,9 93,9 5,1 

K
E

D
z+

R
g night 

summer Gaussian 3,1 108,6 4,8 
winter Gaussian 5,7 48,5 7,2 

mid-season Gaussian 3,6 77,1 5 

day 
summer Gaussian 2,6 104,6 5,6 
winter Gaussian 5 104 6,6 

mid-season Gaussian 2,9 95 5,1 

Cross and independent validation 

The leave-one-out cross validation method was used to produce interpolated estimates at all the 
194 stations over the period 2000-2009 for the 4 kriging approaches. Independent validation was 
performed as well on 88 complementary stations not used for kriging. Table 4 shows the average 
values of three considered assessment criteria. Temperature estimations are approximately 
unbiased (ME → 0 for cross validation), whatever the kriging technique and the considered 
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season/time step, with OK performing slightly worse than DOK and KED (either with elevation or 
with both elevation and solar radiation trend). Different performances between OK and other 
kriging approaches are highlighted by the other assessment criteria: MAE and RMSE are clearly 
lower for DOK and KED than for OK, either in cross and independent validation. Once again, this 
shows that the hypothesis of a constant deterministic trend in Equation A1 is not acceptable and 
that elevation has a strong impact on the temperature spatial variability at the considered scale and 
resolution, as already pointed out by other authors at other locations (e.g. Daly 2006, Dobrowski, 
2009). Both MAE and RMSE vary with season and time step, with lower values in summer, in 
particular at daytime (an average difference of 0.5 °C is observed in MAE between the two 
seasons), whatever the kriging method: once again, this result is consistent with the ELR and the 
semi-variogram analyses.  
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ME - 
OK 

ME - 
DOK 

ME - 
KEDz

ME - 
KEDz+Rg

MAE - 
OK

MAE - 
DOK

MAE - 
KEDz 

MAE -
KEDz+Rg

RMSE - 
OK

RMSE - 
DOK

RMSE - 
KEDz

RMSE - 
KEDz+Rg 

C
R

O
S

S 
V

A
L

ID
A

T
IO

N
 

YEAR  0 -0,02 -0,02 -0,03 2,7 1,39 1,3 1,31 3,13 1,83 1,72 1,74 

WINTER  0,03 -0,01 0 -0,01 2,46 1,64 1,53 1,53 2,95 2,14 2,02 2,03 

winter_0h  0,05 0 0,01 0 2,39 1,67 1,56 1,57 2,87 2,15 2,04 2,05 

winter_6h  0,05 0 0,01 0,01 2,37 1,75 1,63 1,63 2,87 2,25 2,13 2,13 

winter_12h  0 -0,04 -0,05 -0,04 2,63 1,67 1,56 1,56 3,08 2,15 2,03 2,03 

winter_18h  0,04 0,01 0,02 0 2,45 1,48 1,38 1,37 2,88 1,92 1,81 1,81 

SUMMER  0,01 -0,02 -0,02 -0,03 2,91 1,29 1,2 1,22 3,26 1,64 1,55 1,57 

summer_0h  0,03 0 0,01 -0,01 2,58 1,36 1,32 1,34 2,86 1,68 1,62 1,66 

summer_6h  0,02 0 0 -0,03 2,47 1,47 1,43 1,42 2,79 1,8 1,76 1,75 

summer_12h  -0,04 -0,04 -0,06 -0,08 3,37 1,24 1,08 1,11 3,6 1,52 1,34 1,38 

summer_18h  -0,02 -0,03 -0,03 -0,02 3,24 1,07 0,98 1 3,46 1,36 1,25 1,28 

IN
D

E
P

E
N

D
E

N
T

 V
A

L
ID

A
T

IO
N

 YEAR 0,74 -0,35 -0,37 -0,38 2,83 1,68 1,62 1,62 3,27 2,12 2,04 2,05 

WINTER  0,39 -0,5 -0,47 -0,47 2,56 1,82 1,76 1,76 3,04 2,3 2,22 2,23 

winter_0h  0,34 -0,53 -0,43 -0,42 2,45 1,72 1,67 1,67 2,89 2,16 2,08 2,08 

winter_6h  0,22 -0,57 -0,46 -0,46 2,41 1,78 1,72 1,72 2,87 2,23 2,14 2,14 

winter_12h  0,59 -0,36 -0,45 -0,51 2,84 2,05 1,99 2,01 3,33 2,54 2,46 2,48 

winter_18h  0,42 -0,56 -0,51 -0,49 2,52 1,72 1,65 1,67 2,96 2,16 2,07 2,09 

SUMMER  1,05 -0,22 -0,3 -0,32 3,16 1,66 1,61 1,6 3,53 2,05 1,98 1,97 

summer_0h  0,72 -0,37 -0,4 -0,39 2,66 1,47 1,44 1,44 2,92 1,76 1,72 1,72 

summer_6h  0,84 -0,17 -0,19 -0,32 2,86 1,63 1,6 1,63 3,15 1,95 1,92 1,95 

summer_12h  1,62 0,17 -0,05 -0,06 3,9 1,86 1,73 1,74 4,16 2,17 2,02 2,04 

summer_18h  1,04 -0,5 -0,56 -0,52 3,19 1,69 1,66 1,59 3,44 1,99 1,94 1,87 

Table 4 Results of cross and independent validation in terms of ME, MAE and RMSE on 2000-2009 for Ordinary Kriging (OK), Detrended Ordinary Kriging (DOK), 
Kriging with elevation Z as External Drift (KEDz) and Kriging with elevation Z and global solar radiation Rg used as External Drift (KEDz+Rg).  
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Table 5. Results of cross and independent validation in terms of kriging variance SE and NRMSE on 2000-2009 for Ordinary Kriging (OK), Detrended Ordinary Kriging 
(DOK), Kriging with elevation Z as External Drift (KEDz) and Kriging with elevation Z and global solar radiation Rg used as External Drift (KEDz+Rg).  

 

 

  SE - OK  SE - DOK SE_OLS - 
DOK

SE - KEDz SE - 
KEDz+Rg 

NRMSE - 
OK

NRMSE - 
DOK

NRMSE - 
KEDz

NRMSE - 
KEDz+Rg

C
R

O
S

S 
 

V
A

L
ID

A
T

IO
N

 
YEAR  3,63 1,98 0,23 2,01 2,03 0,86 0,92 0,85 0,85 

WINTER  3,36 2,44 0,27 2,48 2,47 0,88 0,88 0,81 0,82 
winter_0h  3,29 2,52 0,27 2,56 2,57 0,87 0,85 0,8 0,8 
winter_6h  3,29 2,52 0,28 2,56 2,56 0,87 0,9 0,83 0,83 
winter_12h  3,44 2,37 0,28 2,4 2,38 0,9 0,91 0,84 0,85 
winter_18h  3,44 2,37 0,24 2,4 2,38 0,84 0,81 0,75 0,76 
SUMMER  3,84 1,74 0,22 1,77 1,81 0,85 0,94 0,87 0,86 
summer_0h  3,29 1,82 0,21 1,85 1,88 0,87 0,92 0,88 0,88 
summer_6h  3,29 1,82 0,22 1,85 1,88 0,85 0,99 0,95 0,93 
summer_12h  4,4 1,65 0,25 1,68 1,75 0,82 0,92 0,8 0,79 
summer_18h  4,4 1,65 0,2 1,68 1,75 0,79 0,82 0,75 0,73 

IN
D

E
P

E
N

D
E

N
T

 V
A

L
ID

A
T

IO
N

 

YEAR 3,59 1,97 0,26 1,97 1,98 0,91 1,1 1,06 1,05 
WINTER  3,33 2,42 0,3 2,43 2,41 1,66 1,48 1,43 1,44 
winter_0h  3,25 2,49 0,3 2,5 2,51 1,6 1,37 1,32 1,32 
winter_6h  3,25 2,49 0,31 2,5 2,5 1,59 1,41 1,36 1,36 
winter_12h  3,41 2,35 0,31 2,36 2,31 1,81 1,66 1,6 1,63 
winter_18h  3,41 2,35 0,27 2,36 2,32 1,6 1,41 1,35 1,37 

SUMMER  3,8 1,72 0,24 1,73 1,75 1,8 1,57 1,51 1,49 
summer_0h  3,25 1,81 0,23 1,81 1,82 1,62 1,31 1,28 1,27 
summer_6h  3,25 1,81 0,24 1,81 1,83 1,75 1,45 1,43 1,44 
summer_12h  4,36 1,63 0,28 1,64 1,68 1,99 1,7 1,58 1,58 

summer_18h  4,36 1,63 0,22 1,64 1,68 1,65 1,56 1,52 1,44 
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KEDz performs slightly better than DOK, indicating that the fitted semi-variograms on residual 
temperatures calculated from Eq. 4 are reasonably adequate for its implementation. When 
considering global solar radiation Rg in KEDz+Rg, results do not improve, showing that elevation 
is the principal factor that explains the temperature variability at 1km resolution and that solar 
radiation is probably more indicated for explicating sub-grid variability. 

Performances decrease with altitude, as it can be observed in figure 5, where bias (a), MAE (b) 
and NMRSE (c) are given for independent validation at different elevation bands (on bands with 
interests for snow hydrology on Isere catchment, i.e. above 1000m of elevation).  

Figure 5. Results of the independent validation for DOK and KEDz as a function of the elevation, in terms of bias 

(a), MAE (b) and NRMSE (c), averaged over 2000-2009. 

In terms of bias (figure 5 a), results are slightly better in winter than in summer, for both DOK 
and KEDz, whereas in average on all elevation bands summer results are better than winter results 
(Table 4 – independent validation). The difference should be due to how the spatial structure of 
trend is considered in each model. In DOK, the ELR in high elevation tend to be overestimate, 
which increase the difference between predicted and observed temperatures and so the value of 
MAE. The same assessment is done with NRMSE (figure 5 c), despite the fact that NRMSE for 
DOK is computed with the kriging standard error of residuals of temperature (SE-DOK) while in 
KEDz the NRMSE is computed based on kriging standard error of temperatures (SE-KEDz) 
(Table 5). The fact that KED supplies a variance of the temperature and not the residuals has a 
strong impact on which method is preferred for estimation of temperature fields. 
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Analysis of estimated temperature fields 

The comparison of two best models is done on DOK and KEDz, as seen in cross and 
independent validation. The mean difference and standard deviation of difference between DOK 
and KEDz is computed in winter and summer for the period 2000-2009. Firstly, the difference 
between both maps (figure 6 a and b) is close to the Digital Elevation Model, which means that the 
difference are due to elevation and how each model takes into account the trend z. In DOK the 
spatial structure of the trend is not identified as only the residuals are interpolated. Secondly, the 
maps of difference in winter (a) and summer (b) are opposite. During winter in high elevation 
DOK underestimates KEDz (a) whereas during summer DOK overestimates KEDz (b). It is 
respectively the contrary in valleys. This is due to the statistical linear regression in DOK, which 
tends to maximize the ELR during winter and minimize the ELR during summer. The values in 
summer in high elevation are then higher for DOK than UK (because ELR is lower in DOK), 
which corroborate the results of independent validation (cf. figure 5). Thirdly, winter and summer 
are very close in terms of standard deviation of difference (c and d), which means that variations 
of difference between both models are close in winter and summer. 

Application to snow hydrology 

The temperature fields are used to determine the negative temperature surfaces on the catchment 
of the Isère River at Grenoble (cf. figure 1), which correspond to the areas where temperature is 
below 0°C and in approximation the areas of solid precipitations (snow accumulation). For each 
time step, the surfaces with temperatures below 0°C are computed in terms of percentage of the 
catchment area. The inter annual mean percentages of negative temperature surfaces for the period 
2000-2008 were computed for a night hour (0h UTC – figure 7 a) and a daytime hour (12h UTC – 
figure 7 b). The catchment is characterized by a seasonal variability with an important part of the 
area below 0°C during several months, more important at 0h UTC than 12h UTC. From November 
to April (figure 7 a), more than the half of the catchment is below 0°C, which means that more 
than 50% of the catchment is in the snow accumulation part. At 12h UTC (figure 7 b), the 
temperature are warmer and so the negative temperature surfaces are in average between 30 and 
60%. The interannual variability is represented by minimum and maximum values of negative 
temperature surfaces for 2000-2008 (figures 7 a, 7 b). The night time steps will have a priori a 
different impact on the snow accumulation and melt in comparison to day time steps as the 
negative temperature surfaces are different in terms of amplitude. It is one of the interests of sub-
daily time step, to assess in a better way the snow melt runoff for hydrological modelling (Shamir 
and Georgakakos, 2005). 

The meteorological model SAFRAN Alpes from Météo France (Durand et al., 1993) was used 
to assess the quality of the KEDz temperature fields for applications in snow hydrology. To that 
end, the negative temperature surfaces produced by our method and by SAFRAN were compared 
for the Isère catchment at Grenoble. The SAFRAN Alpes temperatures were projected on the 
DEM at 1km², according to the massif, the elevation band and the exposure. The average 
difference of surfaces below 0°C (in percentage of the Isère catchment area) between KEDz and 
SAFRAN Alpes is computed for 2000-2008 (figure 7 c). At 0h UTC, the percentage of catchment 
area below 0°C for KEDZ is in average higher than for SAFRAN Alpes in winter (about 5%), 
whereas in summer it is almost the same. At 12h UTC, the differences are smaller, with an average 
percentage of catchment area below 0°C for SAFRAN Alpes higher than for KEDz. The 
variability is larger in winter than in summer, which can be explained on the one hand by the 
higher variability of ELR in winter and, on the other hand, by the fact that areas of negative 
temperature are not so common in summer, leaving room for a much smaller range of differences 
between the two methods. 
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Figure 6- Comparison of results between DOK and KEDz for 2000-2009 in terms of mean difference for 
winter (a) and summer (b), standard deviation of difference for winter (c) and summer (d). 

 
The comparison of percentage of overlapping, which corresponds to the percentage of surface 

on the Isère catchment at Grenoble where the temperature is negative in both methods, is 
computed based on the negative temperature surfaces of SAFRAN ALPES (reference), and 
averaged over 2000-2008 (table 6 a). It supplies further information on whether the KEDz maps 
are really different spatially (percentage of overlapping - table 6 a) and quantitatively (difference 
of percentages of surfaces with negative temperatures - table 6 b) from SAFRAN Alpes. For 
summer (table 6 a), the overlapping of maps is low, from 31% at 6h to 69% at 18h, with a high 
standard deviation. On the other hand, when considering the absolute difference of surface below 
0°C between SAFRAN ALPES and KEDz in percentage of the Isère catchment (table 6 b), the 
difference are very low in summer. It means that SAFRAN Alpes and KEDz predict in average the 
same size of area below 0°C in summer but as it is shown in Table 6 (a) not in the same place. In 
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winter, the overlay is very high, about 90%, except for midday where the overlay is only 77%. The 
standard deviation is lower than in summer (20% except for midday 30%) (Table 6 a). During 
winter, an important part of the catchment is below 0°C, which means that the overlay between 
both models is easier to realise. Consequently, in winter differences are higher than in summer 
(Table 6 b), which means that the size of predicted negative temperature surfaces is different 
between both models but as it is shown in Table 6 (a) located in the same place (high overlapping 
of two maps). In average, the surfaces predicted by kriging interpolation are close to those 
predicted by SAFRAN Alpes (more quantitatively than spatially), which means that in terms of 
snow hydrology, both models provide a similar forcing for computing runoff and non-runoff 
production areas. 

Table 6 Percentage of the overlapping surfaces below 0°C on the Isere catchment for KEDz and 
SAFRAN Alpes in percentage of the surface predicted by SAFRAN Alpes (reference) (a) and the 

absolute difference between both models KEDz and SAFRAN Alpes in percentage of surface of the 
Isere catchment below 0°C (b) over the period 2000-2008. 

 

(a) period  time step  0h  6h  12h  18h 

summer 
S%_overlapping  43  31  43  69 

sd_S%_ overlapping  34  32  32  29 

winter 
S%_ overlapping  90  91  77  89 

sd_S%_ overlapping  20  20  30  20 

(b) period  time step  0h  6h  12h  18h 

summer 
diff_S%  1  1  0  0 

sd_diff_S%  2  2  1  1 

winter 
diff_S%  9  10  6  7 

sd_diff_S%  7  8  6  6 

 

SUMMARY AND DISCUSSION 

The ultimate goal of this paper was to evaluate how, in the process of building temperature 
forcing fields for snow and hydrology modelling, to account for both the diurnal cycle and the 
high dependency of temperatures to local conditions in mountainous regions. To that end a 
comprehensive hourly temperature data set was assembled, covering a large piece of the French 
and neighbouring Italian Alps, allowing us to account for the daily cycle by working on 
temperatures recorded at 0, 6, 12, and 18 h UTC. In parallel it was tried to capture part of the local 
configuration of temperature fields by incorporating in the spatial interpolation the altitude at a 1-
km horizontal resolution.  

While the interest – one could state, the necessity – of working at sub-daily scale for water cycle 
applications is undisputable, as shown in several previously published studies, the spatial 
interpolation of the corresponding fields raises specific difficulties. For one, the spatial structure of 
a temperature field at a given hour of the days is obviously much more noised that the field of 
daily average temperatures, the local topography of a station site having a very strong influence. 
Secondly, when using a lapse rate as a way of introducing the effect of altitude in the interpolation 
process, one has to be cautious on how this lapse rate may evolve during the day. And, finally of 
course, there is the question of how optimally introduce the altitude (via the lapse rate) in the 
interpolation process. 
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Figure 7. a. Percentage of surfaces below 0°C on the Isère River catchment at Grenoble averaged over 2000-

2008 for KEDz at 0h UTC b. same as in a, except for 12h UTC. c. same as in a and b, except for the 
percentage of difference between KEDz and SAFRAN Alpes. 
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All these questions prompted us to put up a three-step investigation. First the lapse rates, as 
identified from our 282 station network covering 71500 km², were studied for each of the 4 
selected hours of the day, and for each day of the year (averages over 10 years, 2000-2009). This 
led to identify, three “seasons” (winter – December to February, summer – June to August, 
transition – the 6 other months), based on the differences displayed by the evolution of the lapse 
rates and the base temperature Tbase during the day. The lapse rates observed at 0 and 6h UTC are 
sufficiently close to each other so as to group them in a single category of “night” lapse rates, 
while the category of “day” lapse rates is formed by the 12 and 18h UTC lapse rates. As a result 
we thus ended up with six subsets of temperature observations: “night” and “day” for three 
“seasons”.  

From this first result, the investigation went on to identify the average spatial structure of the 
temperature fields for each of these 6 subsets. Climatological variograms were identified to that 
purpose. Not surprisingly, these variograms display a strong nugget effect, meaning that there is a 
large local variance which is not captured by our network of stations. The pattern producing this 
local variance results from a complex mix of the local orientation (facing South or North for 
instance) and vegetation and of the larger scale topography. The “regionalised variable” 
framework is probably not well suited to account for these local effects. This implies that there is 
hardly any continuity between the 1-10 km scale and the smaller scales that control a significant 
part of the temperature gradients at sub-daily scales. It is thus probably meaningless to go below 
the 1-km scale with such methods, which might prove to be a strong limitation for detailed snow-
hydrology studies. 

Finally a comparison between various interpolation methods was carried out, using an 
estimation network of 194 stations and a validation network of 88 stations. The results obtained 
from the two validation procedures are globally similar, with kriging with external drift (KEDz) 
and ordinary kriging of detrended temperatures (DOK) performing much better than ordinary 
kriging with no account for altitude (OK). KEDz should be preferred in most cases, since: i) it 
does not require a preliminary identification of the external drift, thus being much simpler to 
implement; ii) it produces directly the theoretical value of the estimation error variance; iii) in the 
majority of the configurations tested here it has a slightly smaller bias and RMSE than DOK. The 
only exception to this choice would be in situations where the lapse rate can be inferred robustly 
prior to the interpolation, and with independent data; in such cases – for which we have no 
example in mind – DOK could be preferred to KEDz, because then the estimation error variance 
should be lower.  

At this point of the discussion, it is possible to state that one main objective of our study was 
reached, i.e. showing that sub-daily temperature fields display enough spatial structure to be 
interpolated on a regular grid, using a BLUE method, so as to be used as a forcing field in snow 
hydrology modelling. On the other hand, it was also found that the theoretical estimation error 
variances produced by KEDz are too low. This is a major setback since the advantage of KEDz is 
precisely to provide a value for this variance, something that other interpolation methods cannot 
produce. There are two likely main reasons for this under-estimation. One is the strong nugget 
effect, mentioned earlier in this conclusion; the other is an under-estimation of the total variance of 
the field. Much longer series of temperatures would be required to obtain a better estimate of this 
total variance. An investigation under way show some benefice in using these sub-daily grids in 
snow hydrology modelling, despite this shortcoming in evaluating the error variances (which is 
equivalent to an underestimation of the spread of point errors, while the global bias remains 
small).  

There are other side results of larger climatological bearing that are worth to be mentioned as a 
final part of this conclusion. One is the fact that altitude remains by far the external variable 
playing the largest role in the spatial structure of the temperature fields for all four hours of the 
day and for the three periods of the year considered here. Secondly, because of the frequency of 
inversions during winter and because inversion can also occur at night in summer - with a low 
impact on snow hydrology because most of the time inversion occur with anticyclonic weather 
pattern, the temperatures are better estimated in summer and during the transition period than 
during winter; they are also better estimated for warm hours (12, 18) than for cold hours (0, 6). 
Finally, a comparison with the physical model from Météo-France shows a similar prediction by 
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both models of the freezing areas. This means that the statistical approach proposed here may be 
considered as relevant as far as being used in snow hydrology applications.  
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