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1 Abstract

The am of thiswork is the development of a gridded topographic and monthly mean climate
database for one particular region, Trentino in the north east of Italy. The available data are
the daily minimum and maximum temperature and the daily total rainfall for a period of ten
years (1% Jan 1990 — 31% Dec 1999) from 64 measurement stations while the complete
database will include aso monthly mean temperature, relative humidity and solar radiation.
First the gaps in the time series of data were filled calculating the linear regression between
the same variable of the nearest measurement stations. The monthly means or the cumulative
values of the available variables were computed and then an interpolation method was used
to create a gridded database of these variables. The mean monthly temperature was
calculated in GRASS using r.mapcalc while for humidity and solar radiation an existing
tested program was implemented as a new module of GRASS. This module, named r.clim,
calculates monthly mean relative humidity and solar radiation from minimum and maximum
monthly temperature, total monthly rainfall, elevation, slope, aspect, latitude and eastern and
western orographic obstructions. The product of this work are 120 maps, one for each month
of the ten years, for each variable.

2 Introduction

Estimates of metereological vaues are required for a number of landscape scale models,
including those of regeneration, growth, and mortality of forest ecosystems [1]. The
availability of climatic data for the whole territory of Trento Province is an opportunity
through which research can take advantage in many fields. For this reason it was choosen to
create a database containing maximum, minimum and mean temperature, rainfall, relative
humidity and solar radiation data. This database must cover not only the measurament
stations but every hectare of the province. For this am it was essentia to face an
interpolation process. The choice of the best spatia interpolator, the one that minimizes
errors, is especially important in regions with complex orography like Trentino, where
variables may considerably change in few hundreds meters. The best way to work with
georeferred data, like the meteorological ones, is to use a Geographic Information System
(GIS) because it allows to manage a great number of data without loosing their geographic
information. Thanks to GIS use or better to the integration of a calculation program inside
the GIS, it was possible to compute the values of the two climatic variables with few
available data, relative humidity and solar radiation.

3 Meteorological data

Meteorologica data were provided by the Idrographic Bureau of the Autonomous Province
of Trento and by the “Istituto Agrario” of S. Michele al’ Adige. Data cover a period of ten
years from January 1990 to December 1999 but some measurement stations present holesin
data series. The daily temperature data were provided by the Province Bureau in text file of
random length, so it was necessary to patch all files for each station into one only file.
During this process of patching, the data were anadyzed and many errors were adjusted.
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There were a lot of repeated days and data for the 29" of February of no-leap years. The
daily precipitation data were provided in table format, one for each year and station, with
monthly and annual mean value. The data of the Istituto Agrario of S.Michele were
downloaded from the internet in text table one for each year for each one of the six automatic
stations. For these stations relative humidity, solar radiation and daylength as well as
temperature and rainfall data are available. In figure 1 there are shown the locations of the 64
measurement stations whose data are used in this work: by sgquares the ones of the
Idrographic Bureau while by circles the ones of the “Istituto Agrario”.

Figure 1: Measurement stations used for interpolation

4 Gap filling

As said before amost all measurement stations present holes in data series, therefore the
problem of how to reconstruct missing data was posed. Taking advantage of the closeness of
all stations to at least another station, linear regressions between the same variable of two
stations were computed. The regressions were calculated each time using the longest data
series without holes. For some stations it was necessary to compute more then a regression
because often two close stations presented holes in the same period. Using the parameters of
regressions daily missing data were calculated to obtain 3652 values of maximum and
minimum temperature and rainfall for each station. From these data monthly averages for
each month of the ten years were computed. So some of these 120 values for each variable
for each station are the product of linear regressions. About maximum and minimum
temperature meanly 26 of 120 values were computed but there are stations with only one
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computed value and other with 65 computed values. About rainfall meanly 12 on 120 values
were calculated but also in this case there are stations with no computed values and other
with 63 computed values. A clarification must be done that isto say it was referred to avalue
as acomputed value also when only one daily value in amonth was calculated and the others
were measured. In figure 2 it is possible to see the number of stationsin function of the class
of computed values. How it can be seen more than 60% of stations have less than 10 values
of rainfall computed while for temperature more than 70% of stations have less than 30
values computed.
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Figure 2: Number of measurement stations related to classes of computed values

5 Temperature and rainfall interpolation

Since the area of Trentino is of 6208 Km?* each measurement station represents an average
area of about 97 km?. Comparing this value with other analogue works [2] [3] [4] was chosen
a grid resolution of 100 meters, so every cell represents a hectare. For topographically
dependent representations of temperature and rainfall surface it would be more appropriate a
mesoscala with spatia resolutions from 200 meters to 5 kilometers. But since a fine
mesoscala with spatial resolutions from 50 to 200 meters, is well suited to modeling aspect
related to microclimatic variations, particularly in solar radiation, evaporation and associated
vegetation patterns [5] , the choice of a fine mesoscala can be appropriate for the future use
of climatic maps. Before beginning with interpolation, it was anayzed the relationship
between temperature and elevation and between precipitation and elevation or stations
coordinates. It was found the known linear relationship between temperature and elevation
while no relationship was found for rainfall. So the interpolation of temperature is a problem
with two independent position variables (north and east coordinates) and a single linear
dependence on devation. The assumption of this work is to separate the process of
interpolation in two parts. Temperatures were taken back to see level before interpolating
using the known lapse rate and the DTM. The result of interpolation was then taken to
originally elevation doing the inverse path. An advantage of this process is that the
coefficient of the linear sub—model (the lapse rate) is automatically determined from the data,
thus it hasn’'t to be specified beforehand. About precipitation the interpolation was done
without considering el evation since no strong relationship was found.

Two methods of interpolation were used in this research: regularized spline with tension and
ordinary kriging, because a previous work demonstrated that these two methods are the ones
that better minimize errors [6]. The first method is integrated inside GRASS GIS in amodule
called s.surf.rst while for kriging was used R a geostatistical program that can be used inside
GRASS. Regularized smoothing spline with tension is a radial basis function method for
interpolation from scattered data. The interpolation is flexible through the choice of atension
parameter which controls the properties of the interpolation function and a smoothing
parameter which enables to filter out the noise. The function has regular derivatives of
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arbitrary order and can be used for interpolation in arbitrary dimension. The module of
GRASS GIS that interpolates with regularized spline with tension alows to set many
parameters. The tension parameter tunes the character of the resulting surface from thin plate
to membrane. For noisy data, it is possible to define either a constant or a variable
smoothing parameter.

Kriging is a stochastic technique similar to inverse distance weighted averaging in that it
uses a linear combination of weights at known points to estimate the value at an unknown
point. Kriging uses a semivariogram, a measure of spatia correlation between two points, so
the weights change according to the spatial arrangement of the samples. Unlike other
estimation procedures investigated, kriging provides a measure of the error or uncertainty of
the estimated surface. Kriging requires a two—step process: the fitting of a semivariogram
model function (of distance) followed by the solution of a set of matrix equations. When the
number of data points is large this technique is computationaly very intensive and the
estimation of the variogram is not simple.

All interpolations were done using only a part of 64 stations data available and exactly atrain
set of 53 stations. Doing so it is possible to calculate errors on the remaining stations (test
set). The lowest errors were obtained for the regularized spline with tension with different
parameters for maximum temperature, minimum temperature and rainfall. In table 1 there are
reported values of the parameters used to create the three tipology of maps for each month of
the ten years.

variable tension smooth dmin npmin dnorm
tmax 1 0 500 5 yes
tmin 1 0 500 5 yes
rainfall 2 0.1 500 5 yes
Table 1: Parameters used to interpolate climatic variables using regul arized spline with
tension

Monthly mean temperature maps were created starting from monthly maximum and
minimum temperature maps using GRASS module r.mapcalc. Each mean temperature map
is generated like maximum temperature map plus minimum temperature map, all divided by
two. In figure 3 and 4 there are shown the three monthly temperature maps and monthly
cumulative rainfall map for January 1990.
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Figure 3: Monthly maximum (left) and minimum (right) temperature map for January 1990
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Figure 4: Monthly mean temperature map (left) and monthly cumulative rainfall map for
January 1990

6 r.clim

As said before relative humidity and solar radiation data series are available only for six
measurement stations so thinking about an interpolation of these variables on all province
territory isimpossible especialy due to orographic complexity. The solution is the use of an
existing program called MTCLIM created by the Numerica Terradinamic Simulation Group
— School of Forestry — University of Montana. This program let to compute daily values of
vapor pressure deficit (humidity), solar radiation and daylength knowing only minimum and
maximum temperature, rainfall and some measurement station features like elevation, slope,
aspect and eastern and western angle of orographic obstructions. Before implementing
MTCLIM in GRASS the reliability of the computation of humidity and radiation values was
tested using the six available data series. MTCLIM daily outputs for one year were compared
with observed daily data. In table 2 for relative humidity there are reported the average of
observed data, the average of computed data and the mean absolute error (MAE) for each
measurement station. As can be seen MAE fluctuates around 15% corresponding to 23% of
mean annual observed humidity.

Measurement | Average of observed data | Average of computed data MAE

station

Ala 60.59% 57.13% 11,64%

Arco 72.27% 58.55% 15,50%

S. Michele 67.00% 50.65% 18,04%

Borgo 69.20% 59.64% 11,90%

Cles 67.41% 57.28% 13,18%

Trento sud 65.73% 70.94% 22,39%

Table 2: Mean annual values and MAE for relative humidity in percent

MTCLIM assumes dew temperature coincident with minimum temperature for non arid
zones but this is not completely true. It's better to calculate dew temperature like minimum
temperature plus a value proportiona to the difference between dailly and minimum
temperature, so the formulation for dew temperatureis:

tdew = tmin +k (tday - tmin)

Coefficient k was estimated minimizing the error of relative humidity using the data of the
six measurement stations all together. By thisway MAE for relative humidity tends to zero.
In table 3 there are reported the daily values of solar radiation averaged on a year and the
mean absol ute error in W/m?for each measurement station.
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Measurement station observed data computed data MAE
Ala 207.52 243.21 49,92

Arco 244.08 249.12 53,22

Borgo 216.94 265.15 57,46

Cles 251.15 261.36 45,56

S. Michele 253.87 262.03 46,61
Trento sud 244.08 241.53 50,75

Table 3: Daily values averaged on ayear and MAE for solar radiation in W/m?

MAE is about 50 W/m? corresponding to 21% of daily observed radiation. This value is
greater than 15% that is the value obtained by the writers of MTCLIM [7] for United States.
For this reason anew set of parameters for radiation calcul ation were estimated following the
example of awork done for Austria[8]. The MAE obtained with the new set of parametersis
lower than the previous one but it doesn’t go down to 15%. It goes from 4.8 MIm™d™ to
4.65 Mjmd™.

The availability, after interpolation, of monthly temperature and rainfall data for al the
Trentino let to test amodified version of MTCLIM using monthly data instead of daily ones.
Comparing errors obtained for the six measurement stations using first daily data and then
monthly data it was seen that errors expressed like MAE or RMSE (Root Mean Squared
Error) are sensibly lower in the case of monthly data.

Knowing a tested method for the caculation of relative humidity and solar radiation
MTCLIM was modified once more to create a new module for GIS GRASS. The code for
this new raster module, called r.clim, was written using the variables and the algorithms of
MTCLIM for non arid region. This can be done because for all 64 measurement
stations the aridity test was never positive. Another change to the MTCLIM code was
made about aspect because the conventions used in GRASS and MTCLIM are
different.

As input layers monthly minimum and maximum temperature and monthly rainfall
are needed as well as elevation, dope, aspect, latitude and eastern and western angles
of orographic obstructions. The last three layers were not available so they were
created using some GRASS modules. To create the layers with eastern and western
horizons was used the r.sunmask module that allows to make a map with the cast
shadow areas arising from sun position (elevation and azimuth) and elevations. A
series of map were created always using 90° or 270° as sun azimuth and one of the
next values for sun elevation: 2°, 5°, 10°, 15°, 20°,25°, 30°, 35°, 40°,45°,50°, 55°, 60°,
65° e 70°. With r.patch module were patched together all the maps created for eastern
horizon and all the maps created for western horizon. Latitude map was created starting from
region extreme coordinates in UTM system. First of all these coordinates were transformed
in geographic system than, knowing grid resolution, a matrix with decimal degrees values of
latitudine was created and imported in GRASS. Finally the mask of the Province of Trento
was applied on this map to obtain a map with values only inside the relevant region.

The input units are degrees °C for temperatures, mm for rainfall, m for elevation, integer
degrees for slope and aspect and decimal degrees for latitude, eastern and western horizons,
while the output units are percentage for relative humidity and W/m2, averaged over daylight
period, for solar radiation.

r.clim can be run in two standard GRASS modes:. interactive and command line. For an
interactive run r.clim must be typed in and the prompt must be followed while for a
command line mode the next text line must be typed in:
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r.clim tmin=name tmax=name prcp=name e ev=name s ope=name aspect=name lat=name
ehoriz=name  whoriz=name month=number rad=name hum=name

The new module r.clim was used to compute monthly relative humidity and solar radiation
for al 120 months of the period 1% January 1990 — 31% December 1999. In figure 5 an
example of relative humidity map and solar radiation map can be seen. Vaues of humidity
and radiation increase from black to white

Figure 5: Map of relative humidity in percentage (left) and map of solar radiation in W/m?
(right) for January 1990

7 Conclusions

The development of a complete climate database including monthly minimum, maximum
and mean temperature, monthly cumulative rainfall, relative humidity and solar radiation is
agreat resource for many future applications. The fewness of humidity and radiation datais a
constant of most of measurement networks therefore this work and in particular the new
GRASS module r.clim could be really very useful to build complete climate database for
other regions as well.
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