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Introduction

The number of observations of atmospheric variables near the Earth’s surface has been
constantly growing in recent years. For instance, in Norway the transition from manual to
automatic weather stations allowed for an increase in the number of precipitation observa-
tions from 2010 onward (Lussana et al., 2019), at the same time the sampling frequency of
those measurements has increased up to one measure every few minutes. In the future, we
will most likely have an unprecedented number of observed precipitation data available,
collected by a large variety of data sources, ranging from satellites and weather radars to
private weather stations (Nipen et al., 2020; Lussana et al., 2021), just to mention a few
of them. A classical application in climatology is the reconstruction of past precipitation
gridded fields over a domain based on an observational network of in-situ rain gauges.
For this purpose, statistical methods are used to produce spatial predictions, or analysis,
at grid points given the observed data. The resulting observational gridded datasets are
widely used in climatology, but not only. For instance, in Norway, observational gridded
datasets of daily precipitation totals, such as the seNorge datasets (Lussana et al., 2019),
are used as the atmospheric forcing for hydrological and snow modeling (Skaugen and
Mengistu, 2016; Saloranta, 2016). However, there are periods in the past, such as the
early part of the twentieth century, when the number of precipitation data available is lim-
ited, though it is still increasing thanks to numerous data recovery efforts. In this study
we address a reconstruction of observational gridded datasets over periods where the ob-
servational network is varying significantly, specifically: can we “borrow strength” in the
reconstruction over periods when the observational network is sparser from those periods
when more observations are available? We investigate the reconstruction of gridded fields
of monthly precipitation amounts over Fennoscandia, that is a region encompassing the
Scandinavian peninsula and Finland, for the period of time between 1901 and year 2000.

The same issue has been addressed over the complex terrain of Switzerland by Isotta
et al. (2019), in connection to the production of long-term consistent observational grid-
ded datasets of monthly temperature and precipitation. The reconstruction method ap-
plied is the reduced space optimal interpolation (RSOI Schiemann et al., 2010). RSOI is
a method based on principal component analysis (PC Wilks, 2019) and it has been used
to reconstruct gridded fields for time periods when the observational network was sparse
by taking advantage of periods when the observational network was denser. The use of

complete and homogenized time series ensures high-standard for long-term consistency
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in the datasets over Switzerland, which span the period from 1864 to 2017. A similar
work has been done in the past over Norway and the results are described by Hisdal and
Tveito (1993). They applied the method of empirical orthogonal functions (EOF method),
that is another name for PCA, to extend short runoff series based on the relation between
short observed runoff series and a set of standardized regional EOFs (PCs).

The EOF method has also been applied to the spatial analysis of precipitation over
Norway (Tveito and Hisdal, 1994) aiming at studying regional trends in annual and sea-
sonal precipitation and runoff series.

The application of RSOI over Fennoscandia led to the production of the Nordic grid-
ded climate dataset NGCD_rec, that is described in this report. NGCD_red is a long-term
dataset of monthly precipitation totals that make available gridded fields for each month
from January 1901 to December 2000. The Nordic countries covered by NGCD_rec are
Finland, Norway and Sweden and the grid spacing of the final product has been set to
5 km in both zonal and meridional directions. The archive of monthly accumulated in-
situ observations of precipitation considered is made of time series that have been quality
controlled but that have not been homogenized yet. There is an ongoing effort in data
collection, handling and homogenization of observational data aggregated on a monthly
basis, that is known as the ClimNorm initiative and which is carried out thanks to the
collaboration between the National Meteorological and Hydrological Services (NMHSs)
of several Nordic countries. The current status of ClimNorm is documented in the report
by Tveito et al. (2020). An updated version of NGCD_rec is planned once the ClimNorm
initiative has provided homogenized monthly precipitation time series. The updates will
cover also the years from 2001 to 2020. The NGCD_rec version documented in this re-
port is ver. 20.05, which has been produced in 2020. In a sense, NGCD_rec ver. 20.05
represents a feasibility study in preparation of a future version that will be a long-term
consistent observational gridded dataset, analogously to the above mentioned dataset pro-
duced by Isotta et al. (2019). In this version, we have preferred to favor the spatial detail
represented in the long-term datasets rather than the robustness in the estimation. Specif-
ically, a number of choices have been made to ensure consistent datasets, such as the use
of a fixed set of stations within the time periods considered, however the optimization of
RSOI has privileged the reconstruction of spatial details in the datasets. NGCD_rec is
freely available to the public for use at https://thredds.met.no/thredds/catalog/
ngcd/NGCD_rec_version_20.05/catalog.html. The dataset has an articulated struc-
ture and NGCD_rec is actually a collection of 16 gridded datasets. We have considered 8



different time periods that cover the longest interval from 1901 to 2000 in segments of ten
years in ten years, such that we have: 1901-2000, 1910-2000, 1920-2000 and so on. The
shortest time interval is 1971-2000. For each of the 8 time periods, we have decided to use
two spatial analysis methods for reconstructing the high-resolution observational gridded
dataset that is one of the steps in the production chain. This choice must be seen in the
perspective that this version is still experimental in many ways, therefore we are testing
different approaches. However, such a decision also represents an opportunity for those
users who want to get an idea of the sensitivity of their application to slightly different
input data.

The innovative parts of the presented research are only marginally in the RSOI method.
Instead, they are mostly in the application of the method to a region where it has not been
applied before and to an observational network that is varying significantly across the
wide domain considered. What we have learned during our work and reported in this
report may be of help to other groups who intend to apply RSOI outside the Alpine re-
gion, for instance. The application of RSOI based on two different statistical interpolation
methods to obtain observational gridded datasets is also interesting, because it allows us
to study the sensitivity of the methods to the input data. As for the method, we have
applied a pre-processing data transformation based on Gaussian anamorphosis that is dif-
ferent from the square-root transformation applied by Isotta et al. (2019), which is the
guide we have used to implement RSOI over Fennoscandia.

The document is organized as follows. In Sec. 2, the two data sources that are needed
to apply RSOI are described. They are the archive of in-situ observations of monthly
precipitation totals and the observational gridded dataset reconstructing the monthly pre-
cipitation fields in the data-rich time period. In Sec. 3, the RSOI method is described un-
der a slightly different perspective than in the original article by Schiemann et al. (2010),
though the final results are exactly the same. In this section we have used a point of
view that is closer to inverse problem theory, as it has been formulated in the book by
Tarantola (2005). The specific implementation of RSOI which has been used for the pro-
duction of NGCD_rec ver. 20.05 is described in Sec. 4. In Sec. 5, NGCD_rec monthly
precipitation fields are evaluated using cross-validation techniques. Furthermore, the eval-
uation of monthly fields is complemented by a validation of the mean annual precipitation
fields. As an application of particular relevance, the extraction of temporal trends over the

NGCD_rec grid is also presented in Sec. 5.3.



2.1

Data

The Nordic Gridded Climate Dataset (NGCD)

The gridded dataset produced to capture the spatial details of precipitation during the data-
richest period is the Nordic Gridded Climate Dataset (NGCD). NGCD is a collection of
two datasets of daily accumulated precipitation, where the definition of day used for the
24-hour aggregation is “from 06:00 UTC of the day in the timestamp, to 06:00 UTC
of the previous day”. The predicted fields are made available on a 1 km grid covering
the time period from 1971 to 2020. The climatology of precipitation over Fennoscandia
exhibits a seasonal behaviour. Stratiform precipitation occurs during wintertime, because
of the frequent passages of low-pressure systems, and intense convective precipitation
happens during summer. At the same time, the spatial variability of the precipitation
field over Fennoscandia is remarkable, with the larger differences between the wetter
Norwegian west coast and the dryer inland regions above the Arctic circle, where the
annual total precipitation differs by almost one order of magnitude. NGCD allows for the
study of the daily evolution of precipitation events and it is a product made available to all
users interested in studying precipitation over Fennoscandia. The software used for the
production of NGCD is freely available at https://github.com/metno/NGCD.

NGCD is produced by MET Norway, on behalf of the Copernicus Climate Change
Services (C3S) aiming at monitoring European climate using surface observations https:
//surfobs.climate.copernicus.eu, and it is updated regularly every six months, in
March and September. The version considered for the production of NGCD_rec is ver-
sion 20.03 (March 2020), which is available at https://thredds.met.no/thredds/
catalog/ngcd/version_20.03/catalog.html. The two datasets, NGCD-1 and NGCD-
2, are based on the same input archive of in-situ observations but they have been obtained
with two different spatial analysis methods. The observations used for Norway are ex-
tracted from the climate database of the Norwegian Meteorological Institute (accessible
via frost.met.no). The observations used for Sweden, Finland are extracted from the
European Climate Assessment & Dataset (ECA&D Klein Tank et al., 2002). The input
data coverage varies considerably throughout the period. The number of observations
in 1971 was approximately 2300, it has increased just for a couple of years, then it has
gradually decreased since the mid 1970s. The maximum number of observations was in

autumn 1974, with data from 2518 stations. The lowest number of observations was at the



end of the period, with data from 1377 stations in December 2019. Despite the significant
variations over time, the characteristics of the spatial distribution of the observational net-
work do not change that much in time and they are quite similar to those of the networks
used for NGCD_rec. The density of observations is higher in the southern part of the
domain and near the largest cities. The observational network becomes more and more
scattered the more we move north.

In the case of NGCD-1, the gridded precipitation is achieved by a Triangular Irregular
Network (TIN) approach, also known as Delaunay triangulation. The method is based on
triangulation of both observed precipitation and the elevation at the observing stations.
The difference between the triangulated elevation surface and the 1 by 1 km? elevation
model is used to adjust the triangulated precipitation surface to the correct elevation level.
The Global 30 Arc-Second Elevation Data Set (GTOPO30 Gesch et al., 1999), a global
raster Digital Elevation Model (DEM) with a horizontal grid spacing of 30 arc seconds
(approximately 1 kilometer) developed by U.S. Geological Survey (USGS) is used to cre-
ate the required elevation fields. The method is described more in detail in Tveito et al.
(2005) and it has been applied to obtain the first version of the seNorge observational grid-
ded dataset (Mohr, 2008, 2009), that is a national gridded dataset used in Norway (Salo-
ranta, 2012; Skaugen and Onof, 2014; Gisndas et al., 2016). NGCD-2 precipitation fields
are created by a procedure based on a multi-scale Optimal Interpolation (Ol Gandin and
Hardin, 1965) applied sequentially over a decreasing sequence of length scales. The im-
plementation of the method resembles successive correction methods (Uboldi and Buzzi,
1994) and it has been described in detail by Lussana et al. (2018a). NGCD-2 is based
on the method used to implement seNorge version 2. The two spatial analysis methods
used for NGCD-1 and NGCD-2 have been compared over Norway and the comparison
between seNorge version 1.1 (NGCD-1 method) and version 2 (NGCD-2 method) is de-
scribed in the paper by Lussana et al. (2018a). The indirect evaluation of the precipi-
tation fields through the comparison to hydrological observations show that seNorgel.1
has higher annual total precipitation than the water losses for most catchments, while
seNorge2 underestimates the input term in the water balance. In the same publication,
seNorge2 daily precipitation has been compared to E-OBS (Cornes et al., 2018), which is
an observational dataset covering Europe, and the two datasets show similar results. In the
mountains, where the observational network is sparser and most of the stations lie on the
valley floors (Lussana et al., 2019), seNorge2 underestimates precipitation if compared

to E-OBS. In conclusion, if compared to hydrological observations and to other datasets,



2.2

seNorge2 provides less accurate (i.e., higher bias) but more precise (i.e., lower spread)
estimates of the annual averaged precipitation than seNorgel.1.

NGCD datasets have been post-processed before using them within the NGCD_rec
production chain. NGCD daily fields have been summed up to obtain monthly totals,
then we have upscaled the 1 km precipitation fields onto a grid with spacing of 5 km. The
regridding from the finer to the coarser grid is made by spatial averaging of all grid points
of the fine grid within the boxes of the coarser grid.

It is worth noting that considering any month in the calibration period, NGCD pro-
vides a better description of precipitation, as we used the largest number of observations
available for each day of that month. However, for all those applications that require time
coherence, such as for example the calculation of time trends, NGCD_rec represents a
dataset more suitable for the purpose since a fixed station dataset is used and this also

applies to the calibration period.

The archive of in-situ observations of monthly precipitation

The archive of in-situ observations is the dataset of long-term high-quality time series of
observations of monthly precipitation totals measured by climatological stations provided
by the National Meteorological and Hydrological Services (NMHS) of Finland, Norway
and Sweden. Because those NMHSs are also providing data to ECA&D, there are over-
laps between the time series included in both datasets. It is worth remarking once again
that the time series considered in the production of NGCD_rec have not been homoge-
nized.

For being used in the production of NGCD_rec, a time series needs to be complete,
gaps in the data are not allowed. The longer the period considered, the less are the stations
satisfying this requirement. The time intervals we have considered are shown in Figs. 1-
2 and they are: 1901-2000, 1911-2000, 1921-2000, 1931-2000, 1941-2000, 1951-2000,
1961-2000 and 1971-2000. For each of these time intervals a gridded dataset with the
reconstructed fields has been created and the collection of all these datasets constitute
NGCD_rec. The datasets are listed in Tab. 1, together with the number of observations
available. The station density determines locally the quality of the reconstruction and for
this reason we have decided to include in Tab. 1 three descriptive parameters related to this
quantity, namely: The second and the third columns report the number of stations in data-
dense and -sparse regions, the fourth column is the distance D between a station and its

closest third station. The station density is quantified through the cross-validation integral
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Figure 1: Number of time series of in-situ observations of monthly precipitation totals

used in the reconstructions of the NGCD_rec datasets listed in Tab. 1

data influence (CV-IDI Uboldi et al., 2008), which is equal to 1 for stations located in data-
rich areas, while stations in data-void regions are assigned a CV-IDI of 0. The reference
horizontal (radial) length scale used in the CV-IDI calculations has been set for all datasets
to 55 km, that is the mean value between the smaller (37 km) and the larger (73 km) values
of D. As done by e.g. Cardinali et al. (2004); Lussana et al. (2018b), stations are assumed
to lie in data-sparse regions when CV-IDI is less than 0.45, while they are in data-dense
regions if CV-IDI is greater than 0.85. Figure 1 shows the availability of series for ten
years in ten years. Figure 2 shows the spatial distribution of these series. The longer time
period considered is from 1901 to 2000, in this period we are using less than 5 stations
in Finland and around 20 in Sweden. Then, the number of time series available is slowly
increasing and for the period 1931-2000 it is 201, then for 1961-2000 is 373. The most
recent period considered overlaps with the period when NGCD is available and it is 1971-
2000, when 596 time series have been used. As can be seen from Tab. 1, for the period
1901-2000 we are using only 13% of the stations available for 1971-2000. The fraction

of the number of stations in data-dense regions is even less, in fact for 1901-2000 there
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Figure 2: Spatial distribution of the series applied for the construction of the NGCD_rec
time slices listed in Tab. 1. Black dots represent series with complete records. Grey dots

represent incomplete series not applied for reconstruction.

are 7% of the stations available in data-dense regions for 1971-2000.

For all periods, the observational network is unevenly distributed over Fennoscandia
and clusters of stations can be identified near the big cities, especially in Southern Nor-
way. The effects of this inhomogeneous spatial distribution can be seen in Tab. 1. For
instance, if we compare the observational network in 1921-2000 to that available in 1931-
2000, there is an increase in the number of stations (1931-2000 has +40% of the stations
available in 1921-2000), which corresponds to a better coverage of the domain because
in 1931-2000 there are stations in previously data-void regions. However, the distance D
does not decrease, on the contrary it increases by only 1 km, because the increase in the
number of stations does not correspond to a significant increase in the station density. For
instance, if we consider 1921-2000 the fraction of stations in data-dense regions is 64%,
which is comparable to 68% in 1931-2000.

The station density quantified through the CV-IDI is the horizontal density of ob-

servations, since elevation is not considered. The spatial distribution of observations in
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Norway, which is the region where the terrain is more mountainous, is extensively dis-
cussed by Lussana et al. (2019). The observational network is unevenly distributed along
the range of altitudes as can be seen in Fig.1 of the paper by Lussana et al. (2019). Given
the difficulty in operating stations in such an environment, the upper half of the altitude
range is heavily lacking in measuring stations. Over the westernmost part of Norway, for
instance, the highest peaks exceed 2000 meters, but unfortunately only very few stations
reach these altitudes. Most of the stations are located at the bottom of the valley, at al-
titudes often below 1000 meters. A very similar situation occurs on the northern border
between Sweden and Norway, where the highest mountains in Sweden are located, such
as the Kebnekaise massif. This range of the Scandinavian mountains reaches values just
over 2000 meters, while the stations at the highest altitudes are located between 500 and

800 meters.

Reduced space optimal interpolation (RSOI) method

The objective is to create a gridded dataset for a meteorological quantity Q covering a
time period 7" (reconstruction time period) based on observed data from a network of p
stations, constantly available over 7".

Suppose that a gridded dataset for the same variable is also available over a time period
T¢ (calibration time period), where T¢ is shorter than 7". The gridded dataset represents
our best knowledge of Q over a spatial domain and it may have been obtained from an
observational network that is different from the one available in 7". The idea is to extract
from the gridded dataset information on the climatology of Q and use this information
to increase the quality of the reconstructed dataset over 7. A possible way to extract
climatological information is to perform a principal component analysis (PC). We extract
the first / components of the gridded dataset over T¢. They are stored as columns in the m
by / matrix E. The PC-scores are also stored for each observation time included in 7¢ as
the [ vector a®(z). Note that we assume all vectors to be column vectors. PC can be used

to represent a “smoothed” version of each gridded field in 7¢ as:
x(t)=Ea(t),r€T" (1)

x(t) is a m-vector representing a gridded field at time 7.
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The final product sought is a gridded dataset over 7" where the field at time 7 is written

as:
x'(t)=Ea(t),r€T" (2)

where the /-vector of coefficients a(¢) has been chosen as a function of the observations,
in some optimal way. The p-vector of the observations is indicated as y°(¢). In this
sense, x*(7) is our best estimate of the field based on the p observed data and “borrowing
strength” from the gridded dataset used for calibration, through the use of E. We assume
the PC-loadings E, derived over 7€, are a useful orthonormal basis also over 7.

In the remaining of this section, the calculation of a(¢) in Eq. (2) is described. The
procedure described is valid for an arbitrary value of ¢ and it has to be applied to all
t € T". For the sake of brevity, all quantities from now on refer to this  and we drop the
time index.

We want to obtain an estimator of the unknown true value of a, defined as the /-vector
a', which are the PC-scores we would have if we had all the knowledge on 7" that we had
for T°.

The relation between y° and a' can be written as:
y"=H°Ea'+e°=Ha'+¢° 3)

H is the observation operator (or forward model), that is a function mapping R/ into R?.
In our case, H is a matrix multiplication and it is equivalent to extracting the PC-loadings
values at the p station locations. €° is the p-vector observation error and it is assumed to

be a multivariate normal (MVN or N):
e’ ~N(0,R) 4)

R is the observation error covariance matrix and it is defined as (€°€°T) ({...) is the
expected value over an ensemble of realizations). Since in the calibration period 7 the
true values of the a coefficients are known, as they are the PC-scores a; in Eq. (1), it is

possible to estimate R as:
R = ((y° —Ha®) (y° — Ha®) ") 5)

where the expectation operator is approximated with (...)7c, which is the average over

the realization in T°€.
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We consider an a-priori information on a, that is stored as the vector of background

values aP. The relation between aP and a' is:

a®=a'+n° (6)

n’ is the I-vector of the background error and it is assumed to be a multivariate Gaussian:
n” ~N(0,C) ©)

The [ background values are always set to 0, such that a® = 0. The background error
covariance matrix (/ x /) C is fixed in time, it is diagonal and its components are the
eigenvalues associated to the PC-loadings (i.e., the eigenvectors of a covariance matrix).
An advantage of working with PC is that this justifies the use of a diagonal C. The larger
the eigenvalue, the less precise is our guess of a' by the background or, in other words,
the more likely would be the corresponding component of a? to deviate from 0. From
another point of view again, small eigenvalues dump the importance of the corresponding
PC-loadings because the a* component would stay close to zero.

From linear filtering theory (Jazwinski, 2007) and given the assumptions above, the
combination of observation and background information yields the analysis a?, that is the
best (i.e., minimum analysis error variance), linear, unbiased estimate of the true state.

The analysis can be written as:
a’ —a®+ K (yo _ Hab> — Ky° )

The final dataset can be obtained by using the value of a® in Eq. (2), for different values of
t. It is worth remarking that we search the best value of a within the sub-space of values
spanned by the linear combinations of the observations y°. In inverse problem theory
(Tarantola, 2005), Eq. (8) is obtained as the result of least squares techniques. In data
assimilation (Carrassi et al., 2018), Eq. (8) is referred to as the analysis step of sequential
Kalman filters or Optimal Interpolation. The gain matrix K can be obtained by means of

one of the two expressions:

K = CH"(HCH"+R)" ©)
K = (HR'H+C ) 'H'R"' (10)
which are equivalent, as can be shown using the Sherman-Morrison-Woodbury formula

(Hager, 1989), taking into account that C is diagonal.
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Implementation of RSOI

The two data sources used, NGCD and the archive of monthly precipitation totals, have
been described in Sec. 2. The RSOI method has been described in Sec. 3. In this section,
the implementation choices that have been made to obtain NGCD_rec are described.

In the paper by Isotta et al. (2019), they recommend transforming the precipitation
data before applying RSOI, in order to reduce the skewness of the distribution of values.
They found a square-root transformation to be suitable for their application. In this work,
the monthly totals have been transformed from their original distribution of values into
a more symmetric, bell-shaped distribution through a Gaussian anamorphosis, similarly
to what done by Lussana et al. (2021). We assume the monthly totals follow a gamma
distribution and constant values of the gamma parameters’ shape and rate are used in
the transformation over the whole domain. We have used the 5 km upscaled NGCD to
estimate the constant shape and rate, which are applied to all datasets listed in Tab. 1.
Precisely, NGCD-1 is used for obtaining shape and rate for NGCD_rec-1 and NGCD-2
for NGCD_rec-2 datasets. The values of shape and rate are the maximum likelihood es-
timators calculated iteratively by means of the Newton—Raphson method as described by
Wilks (2019), Sect. 4.6.2. A schematic description of the whole process can be found in
Fig. 8 of Lussana et al. (2021). For NGCD_rec-1 the shape is equal to 1.637 and the rate
is equal to 0.019. For NGCD_rec-2 the shape is equal to 1.397 and the rate is equal to
0.021. After the application of RSOI, the reconstructed fields are back-transformed into
precipitation values by means of the inverse transformation, that is from standard normal
to gamma distributed values. The benefits of the Gaussian anamorphosis compared to the
square-root transformation are practically nil, we have compared the two transformations
and the aggregated results are identical. We have decided to use the Gaussian anamor-
phosis because we found there was a slight improvement for some isolated stations and
the cross-validation results were better for NGCD_rec-1 1901-2000 and almost identical
in the other cases.

The most important RSOI parameter to set is the number of PC components /. We
have chosen to use [ = 40 for all NGCD _rec datasets listed in Tab. 1. If we consider
NGCD_rec-1/2 1971-2000, the cumulative explained variance fraction with [ = 40 is
greater than 90%. We have made leave-one-out cross-validation experiments, of the type
described in Sec. 5.1, with several values of [, specifically we have used: 5, 20, 30, 40

and 50. In Figure 3, the mean-squared error skill score (MSESS Wilks, 2019; Isotta et al.,

15



MSESS
0.75

0.70

0.65

Number200f principalsgomponendi%, L >0
Figure 3: MSESS as a function of the number of principal components retained in the
reconstruction /. The two polygons refer to NGCD_rec-1 and 2, as reported in the legend.
The area within each polygon is delimited by the MSESSs of the 1901-2000 (bottom line)
and the 1971-2000 (top line) datasets. The vertical black line marks our choice on [ = 40.

2019) is shown as a function of / for NGCD_rec-1 and 2. The MSESS is equal to 1 when
the agreement is optimal, while it is close to zero or negative when the mean squared
deviation between predicted and observed values is equal to or larger than the variance
of the time series. First, the MSESS has been computed on a station-by-station basis to
quantify the agreement between predicted and observed values. For each time period,
the values considered in the calculation of MSESS cover the whole period, therefore for
datasets on 1901-2000 we have used 100 years of data, while only 30 years have been
used for datasets over 1971-2000. The polygons shown in Fig. 3 summarize the MSESS
statistics for NGCD_rec-1 and 2 and the area of the polygons are bounded by the MSESS
for 1971-2000 (top lines) and for 1901-2000 (bottom lines). The trend of the two poly-
gons is similar, though NGCD_rec-2 shows better MSESS values. The curves begin to
flatten around the value of / = 30 and the MSESS variations between / = 50 and / = 40
are less than 1% of the MSESS for [ = 50. Therefore, we have concluded that continuing
to add components in addition to 40 does not add significant benefits and this prompted

us to choose [ = 40.
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5.1

Results

Evaluation

The evaluation presented is based on the comparison between observations and predic-
tions obtained through leave-one-out cross-validation, therefore each prediction is in-
dependent from the corresponding observation. We have considered several evaluation
scores, the one that is used more often is the MSESS, which has been introduced in
Sec. 4. Furthermore, as in Sec. 4, the station density is quantified through CV-IDI.

The two main factors determining the quality of the reconstructed fields are the sea-
sonality of precipitation and the station density. In Tab. 2 the MSESS statistics are re-
ported for each dataset. NGCD_rec-2 scores better than NGCD_rec-1 and, as we will
see, this happens for all the scores presented in the following. In the table, the scores
are divided by season and the results have also been disaggregated into data-sparse and
data-dense regions, such that it is possible to have an idea of the variability of the results.
In general, the more stations are used in the reconstruction, the higher is the correspond-
ing MSESS and for this reason the datasets for 1971-2000 show better results than those
for 1901-2000. NGCD_rec reaches its better performances during autumn and winter,
when precipitation is dominated by events with the largest spatial scales associated with
stratiform precipitation. In summer, the reconstruction scores are worse than in the other
months, probably because a larger proportion of convective episodes occur and a denser
network would be needed to improve the performances. The seasonality determines the
MSESS average value, for instance, summer presents scores that differ from the higher
winter values by approximately 0.1 units. Then, within each season it is mainly the lo-
cal station density influencing the quality of the reconstruction, as can be seen from the
spread represented by the range of values in data-dense and data-sparse regions. However,
NGCD_rec-1 1971-2000 makes an exception in the spring and summer seasons, where
the scores do not depend on the station density but probably they are more influenced by
the characteristics of the statistical interpolation method applied to NGCD-1, as explained
in the following.

The comparison between predicted and observed values for NGCD_rec-1 1971-2000
and NGCD_rec-2 1971-2000 are shown in the scatterplot of Fig. 4. The time period con-
sidered is the entire 1971-2000 period. NGCD_rec-1 1971-2000 tends to overestimate

precipitation, the regression line has a slope of 1.11 (i.e. predicted = 1.11 * observed).
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Figure 4: Monthly precipitation values: predicted versus observed for NGCD_rec-1 1971-
2000 (left) and NGCD_rec-2 1971-2000 (right). The predicted values have been obtained

through cross-validation. The black line is the 1:1 line.

A few points along the coast report no precipitation for the entire period, this is an is-
sue of the spatial interpolation method based on TIN. The regression line computed for
NGCD_rec-2 1971-2000 has a slope of 0.96. NGCD_rec-2 1971-2000 is more likely to
underestimate precipitation and the predictions are more precise than those of NGCD_rec-
1 1971-2000, as can be seen by the smaller dispersion of the predicted values around the
ideal 1:1 line. The scatterplots referring to the other time periods, from 1961-2000 to
1901-2000, have been produced but they are not shown here because they are all similar
to Fig. 4. For instance, in the case of NGCD_rec-1/2 1901-2000 the angular coefficients
are: 1.06 for NGCD_rec-1 and 0.97 for NGCD_rec-2.

In Figure 5, MSESS is shown station by station for NGCD_rec-1/2 1971-2000. Figs. 6-
7 refer to NGCD_rec-1/2 1941-2000 and NGCD_rec-1/2 1901-2000, respectively, and
their layouts are the same as that of Fig. 5. The insets at the top left corner of each map
show the MSESS as a function of the station density. In general, the denser the observa-
tional network, the better the reconstruction. However, in Fig. 5, the relationship between
station density and quality of the reconstruction is less evident for NGCD_rec-1 1971-
2000. For this dataset, stations on the western coast of Norway, which are located in a
data-dense region, do actually have quite low MSESS values. This situation has also an
impact on the scores reported in Tab. 2, as mentioned above.

The time series shown in Fig. 8 help to explain the situation. The location of the
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Figure 5: MSESS statistics for NGCD_rec-1 1971-2000 (left) and NGCD_rec-
2 1971-2000 (right). The dots represent the stations used and the colours the
MSESS values for each station. The spatial reference is ETRS89 / ETRS-LAEA
https://spatialreference.org/ref/epsg/etrs89-etrs-laca/ the units of the spatial coordinates
are meters. The box at the upper-left corner of each figure shows the MSESS for each
station as a function of the cross-validation integral data influence (CV-IDI, Sec. 2.2; CV-
IDI=1 data-rich area; CV-IDI=0 data-void area).

station considered is shown in the left panel, while in the right panel the time series
of the observed and (leave-one-out) predicted values are shown. The MSESS value for
NGCD_rec-1 1971-2000 is 0.08, while the MSESS for NGCD_rec-2 1971-2000 is 0.97.
The correlation between the predicted and observed time series is equal to 0.98, which is a
remarkably high value, for both versions of NGCD_rec. The weak point of NGCD_rec-1
is that it overestimates significantly the peaks of precipitation during winter and autumn.
The root mean square deviation between observations and predictions at this location is
117 mm/month for NGCD_rec-1 and 23 mm/month for NGCD_rec-2 and the root mean
squared factor (Golding, 1998) is 1.78 for NGCD_rec-1 and 1.26 for NGCD_rec-2. The
reason behind the overestimation is in the method applied for NGCD-1, which has been
introduced in Sec. 2.1, and that is trying to compensate for the uneven distribution of sta-
tions across the range of altitudes by systematically increasing the amount of predicted
precipitation with the elevation. In the west coast of Norway, the stations are often lo-

cated on valley floors, as discussed in Sec. 2.2, which are surrounded by steep slopes and
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Figure 6: MSESS statistics as in Fig. 5, but for NGCD_rec-1 1941-2000 (left) and
NGCD_rec-2 1941-2000.

mountain tops. The precipitation value reconstructed by NGCD-1 is designed to be more
representative of the points at the average elevation of a 5 by 5 km? cell than the measure-
ments on the valley floor and this explains the low score when the number of stations in
these areas of complex terrain increases.

Another special case is presented in Fig. 9, the station considered is again in a region
of complex terrain along the border between Sweden and Finland, where the mountain
tops reach elevations just over 2000 meters, while the sparse stations are located on the
valley floors, about 1000 meters below. At this location, both NGCD_rec versions are
not able to reconstruct the observed values in a satisfying way. In fact, the MSESS has
negative values for both and the correlations are: 0.76 for NGCD_rec-1 and 0.61 for
NGCD_rec-2.

Apart from the special cases discussed above, the quality of the reconstruction is rather
high, according to the MSESS shown in Fig. 5, also for stations in very sparse regions.
For instance, for NGCD_rec-2, where CV-IDI is around 0.4, the MSESS still remains
greater than 0.7 and close to 0.8. The MSESS of NGCD_rec-1 and NGCD_rec-2 are
similar over Sweden and Finland and often greater than 0.7. Over Norway, there are
differences between the two types of NGCD_rec, as discussed above. The comparison
of Figs. 6- 7 against Fig. 5 once again shows the difference between the number and

the spatial distribution of the stations used for the different periods. In particular, very
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Figure 7: MSESS statistics as in Fig. 5, but for NGCD_rec-1 1901-2000 (left) and
NGCD_rec-2 1901-2000.

few stations over Finland and Sweden have been used for NGCD_rec-1/2 1901-2000.
For this reason, a certain caution is advised in using NGCD_rec-1/2 1901-2000 for these
countries. Nevertheless, the evaluation based on MSESS shows that the quality of the
reconstruction is still acceptable, especially over Sweden where the MSESS is almost
always greater than 0.7. In Finland, the scores show the worst results with a minimum
MSESS around 0.3 for NGCD_rec-1 and around 0.4 for NGCD_rec-2. The observational
network is denser over south Norway, where the MSESS can be close to 1 in some cases.
The comparison between NGCD_rec-1 and NGCD_rec-2 in that region shows the similar
differences pointed out above for the period 1971-2000.

The quality of the reconstruction depends on the season and it is proportional to the
station density, as one can expect. Where the observational network is so dense that
the CV-IDI is close to 1, the MSESS is also close to 1, and this happens for all the
time periods considered, thus testifying the good quality of the RSOI method used in
the reconstruction. Exceptions occur when there is presumably a significant difference
between a station elevation and the average elevation of the points in the same area, as is
discussed for NGCD_rec-1 over the western coast of Norway. From the insets in Figs. 5- 7
displaying MSESS versus CV-IDI, we can see that a sparser observational network, as the
one used for 1901-2000, determines a faster decrease of the scores. However, they display

a MSESS higher than 0.5 -on average- also for the period 1901-2000 and for data-sparse
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Figure 8: Time series of monthly precipitation amounts for a station in western Norway,
which is marked with the black dot in the left panel. The time series are shown in the right
panel for: station measurements (thick black line), NGCD_rec-1 1971-2000 (red line) and
NGCD_rec-2 1971-2000 (gray line).

regions, that is where CV-IDI is less than 0.45.

Mean annual precipitation 1971-2000

The mean annual precipitation in the period 1971-2000 has been computed for NGCD
and NGCD_rec, then they have been compared to assess the filtering properties of RSOI.

In Figure 10, the mean annual precipitation maps for NGCD_rec-1 1971-2000 and
NGCD _rec-2 1971-2000 are shown. NGCD_rec-1 is based on NGCD-1, which takes into
account the digital elevation model in the spatial analysis, therefore it is possible to recog-
nize the details of the Scandinavian mountains in the corresponding figures. NGCD_rec-2
is based on NGCD-2, which is obtained without considering explicitly elevation in the in-
terpolation. For both NGCD_rec datasets, the annual precipitation amount reaches its
highest values along the Norwegian western coast, with some differences in the recon-
structed amounts, especially at higher elevations. NGCD_rec-1 shows maximum values
between 3000 mm and 4500 mm, while NGCD_rec-2 displays values between 3000 mm
and 4000 mm. Those differences reflect the uncertainties in the estimation in a region
that is a mesoscale hot spot of precipitation in Europe, where the observational network is
rather dense but unevenly distributed along the range of altitudes as can be seen in Fig.1
of the paper by Lussana et al. (2019). Above the Arctic circle, in the inland region be-

tween Norway and Finland, the annual precipitation reaches its lowest values and in both
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Figure 9: Time series of monthly precipitation amounts for a station on the range on the
Scandinavian mountains close to the northernmost border between Norway and Sweden.
The station is marked in the left panel with the black dot. The time series are shown in
the right panel for: station measurements (thick black line), NGCD_rec-1 1971-2000 (red
line) and NGCD_rec-2 1971-2000 (gray line).

datasets the annual precipitation is less than 500 mm.

Figure 11 shows the deviation between NGCD_rec 1971-2000 datasets and the cor-
responding NGCD datasets used for calibration in RSOI. Bluish colors indicate that
NGCD_rec is wetter than NGCD, while brownish colors indicate that NGCD_rec is dryer
than NGCD. The two maps in Fig. 11 show some similarities and some remarkable dif-
ferences. The similarities are in the Lapland region (northern part of the domain) where
both NGCD_rec-1/2 are wetter than their NGCD references, moreover, along the Norwe-
gian coast NGCD_rec-1/2 are both dryer than the NGCD references. The most noticeable
difference is in southern Sweden, where NGCD_rec-1 is significantly wetter than NGCD,
while this is not the case for NGCD_rec-2. Analogously, in the easternmost part of Fin-
land NGCD_rec-1 is dryer than NGCD-1, while this is not the case for NGCD_rec-2
when compared to NGCD-2.

The same comparison made in Figs. 10- 11 for NGCD_rec-1/2 1971-2000 has been
made for NGCD_rec-1/2 1901-2000 in Figs. 12- 13. The time period considered for the
comparison is again 1971-2000, since it is the period covered by NGCD. Despite the very
different observational network used, Fig. 12 is remarkably similar to Fig. 10. The differ-
ences can be better appreciated in Fig. 13, where the anomalies are computed against the
same NGCD reference datasets used in Fig. 11. NGCD_rec-1 1901-2000 smooths out the
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Figure 10: NGCD_rec mean annual total precipitation within the period 1971-2000.
NGCD_rec-1 1971-2000 (left) and NGCD_rec-2 1971-2000 (right).

precipitation more than NGCD_rec-1 1971-2000, especially along the Norwegian coast.
The same is true for NGCD_rec-2 1901-2000 compared against NGCD_rec-2 1971-2000,
except for the coast of southern Norway, where NGCD_rec-2 1901-2000 is wetter than
NGCD-2.

Temporal trends

The extraction of temporal trends of annual accumulated precipitation is presented as an
example of application for NGCD_rec.

Trends are estimated using the Theil-Sen slope (Sen, 1968; Theil, 1992). The Mann-
Kendall trend test (Kendall, 1975; Mann, 1945) is used to assess the statistical significance
of each of the grid points, independently from the others. Then, the Benjamini-Hochberg
meta test of the pertinent p-values (Benjamini and Hochberg, 1995) is used to adjust
the assessment of the statistical significance based on multiple hypothesis testing theory,
instead of considering independent tests.

The results are shown in Fig. 14 for NGCD_rec-1/2 1901-2000 as linear trends of
precipitation per decade (mm/10-year). The statistical significance over domain is shown
as the blue regions in the insets and the corresponding black contours on the maps. Bluish
colors indicate an increase in precipitation, while brownish colors indicate a decrease
in precipitation. There is a predominance of positive trends in precipitation and these

trends are statistically significant. The only negative trends are in a mountainous region
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Figure 11: NGCD_rec mean annual total precipitation anomaly with respect to NGCD
within the period 1971-2000. NGCD_rec-1 1971-2000 minus NGCD-1 1971-2000 (left)
and NGCD_rec-2 1971-2000 minus NGCD-2 1971-2000 (right).

in northern Sweden, not too far from the Kebnekaise massif, which is the highest peak
in Sweden at 2.120 m. This region is characterized by a sparse observational network,
where the effect of a single station may explain the trend. It is worth noting that a positive
trend between 10-20 mm/10-year is extracted from both datasets over Lapland, which
is one of the driest places over the domain with an average annual precipitation 1971-
2000 between 250mm and 500mm (see e.g. Fig. 12). The positive linear trend is greater
along the western coast of Norway, where it reaches values up to 40-50 mm/10-year and
where also the average precipitation amounts are the highest. Fig. 15 shows the time
series of annual precipitation totals for the location along the coast of western Norway
that is shown in the left panel of Fig. 8. The linear trends derived from NGCD_rec-1/2
1901-2000 are also shown and their values are: 46 mm/10-year for NGCD_rec-1 and 28
mm/10-year for NGCD_rec-2. As discussed in Sec. 5.1, this is a region characterized by
complex terrain and the observational network struggles to provide a complete view of the
events that occur there, therefore uncertainties in the reconstruction of the precipitation
field must be expected. Thanks to the fact that NGCD_rec provides two different datasets,
both plausible, we can get an idea of how this uncertainty impacts on the application in

question.
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Figure 12: NGCD_rec mean annual total precipitation within the period 1901-2000.
NGCD_rec-1 1901-2000 (left) and NGCD_rec-2 1901-2000 (right).

conclusions

NGCD_rec comes in two versions, NGCD_rec-1 and 2, depending on the spatial analysis
method applied in the calibration of the RSOI method. NGCD_rec version 20.05 is a
collection of 16 datasets and delivers observational gridded fields of monthly precipitation
totals. The longest of those datasets cover the 100-year time period, from 1901 to 2000,
and the use of available observations is optimized from ten years in ten years. In detail,
the end of all time periods is always the year 2000, while the beginning of the period
changes between datasets, with a timestep of 10 years, and each time we have used the
most complete observational network available that is composed of continuous time series
of monthly precipitation.

The calibration of NGCD_rec on the period 1971-2000 is based on the finer resolution
dataset NGCD, which is available at a daily time scale and on a grid with a spacing
of 1km. NGCD version 20.03 is obtained through well-established spatial interpolation
methods and it makes use of all observations available in the data-richest period 1971-
2000, regardless of whether the time series are continuous or not. NGCD is also made
freely available for public download.

NGCD_rec version 20.05 covers Fennoscandia with a grid spacing of 5 km and it
represents the first release of this dataset. The most important choice we made for the

parameter settings is the number of principal components retained, which is fixed and set
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Figure 13: NGCD_rec mean annual total precipitation anomaly with respect to NGCD
within the period 1901-2000. NGCD_rec-1 1901-2000 minus NGCD-1 1901-2000 (left)
and NGCD_rec-2 1901-2000 minus NGCD-2 1971-2000 (right).

to 40 for all 16 datasets. A pre-processing step, before applying RSOI, is implemented
and the data are transformed through Gaussian anamorphosis so as to reduce the skewness
of their distribution.

We have presented results for NGCD_rec-1/2 1971-2000 based on 596 stations mea-
suring continuously precipitation and we have compared them with NGCD_rec-1/2 1901-
2000, which covers a 100-year period and it is based on a much sparser observational
network of only 80 stations. These two time periods represent the extremes of the periods
available in NGCD_rec with respect to the length of the reconstruction. The potential of
RSOI in the reconstruction of gridded datasets is evident by comparing the mean annual
precipitation maps obtained from NGCD_rec-1/2 1971-2000 and from NGCD_rec-1/2
1901-2000. In fact, the two maps look remarkably similar despite the dramatic differ-
ences in the respective observational networks.

The cross-validation summary statistics show that NGCD_rec-2 better predicts the
observed values than NGCD_rec-1, especially in complex terrain. NGCD_rec-1 tries to
compensate for the fact that the observations used come from stations with a represen-
tativeness error due to the fact that many of them are located on the valley floors and,
therefore, NGCD_rec-1 shows higher precipitation values than the measured values. We
believe that by making two datasets with different characteristics available simultane-

ously, we make it possible for users to evaluate the effect of uncertainty in the input
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Figure 14: NGCD_rec decadal trends of annual total precipitation in the 100-year period
1901-2000. The color shades in the main maps shows the linear trends in mm/10years
for NGCD_rec-1 1901-2000 (left) and NGCD_rec-2 1901-2000 (right). The insets at the
top left corners show the areas where the trends are statistically significant in blue, the
same areas are reported with black contours on the main maps. Statistical significance is
assessed with the Mann-Kendall trend test, followed by a Benjamini-Hochberg meta-test

with a critical false discovery rate of 0.05.

datasets on their applications (although in a limited fashion). From our evaluation over
the period 1971-2000, we have verified that NGCD_rec-1 is more likely to overestimate
precipitation by approximately 10% and the digital elevation model is clearly visible in
the aggregated totals. The same evaluation shows that NGCD_rec-2 is more likely to
underestimate precipitation by approximately 5% and the fields are smoother then those
of NGCD_rec-1. The quality of the reconstructed fields depends on the seasonality of
precipitation and on the local station density. In general, the NGCD_rec reconstructed
fields are more in agreement with the observations in data-dense regions, nevertheless the
quality of the fields does not decrease dramatically for data-sparse regions thanks to RSOI
ability in using high-resolution information learned from the calibration period. When us-
ing NGCD_rec over Sweden and Finland for the first part of the twentieth century, from
1901 to 1950, one should always keep in mind that the amount of stations used is rather
small and this will inevitably impact the quality of the results.

The extraction of linear trends is an important application of NGCD_rec and we have

shown an example of application in this document. The temporal trends show a statisti-
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Figure 15: NGCD_rec-1/2 1901-2000 annual precipitation totals and linear trend ex-

tracted at the location in western Norway shown in Fig. 8.

cally significant increase in annual precipitation amounts during the period from 1901 to
2000 over large portions of Fennoscandia. The in-situ time series used have not been ho-
mogenized and the extracted trends are affected by possible inhomogeneities in the input
data.

Regular updates of NGCD_rec are part of the future plans of MET Norway. In par-
ticular, we plan to update NGCD_rec once the ClimNorm initiative will make available
a homogenized dataset of time series with monthly precipitation totals over the Nordic
countries. Hopefully, this will also increase the number of available time series especially

over Sweden and Finland in the period from 1901 to 1950.

Data availability

NGCD_rec version 20.05 is freely available for public download at https://thredds.
met.no/thredds/catalog/ngcd/NGCD_rec_version_20.05/catalog.html. The grid-
ded data are stored in NetCDE files and they are complemented by metadata and descrip-
tive attributes that have been included in the files. The coordinate reference system used

is Lambert Azimuthal Equal Area (LAEA). The grid has a spacing of 5 km in both merid-
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1onal and zonal directions. In addition, latitude and longitude of the center of each grid
box are provided as variables (lat and lon) within each file. NGCD version 20.03 is freely
available for public download at https://thredds.met.no/thredds/catalog/ngcd/
version_20.03/catalog.html.
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Table 1: Summary of the available NGCD_rec datasets and the number of complete sta-

tions used in the reconstruction. N “global” is the total number of stations. N “data-

sparse” is the number of stations in data-sparse regions. N “data-dense” is the number of

stations in data-dense regions. D is the median of the distances between a station and its

closest third station.

N N N D
dataset label global data-sparse data-dense (km)
NGCD_rec-1/2 1971-2000 596 7 540 37
NGCD_rec-1/2 1961-2000 373 8 300 43
NGCD_rec-1/2 1951-2000 294 11 218 50
NGCD_rec-1/2 1941-2000 224 19 162 53
NGCD_rec-1/2 1931-2000 201 19 136 57
NGCD_rec-1/2 1921-2000 145 24 93 56
NGCD_rec-1/2 1911-2000 117 26 66 62
NGCD_rec-1/2 1901-2000 80 20 39 73
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Table 2: Summary of NGCD_rec MSESS statistics for each season. The MSESS is re-

ported as a triples of values x(y,z), where: x is the mean over all stations, y and z are the

means over stations in data-sparse and data-dense regions, respectively. The data-sparse

and -dense regions are defined as in Tab. 1.

dataset label

spring

MSESS

summer

autumn

winter

NGCD_rec-1 1971-2000
NGCD_rec-1 1961-2000
NGCD_rec-1 1951-2000
NGCD_rec-1 1941-2000
NGCD_rec-1 1931-2000
NGCD_rec-1 1921-2000
NGCD_rec-1 1911-2000
NGCD_rec-1 1901-2000

0.77 (0.79,0.79)
0.77 (0.65,0.80)
0.74 (0.37,0.78)
0.76 (0.59,0.80)
0.75 (0.53,0.80)
0.75 (0.57,0.82)
0.76 (0.59,0.83)
0.73 (0.54,0.82)

0.71 (0.78,0.72)
0.69 (0.53,0.70)
0.66 (0.52,0.68)
0.65 (0.54,0.68)
0.63 (0.51,0.67)
0.65 (0.54,0.68)
0.66 (0.53,0.71)
0.65 (0.47,0.72)

0.77 (0.82,0.79)
0.75 (0.62,0.78)
0.74 (0.61,0.76)
0.74 (0.66,0.76)
0.74 (0.64,0.77)
0.75 (0.64,0.78)
0.76 (0.65,0.80)
0.75 (0.62,0.80)

0.79 (0.83,0.81)
0.79 (0.61,0.81)
0.76 (0.57,0.79)
0.77 (0.64,0.80)
0.75 (0.57,0.80)
0.76 (0.62,0.81)
0.77 (0.62,0.83)
0.74 (0.57,0.81)

NGCD_rec-2 1971-2000
NGCD_rec-2 1961-2000
NGCD_rec-2 1951-2000
NGCD_rec-2 1941-2000
NGCD_rec-2 1931-2000
NGCD_rec-2 1921-2000
NGCD_rec-2 1911-2000
NGCD_rec-2 1901-2000

0.82 (0.75,0.84)
0.79 (0.64,0.85)
0.80 (0.50,0.84)
0.81 (0.61,0.86)
0.80 (0.57,0.86)
0.80 (0.60,0.87)
0.79 (0.61,0.88)
0.77 (0.54,0.88)

0.79 (0.75,0.80)
0.75 (0.54,0.78)
0.74 (0.54,0.78)
0.74 (0.54,0.79)
0.72 (0.52,0.78)
0.72 (0.55,0.79)
0.71 (0.53,0.80)
0.70 (0.48,0.82)

0.84 (0.80,0.87)
0.78 (0.67,0.86)
0.82 (0.63,0.85)
0.83 (0.67,0.86)
0.82 (0.66,0.86)
0.82 (0.67,0.88)
0.82 (0.67,0.89)
0.80 (0.63,0.90)

0.86 (0.82,0.89)
0.83 (0.68,0.88)
0.83 (0.64,0.87)
0.84 (0.66,0.88)
0.82 (0.61,0.87)
0.82 (0.64,0.89)
0.81 (0.63,0.90)
0.79 (0.57,0.90)
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