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Abstract. During the last decade there has been considerablen the applied comparison perspective. Similarly, depending
development in remote sensing techniques relating to soibn the comparison perspective used, inter-annual correlation
moisture retrievals over large areas. Within the frameworkcomparison results exhibit even more pronounced variation,
of the European Space Agency's (ESA) Climate Change Ini-ranging from 0.166 to 0.840.

tiative (CCI) a new soil moisture product has been generated,
merging different satellite-based surface soil moisture based
products. Such remotely sensed data need to be validatefi
by means of in situ observations in different climatic re-

gions. In that context, a comprehensive, distributed networksj moisture uctuation plays an important part in water, en-
of in situ measurement stations gathering information on So'lergy and carbon cycles. Both latent and sensible heat uxes

moisture, as well as soil temperature, has been set up in réjoverning the air temperature and humidity boundary layer
centyears at the Finnish Meteorological Institute's (FMI) So- /ey land, are affected by variations in soil moisture. For

dankyla Arctic.res_earch station. The networl_< forms a cali-these reasons it plays an important role in the climate sys-
bration and validation (CAL-VAL) reference site and is used (g, (Legates et al., 2011). Global-scale and high temporal

as a tool to evaluate the validity of satellite retrievals of soil ;a5oution soil moisture observations are urgently needed to
properties. monitor the ongoing changes in the climate. Soil moisture
In this paper we present the Sodankyla CAL-VAL refer- j5 estimated by either in situ measurements, remote sensing
ence site soil moisture observation network, its INStrumen-echniques (Kerr et al., 2010), or by Earth system models,
tation as well as its areal representativeness over the studé(_g. ECHAMS6 combined with Jena Scheme of Biosphere—
area and the region in general as a whole. As an example OAtmosphere Coupling in Hamburg (JSBACH) (Roeckner et
data utilization, comparisons of spatially weighted averagey|  2003; Reick et al., 2013). Though several soil mois-
top-layer soil moisture observations between the years 2012 re networks have been developed all over the world, with
and 2014 against ESA CCI soil moisture data product estinost of them included in the International Soil Moisture Net-
mates are presented and discussed. The comparisons W&fgyk's (ISMN) database (Dorigo et al., 2011), there still ex-
made against a single ESA CCl data product pixel encapsUjsts a lack of high-density soil moisture data in many regions.
lating most of the Sodankyla CAL-VAL network sites. Com- Therefore, proper initiation of soil moisture in numerical
parisons are made with daily averaged and running weeklynogels is often dif cult and regional to global-scale projec-
averaged soil moisture data as well as through application ofions of soil moisture remain relatively uncertain compared

an exponential soil moisture Iter. The overall achieved cor- 14 other variables of the water cycle (Legates et al., 2011;
relation between the ESA CCl data product and in situ obsersigcker et al., 2013).

vations varies considerably (from 0.479 to 0.637) depending

Introduction
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96 J. Ikonen et al.: The Sodankyla in situ soil moisture observation network

During the last decade there has been considerable develvithin an 80 km radius is forested. While open and forested
opment in remote sensing techniques of soil moisture enbogs cover 18 % of the area. The landscape is relatively at
abling large-scale soil moisture observations (Dorigo et al.,with moderate hills reaching 505 ma.m.s.l. (metres above
2015). In 2009, the European Space Agency (ESA) launchednean sea level), while the lowest point within the area is at a
the Soil Moisture and Ocean Salinity (SMOS) satellite (Kerr height of 91 ma.m.s.l.
et al., 2010), the rst space mission dedicated to soil mois- Soils within the Sodankyla region have only been formed
ture observations. In 2015 NASA's Soil Moisture Active and fairly recently, after the last, Weichselian glaciation, pe-
Passive (SMAP) mission was launched with the same obriod (Sippola and Yli-Halla, 2005; Yli-Halla and Mokma,
jective (Entekhabi et al., 2010, 2014). These advancement2002). Owing to rather weak development due to weathering-
have placed soil moisture into one of the 50 essential climateesistant felsic parent material and a cool climate, the soils of
variables collected by the global climate observing system tahe Sodankyla region have been classi ed according to na-
help the work of the United Nations Framework Convention tional standards and mapped, primarily by GTK (Geologi-
on Climate Change (UNFCCC) and the Intergovernmentalcal Survey of Finland) according to grain size and content
Panel on Climate Change (IPCC) (Dorigo et al., 2015). Inof organic matter. Little attention has been paid to pedogenic
that context, the ESA Climate Change Initiative (CCI) soil classi cation. Grain size and organic-matter-based classi -
moisture product has recently been developed, merging difeation serves practical soil-related activities in Finland well;
ferent satellite-based and a land surface model surface sollowever, this makes it dif cult to present soil data from Fin-
moisture products (Liu et al., 2011, 2012; Wagner et al.,land in an international context. During the last few years,
2012). Remotely sensed data, such as the ESA CClI soil moissoil classes based on the Finnish classi cation system have
ture data product, need to be validated by means of in situ obbeen related to the Food and Agriculture Organization of the
servations in different climatic regions. The multidisciplinary United Nations' (FAO) World Reference Base (WRB) pe-
research centre of Sodankyla, in northern Finland, is con-dogenic classi cation systems by MTT (Agrifood Research
sidered as one of the most complete terrestrial environmenftinland). We have combined national GTK Quaternary de-
monitoring stations in the Arctic region, collecting data from posits map data with northern Finland MTT pedogenic soil
the sub-surface to the upper-atmosphere with continuous obmap units, Corine 2006 land cover information, and in situ
servations dating back to 1908. It also hosts a network ofeld campaigns to produce a new detailed pedogenic soll
automatic soil state observation stations, thus forming a calmap of the Sodankyla region.
ibration and validation (CAL-VAL) reference site for Earth  Glacial till (moraine) is the most widespread deposit in the
observation (EO) soil moisture data products. region and is primarily covered by sparse and relatively dense

The objective of this paper is to (1) present the Sodankyl&pine forests. Peatlands, formed in depressions in glacial till
soil moisture observation network established as part of theand moist semi-organic soils with mixed forests (mostly
CAL-VAL reference site, its instrumentation, and areal rep- Pine, Spruce, and Birch) are also widespread. podzolization
resentativeness, as well as (2) to utilize the data collecteds the primary pedogenic process within the region, although
by the in situ observation network to evaluate the accuracythe podzolization process is clearly fairly week in parts of the
of the ESA's CCI soil moisture product over the study site, region. As is the case in other parts of Finland, soils devel-
as an example case study. The procedures for choosing tt@ped on sandy and loamy glacial till are often weakly pod-
representative sites for individual soil moisture network sta-zolized and marginally meet the requirements of Podzols of
tions are discussed, as well as the development of a spahe WRB system (Yli-Halla and Mokma, 2002).
tially weighted average estimate of top-layer (approximately Weakly podzolized, Haplic Podzols, covering approxi-
0-10 or 0-15cm, depending on the soil type) soil moisturemately 55 % of the area, with varying grain sizes are present
over the study area. Comparisons of in situ soil moisture ob-through-out the region, except for the central riverbed plain
servations against ESA CCI soil moisture (Liu et al., 2011, (see Fig. 3). The general distribution of organic soils (His-
2012; Wagner et al., 2012) data are presented and discuss¢aisols), covers 18 % of the area and clearly follows a north-
through various perspectives. west to south-east diagonal (see Fig. 4). The northern por-

Ongoing SMOS CAL-VAL activities by means of the So- tion of the area contains larger and more extensive areas
dankyla in situ soil moisture data set (e.g. algorithm adap-of organic and semi-organic (Umbric Gleysol) soils. Semi-
tations for organic substrate, soil moisture retrieval underorganic Umbric Gleysols soils cover 14 % of the Sodankyla
forest, and wetlands) will be the subject of another articlearea (see Fig. 4). Fine sandy-loam soils, determined in our
planned for the near future. classi cation as Haplic Arenosols are found predominantly

within the immediate proximity of large rivers, particularly in

places where the river channel has changed its shape, expos-
2 Sodankyla region soils and landscape ing old channel bed materials. Haplic Arenosols only cover

an area of 1.6 %. Terminal moraines at the edges of the great-
The Sodankyla region represents a typical northern borea¢st extent of past glaciers have formed deposits of silty par-
forest/taiga environment; 71 % of the surrounding landscapeent material for forming Eutric Regosols. As can be observed
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Table 1. Stations names, representative soil, and land cover types and start of observations as month/year. The sensor types are given a
Decagon Devices Inc. 5TE (5TE) and Campbell Scienti ¢ Ltd. CS655 (CS655). The last column provides calibration curve information; 1 is
factory calibration for mineral soil for 5TE, 2 is custom calibration for organic soil for 5TE (Bircher et al., 2016), and 3 is factory calibration

for mineral soil for CS655.

Station Soil type Land cover type Start Sensor type  Calibration
HA open 1 Haplic Arenosol  Pine forest opening 11 Aug 5TE 1,2

Bog open 1 Histosol Open bog 11 Aug 5TE/CS655 1,2,3

HA forest 1 Haplic Arenosol  Pine forest 11 Aug 5TE 1,2

Bog forest 1 Histosol Forested bog 11 Aug 5TE 1,2

UG forest 1 Umbric Gleysol  Mixed forest 11 Aug 5TE 1,2

UG forest 2 Umbric Gleysol  Mixed forest 12 Oct 5TE 1,2

HA forest 2 Haplic Arenosol  Pine forest 14 Oct CS655 3

HP-F forest1  Haplic Podzol Pine forest 14 Oct CS655 3

from Fig. 5 this soil type only covers a small portion of the racy of the Decagon 5TE soil moisture sensors in organic soil
area (2 %). The remainders of soil types within the Sodankyl&> 30 % organic) has been assessed in (Bircher et al., 2016).
region consist predominantly of exposed bedrock (6 %) andn their study an accuracy 0f0.070 cni cm 2 is reported.
Leptosols formed through both glacial erosion and weather- The relationship between dielectric permittivity and volu-
ing. They are found mainly on hill tops and on slopes, and aremetric water content in mineral soils by Topp et al. (1980)
generally devoid of trees and are incapable of holding wateris used to convert sensor output to soil moisture. Based on
comparisons with volumetric soil moisture estimates from
gravimetric sampling, the Topp equation yields satisfactory
results for mineral soils with low organic matter content.
Considerable effort has been placed on calibration of the
Decagon 5TE soil moisture sensors measuring the volumet-

The soil moisture stations within the Sodankylda CAL— ric water content in organic layers within the Sodankyla area.
VAL site are based on Campbell Scientic Ltd. CR850 As a result of these efforts, a new calibration function has
and CR1000 data loggers. The electromagnetic (EM) sensorl%ee” d_erived and recently _applied to soil moisture measure-
utilized are Decagon 5TE and more recently Campbell gcj-ments in organic Iayer_s (Bircher et al., 2016).. Equal efforts
enti ¢ Ltd. CS655 digital soil moisture sensors measuring di- fOF the more recently installed Campbell Scienti ¢ CS655
electric constant, electric conductivity, and soil temperature S€NSOrs are underway and planned for the summer of 2016.
The measurement principle in Decagon 5TE is based on a ca- Each station has one vertical measuring pro le and two
pacitance technique in which the sensor supplies a 70 MHz’;\ddltlonaI horizontal measuring points. Th(_e vertical pro les
oscillating wave to the sensor prongs that change accordin?ave Ve S(?I’]SOI’S placed close to the st.atlor? at the f,OHOW'
to the dielectric constant of the material (Vaz et al., 2013:"9 depths: 80, 40, 20, 10, 5cm in mineral So'l.sl’
Decagon Devices Inc., 2014). The CS655 measurement i@"d 40, 30, 20, 10, 5cm in organic bog type soils.
based on the so-called transmission line oscillation (TLO) "€ two additional horizontal measuring points have been in-
technique in which the sensor sends electromagnetic pulsedd/led approximately 10m from the station in opposing di-
along its two stainless steel rods at a frequency of 175 MHz ections, in order to catch small-scale variations in soil mois-
The sensor then measures the time period the signal takéhgre of the uppermost Iayr(]er. ?Oth of these measuring points
to propagate to the end of the rods and back. As the wal'aVe tWo Tenso;s at '?ept. s 010 and Scrr1n. stall
ter content in soil increases the propagation velocity of the CUrrently eight soil moisture stations have been installed
signal decreases because of increasing dielectric permitti2round the Sodankyla CAL-VAL site. See Table 1 for a list
ity (Vaz et al., 2013; Campbell Scienti ¢ Ltd., 2015). Both of the stations and their soil/land cover types, sensor types,
sensors have calibration equations that convert the raw EI\)’la‘nd dlffergnt measure_ment calibrations type§ used. Figures 1
data to bulk dielectric conductivity (Decagon Devices Inc., and 2 depict the locations of the CAL-VAL sites..
2014: Campbell Scienti ¢ Ltd., 2015). The accuracy of the . 1he options and requirements governing in situ observa-
Decagon 5TE soil moisture sensors in mineral soil is reported©" Site locations have evolved over time from 2011 on-
tobe 0.030cn?cm 3 by the manufacturer, while the accu- wards. In the beginning the aim was to only represent the im-
racy of the CS655 sensors in mineral soil, is reported to pdnediate surroundings of the Finnish Meteorological Institute
0.025cnicm 3 by the manufacturer. In Vaz et al. (2013) (FMI) Arctic Research Center. The initial site installations
the corresponding accuracies in mineral soil have, howeved" 2011 re ect this approach and provide relatively good
been found to be 0.040 and 0.129cn3cm 3. The accu- local coverage. During the summer of 2013 an additional

3 In situ measurements, sites, and representativeness

3.1 Network set-up
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98 J. Ikonen et al.: The Sodankyla in situ soil moisture observation network

Table 2. The respective areal averaging weights used in ESA CCI
data comparison/year for each in situ observation site.

Station Weight Weight Weight Weight
2012 2013 2014 2015
(not used)

HA open 1 0.193 0.193 0.193 0.064
Bog open 1 0.109 0.109 0.109 0.109
HA forest 1 0.467 0.467 0.467 0.064
Bog forest 1 0.109 0.109 0.109 0.109
UG forest 1 0.122 0.061 0.061 0.061

Figure 1. Locations of the Sodankyla study area, FMI's soil mois- UG forest 2 - 0.061  0.061 0.061
ture CAL-VAL sites, the eld campaign measurement sites and the A forest 2 - - - 0.064
ESA CClI soil moisture data product pixel. HP-F forest 1 - - - 0.468

ESA CCI soil moisture product. One ESA CCI soil mois-
ture pixel, covering an area of 26 km (north—south) by 10 km
(west—east), over the Sodankylda CAL-VAL site, was se-
lected. In situ soil moisture weights were de ned based on
percentages of composite classes of prevailing soil type and
land cover information within the area. Soil moisture from
the individual network stations was then multiplied with
these weights in order to create a spatially weighted average
value, representative of the ESA CCI pixel. Table 2 gives an
overview over the applied weights. The applied weights were
redistributed when new stations were added to the network.
In practice, in reference to our comparison study, only one
new station was added; UG forest 2. In order to verify both
the representativeness of the in situ observation sites and the
accuracy of our soil type classi cation, eld measurement
campaigns were conducted between 24 and 25 June 2014
and on 12 October 2015. Field soil moisture measurements

in situ station (UG forest 2) was installed in close proximity Were made at 228 points on all major soil types within and
to the UG forest 1 station for UG forest 1 station data veri - Pelow the organic litter layer (O and A horizons) represent-
cation purposes. As such, this in situ site is not very signi - INg depths of approximately 5 and 10cm on average. The
cant when considering its location and does not contribute tgneasurements were conducted with hand held ML2X theta
increasing the areal representativeness of the in situ observ&obes. Pictures of the top soil pro le and surrounding area
tion network. Following wider area eld campaigns in 2014 Were also taken. As expected, the eld measurements of soil
it was acknowledged that the in situ network should be ex-Moisture in each soil type exhibit a large degree of local vari-
panded to cover a more diverse range of soil and land coveRPility. Despite this variability a clear trend in average soil
types. Therefore, two new (HA forest 2 and HP-F forest 1)m0|sFure for each soil type can be ob_served, with hea_wer
in situ sites were established. Further new in situ observatiodEutric Regosol and Umbric Gleysol) soils generally holding
sites will be installed during 2016 providing improved areal More water compared to lighter (Haplic Podzol and Haplic

representativeness of the soil moisture observation networl@‘re”0§9|) soils. The eld campaign results show that the So-
as a whole. This will include the relocation of the UG for- dankyla CAL-VAL soil moisture network automatic in situ

Figure 2. Distribution of FMI's soil moisture CAL-VAL sites
within the ESA CCI soil moisture data product pixel. The in situ ob-
servation sites indicated in yellow (HA forest 2 and HP-F forest 1)
where not included in deriving in situ soil moisture comparison re-
sults against the ESA CCI data soil moisture product.

est 2 station as mentioned above. observations correspond fairly well with the average of eld
campaign soil moisture measurements in each representative

3.2 Creation of an area-representative in situ soil soil type (see Fig. 6). Moreover, the eld campaigns were

moisture average also able to distinguish differences in Haplic Podzol water

holding capacity, with coarse Haplic Podzol being able to
Based on land cover and soil type information, an area-hold on average slightly less water than ne Haplic Podzol
representative average of the in situ observations within(see Fig. 6).
the Sodankyla area have been derived for comparison with As a result of the eld campaigns, as well as the new soil
EO data-based soil moisture estimates, in this case théype classi cation and mapping effort, the need to expand the
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Figure 3. Distribution of Haplic Podzols within the Sodankyla region (left panel) and typical top soil pro les and vegetation (right panels).

Figure 4. Distribution of organic (Histosols) and semi-organic (Umbric Gleysols) soils within the Sodankyla region (left panel) and typical
top soil pro les and vegetation (right panels).

Sodankylé in situ observation network to improve the repre- The practical implication of under representation of the
sentative coverage of the Sodankylda CAL—-VAL area was rec-various soil types within the Sodankyla region and the se-
ognized. At the time of the rst eld campaigns (June 2014) lected ESA CCI data pixel by the in situ observation network
the in situ observation network was found to cover an es-is that some other in situ observation site must be used as
timated 42 % of the selected ESA CCI soil moisture pixel a surrogate and assigned a weight that corresponds to the
in terms of soil types and land cover. This conclusion wasweight of the missing area. This is of particular concern if
drawn in hindsight after comparing eld campaign measure-comparisons against EO-based soil moisture estimates prior
ments against the results of the new soil type classi cationto 2015 are to be made. Preferably the surrogate in situ site's
and mapping effort. Following new station (HA forest 2 soil should resemble the soil textural properties of the miss-
and HP-F forest 1) installations in October 2014, this cov-ing soil type as closely as possible. According to our soil type
erage was increased to between 64 and 89 %, depending arassi cation, the missing in situ soil type references prior
the strictness of Haplic Podzol de nitions between ne and to 2015 are Haplic Podzol ( ne) and Haplic Podzol (coarse).
coarse types. Further new stations are due to be installeds Haplic Arenosol is very similar in terms of soil textural

in 2016, with the aim of achieving close to 100 % represen-properties to Haplic Podzol, and since the vegetation cover-
tative areal coverage. ing this soil type generally consists of similar Pine forests,
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Figure 5. Distribution of other less dominant soils; exposed bedrock, Leptosols, Eutric Regosols and Haplic Arenosols within the Sodankyla
region (left panel) and a typical Arenosol top soil pro le and vegetation (right panels).

Figure 7. lllustration of the impact of the new station (HP-F for-
est 1) installation on spatially weighted average top-layer soil mois-
ture in comparison to average soil moisture without the new station

Figure 6. Comparisons of soil moisture data from the June 2014 between 1 June 2015 and 30 September 2015.

eld campaign measured with hand held Delta-T Theta Probes and
from Sodankyla automatic soil moisture network stations, catego-

rized by soil types. The error bars represent the range of eld cam-_tlon between 1 June and 30 September 2015. As expected us-

paign soil moisture measurements, with the blue error bar indicat/Nd the HA forest 1 as the surrogate for Haplic Podzol soils
ing measurements conducted on 24 June while the red error barN€ and coarse) results in generally lower soil moisture lev-
indicates measurements taken on 25 June. As can be observed, thés. Figure 7 also illustrates the difference in soil moisture
automatic in situ observations on the corresponding days fall wellobservations between the surrogate; HA forest 1 site, and the
within the average of eld campaign measurements for each soilactual HP-F forest 1 site independently. Although the dif-
type measured. The only exception to this is UG forest 2 site dataference in the two is quite pronounced, the overall weighted
which appears to over estimate soil moisture. Consequentially plangffect is less notable.

exist to move this site to another location.

4 The ESA CCI soil moisture product
we chose the HA forest 1 site on Haplic Arenosol as the sur-
rogate. This site tends to hold more water than the HA open IThe ESA CCI soil moisture data represent a homogenized
site and although generally not as moist as the HP-F forest And merged product of surface soil moisture with global cov-
site, it, out of all the options, most closely resembles that oferage. The product currently covers the years 1978 to 2014
the HP-F forest 1 site. Figure 7 illustrates the impact of thewith daily time steps at a spatial resolution of 0.25pan-
new station (HP-F forest 1) installation on spatially weighted ning the entire period covered by the individual sensors.
average top soil (0—10 cm depth) moisture in comparison toThe Active ESA CCI soil moisture product is produced
spatially weighted average soil moisture without the new sta-by merging scatterometer data, derived from Active Mi-
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Figure 8. Time series of daily and weekly averaged top soil layer ESA CCI soil moisture data product estimates in comparison against daily
and weekly averaged spatially weighted areal average in situ observations for the years 2012, 2013, and 2014.

crowave Instrument Wind Scatterometer (AMI-WS) (prior the GLDAS version 1. In step 3 the active and passive data
to 2007) and Advanced Scatterometer (ASCAT) instrumentssets are blended together by re-scaling both to GLDAS-Noah
The passive product is based on merging derived soil moissoil moisture data values with a cumulative distribution func-
ture data from Scanning Multichannel Microwave Radiome-tion (CDF) matching approach. This imposes GLDAS-Noah
ter (SMMR), the Special Sensor Microwave Imager (SSM/I), model-based absolute value ranges on the original EO obser-
the Tropical Rainfall Measuring Mission's (TRMM) Mi- vations, but does not have an effect on the original EO data
crowave Imager (TMI), Advanced Microwave Scanning Ra- dynamics (Chung et al., 2014b). As part of the steps used
diometer — Earth Observing System (AMSR-E), and the Ad-to create the merged ESA CCI data product, it is stated that
vanced Microwave Scanning Radiometer 2 (AMSR2) instru-the use of GLDAS-Noah model data to impose absolute soil
ments (Chung et al., 2014b). moisture values to the ESA CCI data product renders statisti-
The generation of the ESA CCI soil moisture data setcal comparison metrics, such as root mean square difference
involves three steps: (1) merging the original passive mi-(RMSD) and bias, somewhat scienti cally meaningless. The
crowave soil moisture products into one product, (2) merg-ESA CCI soil moisture product should in fact be used, and
ing the original active microwave soil moisture products considered as a reference product for computing correlation
into one product, and (3) blending the two merged prod-statistics, not as an absolute soil moisture content estimate
ucts into one nal data set together with the GLDAS (Global (Wagner et al., 2012).
Land Data Assimilation System) model estimates. The in- Active and passive data sets are combined into the merged
put data sets for generating the merged soil moisture prodeESA CCI data product based on data availability and their
uct consist of (1) scatterometer-based soil moisture productssensitivity to vegetation (i.e. vegetation density). An average
(2) radiometer-based soil moisture products, (3) modelled O-vegetation optical depth (VOD) value is obtained from the
10 cm soil moisture from the Noah land surface model ofland parameter retrieval model (LPRM) (Owe et al., 2008;
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Table 3. Top soil layer ESA CCI soil moisture data product estimate comparison metrics/year against weighted areal average in situ obser-
vations.

Year/interval No. Correlation  Unbiased Bias
observations RMSE
2014 (daily) 102 0.186 0.049 0.046
2014 (weekly) 102 0.166 0.040 0.046
2014 (expT D 1.0) 102 0.219 0.044 0.046
2014 (expT D 3.5) 102 0.204 0.041 0.045
2013 (daily) 134 0.621 0.033 0.035
2013 (weekly) 134 0.813 0.020 0.035
2013 (expT D 1.0) 134 0.707 0.027 0.035
2013 (expT D 3.5) 134 0.782 0.022 0.034
2012 (daily) 128 0.551 0.034 0.044
2012 (weekly) 128 0.840 0.015 0.044
2012 (expT D 1.0) 128 0.672 0.025 0.044
2012 (expT D 3.5) 128 0.833 0.015 0.044
2012-2014 (daily) 364 0.479 0.039 0.041
2012-2014 (weekly) 364 0.637 0.026 0.041
2012-2014 (expl D 1.0) 364 0.559 0.032 0.041
2012-2014 (expl D 3.5) 364 0.629 0.028 0.041

Table 4. Top soil layer temporal correlation statistics between spa-5 Comparisons and results
tially weighted daily in situ data and ESA CCI soil moisture anoma-

lies. Comparisons of top-layer soil moisture around the So-
dankyla CAL-VAL site between the years 2012 and 2014 us-
Year  7-day 15-day  3l-day ing ESA CCI soil moisture data against in situ network obser-
deviation ~ deviation  deviation vations were conducted. The comparisons were made against
2014 0.22 0.36 0.29 a single ESA CCI data product pixel encapsulating most
2013 0.19 0.24 0.17 of the Sodankyla observation sites. Soil type classi cation-
2012 0.15 0.21 0.18 based map unit areas within the ESA CCI data pixel were

used to derive in situ observation spatially representative
weights. The respective weights for each in situ observation
Meesters et al., 2005). The VOD value is used to iden-site are provided in Table 2. Since ESA CCl data are, at the
tify sparsely vegetated areas from densely vegetated aredine of writing, only available prior to 2015 our comparisons
(e.g. boreal forests). The active soil moisture product is usedif€ made against in situ weights using the HA forest 1 site as
in areas W|th h|gh VvOD Va'ues (|e h|gher than a prede ned a SUI’I’Ogate for the HP-F forest 1 site as described in Sect. 3.
threshold), whereas the passive product is used in areas with Comparisons have been made against both daily average
low VOD Va|UES, i.e. in semi-arid and arid regions (Chung ESA CCI soil moisture estimates data (|f more than one over-
et al., 2014b; Wagner et al., 2012). Dorigo et al. (2015) ex-Pass occurred on that day) and against weekly running av-
plained in depth the effect of vegetation on soil moisture re-€rage (in situ and ESA CCI data) values (see Figs. 10-13).
trievals using both active and passive instruments. For thd-urther, we have experimented with applying an exponential
Sodankyla region only active microwave data are used, sinceter proposed by Wagner et al. (1999) to relate ESA CClI
from the perspective of the ESA CCI product merging algo- soil moisture measurements to the used in situ measurement
rithm, the Sodankyla region falls within a region with high depths. In our application we have used a simple recursive
vegetation density, exceeding the prede ned threshold valueformulation of this method, which is given as

The daily summer period overpass times of ASCAT, over .

the Sodankyla study area, between the years 2012 and 201 B SMn 1 C Kn bCCltn/ SMn 1C;
are 07:00 UTC (44 times), 08:00 UTC (2 times), 10:00 UTC where SM, is the Itered ESA CCI soil moisture estimate
(5 times), 16:00UTC (94 times), 17:00UTC (50 times), and CCl is the un Itered ESA CCI data product to which
18:00 UTC (26 times), and 19:00 UTC (170 times). the exponential soil moisture lter is applied to, while the
gainKy, in timet, is given as (in a recursive form)

Knl

th ty 1°?

KnD —m8M8 ——
Kn 1Ce 1
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Figure 9. Time series of daily averaged top soil layer ESA CCI soil moisture data product estimates using exponential |t€rpavdameter
values of 1 and 3.5 in comparison against spatially weighted areal average daily in situ observations for the years 2012, 2013, and 2014.

whereT is the temporal variation of soil moisture withinthe  Figures 7 and 8 show daily and weekly ESA CCI and in
root-zone pro le (in days), whild, ranges from 0 to 1 (see situ soil moisture time series as well as corresponding scatter
Fig. 9). Further information on the theoretical basis and ap-plots for the years 2012, 2013, and 2014, separately. Cor-
plication of the exponential Iter used in our study can be responding statistical metrics can be found in Table 3. The
found in Brocca et al. (2011). overall correlation between the daily ESA CCI data prod-
Top soil moisture for each in situ site are approximateduct and daily spatially weighted average in situ observa-
from 5cm depths apart from sites on Umbric Gleysol soil tions is rather low at 0.479. The best values are achieved
(UG forest 1 and UG forest 2 sites), where the organic layerisn 2012 and 2013 at 0.551 and 0.621, respectively. In 2014
typically much thicker than in, e.g., Podzol soils. With these the correlation is very low at only 0.186. The overall un-
in situ sites, top soil moisture is approximated from depths ofbiased root mean square error (RMSE) is generally rela-
10 cm. Soil moisture comparisons are only conducted durtively low at 0.039, with the highest RMSE value (0.049)
ing snow-free and thawed periods, as the presence of snowbserved for 2014. All years exhibit a negative bias ranging
and soil frost interfere with EO data-based soil moisture re-from 0.0346 to 0.046.
trievals (Chung et al., 2014a), such as is the case with the Application of the exponential Iter to daily ESA CCI soil
ESA CCI data product. Snow-free and thawed conditions aranoisture estimates signi cantly improves correlation results
determined by a data quality Iter provided as a part of the against in situ observations. Application of the exponential
ESA CCI product itself (Scipal et al., 2005) combined with Iter does not have any effect on bias and the effect on RMSE
direct Sodankyla CAL-VAL site snow observations. is insigni cant. The degree of improvement in correlation is
heavily dependent on the assigriEgarameter value (tem-
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Figure 10.Scatter plot of daily averaged top soil layer ESA CCl soil Figure 12.Scatter plot of daily averaged top soil layer ESA CCl soil

moisture data product estimates using an exponentialTitparam- ~ moisture data product estimate comparison against daily spatially
eter value of 1 against spatially weighted areal average daily in situveighted areal average in situ observations for the years 2012, 2013,
observations for the years 2012, 2013, and 2014. and 2014.

Figure 11.Scatter plot of daily averaged top soil layer ESA CCl soil Figure 13. Scatter plot of weekly running average top soil layer

moisture data product estimates using an exponential Ttgra- ESA CCI soil moisture data product estimate comparison against
rameter value of 3.5 against spatially weighted areal average dailyveekly running average spatially weighted areal average in situ ob-
in situ observations for the years 2012, 2013, and 2014. servations for the years 2012, 2013, and 2014.

poral variation of soil moisture within the root-zone pro le, are better with & parameter value of 3.5. Interestingly the
in days). In deriving our comparison results we have as-application of the exponential lter has very little effect on
sumed al parameter value of 3.5 as suggested by Brocca etorrelation results for the year 2014, and, in fact, the corre-
al. (2011). We have also included comparison results usindation is lower when & parameter value of 3.5 is assigned
aT parameter value of 1 in order to demonstrate the sensicompared to when a value of 1 is assigned, albeit the effect
tivity of this parameter to the lter. The average overall daily is rather insigni cant.

correlation between the ESA CCI data product and spatially Averaging ESA CCI soil moisture data from daily to
weighted average in situ observations improves from 0.479veekly estimates signi cantly improves both correlation and
to 0.629 when assigning @ parameter value of 3.5 and RMSE, but has little effect on bias. The average correlation
to 0.559 when & parameter value of 1 is assigned. The im- between the ESA CCI data product and spatially weighted
provement in correlation between in situ data and ESA CClaverage in situ observations improves from 0.479 to 0.637
estimates in 2012 ranges from 0.551 to 0.833 depending oand the average RMSE decreases from 0.039 to 0.026. The
which T parameter value is used. Similarly, the improve- improvements in correlation are most pronounced in 2012
ment in correlation between in situ data and ESA CCI es-and 2013, with an improvement from 0.551 to 0.840 and
timates in 2013 ranges from 0.562 to 0.782, again dependindrom 0.621 to 0.813, respectively. Similarly RMSE decreases
on whichT parameter value is used. In general correlationsfrom 0.034 to 0.015in 2012 and from 0.033t0 0.020in 2013.
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The temporal correlation statistics between spatiallysurement stations according to their relative representative-
weighted daily in situ data and ESA CCI soil moisture ness following a new soil type classi cation. The classi ca-
anomalies are very low. Anomaly correlations have been estition will also be used to assist in the planning for installation
mated by calculating the difference to a moving average anaf new stations in the near future, with the aim of achieving
scaling it to the standard deviation, as in Brocca et al. (2011)improved representativeness of the region as a whole.

Three different anomalies were considered: (1) deviation In our study, soil moisture measurements network data was
from 7-day average, (2) deviation from 15-day average, anccompared in a land cover sensitive scheme to the blended soil
(3) deviation from 31-day average. The corresponding staimoisture product of the ESA soil moisture CCl initiative over
tistical metrics can be found in Table 4. The low anomaly several summer periods. While the overall achieved correla-
correlations indicate that the ESA CCI soil moisture prod- tion for the daily ESA CCI was low (0.479), this was largely
uct is unable to capture rapid changes in top-layer soil moisthe result of a single year of observations (2014) with poor
ture. Interestingly the anomaly correlations are in all casescorrelation metrics.

higher for 2014, although the performance of the ESA CClI The ESA CCl data product is derived from AMSR2 and/or
soil moisture product is clearly lower according to our com- ASCAT observations. In the case of the Sodankyla test site
parisons against spatially weighted in situ data in 2014. Theand surroundings, only ASCAT observations have been ap-
higher anomaly correlations for 2014 are, however, not sig-plied. We assume that what is referred to as top-layer soil
ni cantly higher, and therefore as such do not provide anmoisture, can in fact be considered to refer to soil moisture
explanation to the poor comparison statistics for 2014. Inat a depth of only 1 cm or less. However, this has not been
fact, the higher anomaly correlations for 2014 are unex-explicitly de ned in the description of the ESA CCI data
pected since the comparison statistics for 2014 against sparoduct, or de nitively proved to be the case in other studies.
tially weighted in situ data are signi cantly poorer compared Nicolai-Shaw et al. (2015) and Dorigo et al. (2015), how-
to 2012 and 2013. ever, supported our initial assumption that the ESA CCI data

The general in situ observation soil moisture trend duringproduct represents soil moisture data at a depth of 0-5cm.
the summer of 2012 is descending, while switching to an as+urthermore, in both of these examples ESA CCI soil mois-
cending trend towards the autumn period. In 2013 the overalture is compared to in situ soil moisture observations made
in situ soil moisture observation trend is primarily descend-at depths of 5 or 10 cm.
ing, with the exception of early summer and late autumn. Despite our initial assumption on ESA CCI data represen-
These same general trends are also apparent in the ESA C&tiveness in terms of depth, applying an exponential Iter to
data product, and therefore the correlations for these yearselate ESA CCl data to depths that correspond with the used
are higher, as compared to 2014. It appears that in 2014 iim situ observation depths can in our view supply valuable
situ observations exhibit larger wet—dry variation comparedadditional information. In general, applying an exponential
to the years 2012 and 2013, with no clear overall trend. In situlter to theoretically improve the relation of ESA CCI soil
observation variation and lack of a general trend is, howevermoisture estimates to in situ observation depths signi cantly
not observable in the ESA CCI data product and the generaimproves correlation metrics. There exists, however, a pos-
trend, as in all other years is descending, resulting in considsible drawback in its application related to the need of an
erably poorer correlation with both the daily and weekly spa-additional parametef, (temporal variation of soil moisture
tially weighted average in situ observations. In conclusion, itwithin the root-zone pro le, in days). Ideally this parameter
is clear that there is better correlation between ESA CCI soilneeds to be regionalized and should possibly be dynamic, in
moisture estimates and daily spatially weighted average irthat the value of thd parameter should ideally change ac-
situ observations during years exhibiting a long-term trendcording to soil moisture conditions below the target Itering
in the data and less short-term variation. depth. The uncertainty of tHe parameter value comes with

potentially undesirable characteristics in that it can be used

incorrectly as a way to t EO-based soil moisture data to in
6 Discussion and conclusions situ observations. In order to reduce uncertainty and the po-

tential for tting, a physiographic meaning should ideally be
A comprehensive, distributed network of in situ measure-attached to the assignment of this value. The issue of apply-
ment stations gathering information on soil moisture, as welling an exponential lter to adjust EO based soil moisture data
as soil temperature, has been set up in recent years at thand propeil parameter value assignment could perhaps be a
FMI Sodankyla Arctic research station. The network forms topic for an entirely separate study.
a tool to evaluate the validity of satellite retrievals of soil Comparisons of weekly ESA CCI estimates to averaged
properties. The applicability of point-scale measurements toveekly station readings provided improved metrics in terms
represent an area covered, especially, by coarse-scale passivecorrelation and RMSE. As with the application of the ex-
microwave sensors is always a subject for debate; howeveponential soil moisture lter, it can, however, be argued that
the employed land-cover sensitive scheme in this study adthe smoothing of noise through averaging data over a particu-
dresses the issue by applying spatial weight factors for mealar time period can in some cases simply just be used as a way

www.geosci-instrum-method-data-syst.net/5/95/2016/ Geosci. Instrum. Method. Data Syst., 5, 95-108, 2016



106 J. Ikonen et al.: The Sodankyl& in situ soil moisture observation network

to arti cially improve statistical metrics. However, in vari- both in situ observations and distributed soil moisture model
ous operational activities such as terrain traf cability analy- estimates will be performed in future studies.

sis, in ow forecasting for hydropower production and ood

forecasting, identifying a longer-term trend in soil moisture pat4 availability

data can be useful. Therefore, evaluating the accuracy of EO-

based soil moisture data with this perspective is warranted

and in some cases even desirable Data from the measuring stations are freely available from

It is apparent from the comparison results that thethe web server of the Finnish Meteorological Institute http:

ESA CCl data product has issues with noise between 0bse.._/_/litdt_).fmi. . Although the ESA CCI _soil moisture dat_a used
vation steps. Reduction of ESA CCI data noise by smooth-N this study are not yet freely available to the public a pre-

ing results to a running weekly average improves correlationVi0Us Version can already by accessed through http://www.

against spatially weighted average in situ observations con€Sa-Soilmoisture-cci.org/node/145. The ESA CCl data ver-
siderably. This could possibly point to issues stemming fromSion (v02.2) used in this study is scheduled for public re-
ESA CClI data acquisition times. In Sodankyla, and in boreall€@se in January 2016. At the time of writing version v02.2

and sub-arctic zones in general, moisture often condensedat@ have gone through basic internal veri cation by the
over night into morning dew on vegetation. This could inter- project consortium. Corine land cover data are freely avail-

fere with active microwave soil moisture retrievals acquired 20I€ through The European Environment Agency (EEA)
during the early morning hours. In order to investigate this, 2t Nttp://www.eea.europa.eu/data-and-maps/. Finnish Qua-

we created a subset of comparisons where ESA CCI datifnary deposits map data are available through the Ge-

collected during morning hours were removed. Compc';\risoné)_log_iCaI Survey of Finland (GTK) data distribution ser-
were also conducted against hourly in situ observations corYice; Nttp://www.gtk. /tietopalvelut/rajapintapalvelut/. Agri-

responding to ESA CCI data overpass times. However, neifood Research Finland (MTT) soil database data (1 : 250 000)

ther one of these comparisons resulted in signi cant change&'€ available through a Web Feature Service (WFS) provided
in correlation, RMSE or bias. Therefore, it is not clear to us if by the Natural Resources Institute Finland; http://maps.luke.

these shortcomings are related to issues with the retrieval al/980Server’.
gorithm, scaling issues induced by the GLDAS-Noah model
or possible issues associated with the LPRM model. The lat-

ter h | likel ding t di Author contributions.Jaakko Ikonen is the corresponding author
er, Nowever, seems less likely according 1o our naings ashaving the overall responsibility of the manuscript and the anal-

diurnal effects of vegetation moisture do not appear to b&ses “juno Vehvilainen wrote part of the introduction and station
the cause. The effect of conducting comparisons of spatiallyetwork set-up sections and has been developing the network of
weighted daily average in situ moisture against ESA CCl soilthe soil moisture stations. Kimmo Rautiainen and Tuomo Smolan-
moisture data, which is intervallic by nature, was also inves-der were responsible for the ESA CCI soil moisture analysis, Com-
tigated. However, as with the removal of observations con-parisons and results, and Discussion sections. Juha Lemmetyinen,
ducted during morning hours, this also had little effect on Simone Bircher and Jouni Pulliainen did extensive reviews and cor-
any statistical metrics. rections to the manuscript.

The apparent soil-moisture-scale difference (dry bias) be-
tween spatially weighted average in situ observations and the

ESA CCl data product is signi cant but not very meaningful. .
This is true even when it is likely that our weighted in situ AcknowledgementsThis rese_arch was SUppor.t?d. by the frame-
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variable to counter the effect of vegetation moisture interfer-Fintand (GTK) for making Quaternary deposits map data available
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