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1 Executive Summary

Within the framework of the European Space Agency (ESA) Climate Change Initiative (CCl) soil
moisture project we developed a 40-year (1978-2018) soil moisture time series (ECV
SMv04.2), which consists of three products: an active data set, a passive data set and a
combined data set. It provides daily surface soil moisture with a spatial resolution of 0.25 °.
The merged product as well as its active and passive sources are publicly available to the user
on the project webpage (http://www.esa-soilmoisture-cci.org). Furthermore, the detailed
description of its development (ATBD, RD-02), the product specification (PSD, RD-03), and a
product user guide (PUG, RD-04) are publicly available on the project webpage
(http://www.esa-soilmoisture-cci.org).

The validation of the final merged data set ECV SMv04.2 is an important mechanism within
the production process. The validation is conducted by project partners, who are independent
from the development of the ECV SMv04.2 data set. Five different validation and
intercomparison studies are conducted from project partners, which are collected and
described in detail in Section 5 of this document, the Product Validation and Intercomparison
Report (PVIR). The studies provide various comparisons, including time series at the point-
scale using soil moisture observations and soil moisture estimates from different data sources:
in-situ measurements, land surface models, land surface data assimilation systems, land
surface reanalyses as well as alternatively available remotely sensed products. Details of each
individual study follow.

ETH: The first study evaluates the ECV SM products (from v0.1 up to the latest ECV SM product
release, v04.2) over four regions (North America, Europe, Sub-Saharan Africa, and Australia)
using in-situ observations from the ISMN and using the ERA-land soil moisture reanalysis at
0.25 degree resolution. This evaluation uses the three top layers of the ERA-land soil moisture
reanalysis to compare the ECV SM products.

The evaluation shows no clear regions where the ECV SM products agree very well or very
poorly with in-situ observations. However, the highest and most consistent correlations were
found over Australia where the in-situ observations were located in the same climatic region.
The CCI SM products correlate higher with the observed in-situ soil moisture at 5 cm than at
10 cm depth. This distinction in moisture at different depths was less clear for the comparison
with ERA-land. Over the US, the ESA CCI CM products did show consistently higher correlation
with the in-situ observations in areas of grassland than compared to areas of forest vegetation
cover. This distinction for different vegetation types was less clear for the comparison with
the ERA-land reanalysis.

GEOVILLE: The second study carries out an evaluation of the ESA CCl SM products (v04.2 and
v05.0) using the ERA-land soil moisture reanalysis, the GPCP v1.2 precipitation product, and
the GIMMS 3g NDVI between 1997 and 2013. All of the evaluation datasets are aggregated to
a spatial resolution of 0.25° at half-monthly intervals. The evaluation is based on calculated
anomalies, correlation coefficients, trend analysis, and the differences between the
correlations obtained from the two ESA CCl SM product version examined.

The ESA CCl SM v05.0 product correlates well with the GPCP precipitation observations and
the ERA-land soil moisture reanalysis. Although the ESA SM v05.0 product correlates with
14
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NDVI over many areas of the globe, there are important instances where the soil moisture
product negatively correlates with NDVI observations, i.e., over the Sahara and over the
Boreal forest regions. There are also important differences between the v04.2 and v05.0
versions of the ESA CCl SM product. Most notably, less pronounced negative correlation
coefficients in the boreal forest regions when correlating ESA CCI SM and ERA-Land volumetric
soil moisture.

In addition to these quantitative evaluations of the products, this second study also carries
out a qualitative verification of the v05.0 product and identifies inconsistencies in the data.

NILU: The third study addresses the assimilation of the ESA CCl SM v04.2 product over the US.
The ESA CCl SM v04.2 product is assimilated into the SURFEX land surface model. Both the
SURFEX land surface model and the assimilation analysis are compared to in-situ observations
from the USCRN network. The SURFEX model performs extremely well over the US as it is
forced by a combined radar and rain gauge precipitation product and correlates very well with
in-situ observations of surface layer and root zone soil moisture. The assimilation of the ESA-
CCI SM v04.2 product into SURFEX only makes marginal improvements to the analysis over
and above the land surface model. This is an effect of assimilating satellite observations of soil
moisture into a very high quality land surface model. Nevertheless, there is a clear signal of
irrigated moisture in the data assimilation diagnostics that shows clearly the presence of
additional information in the ESA CCI SM product potentially improving the SURFEX analysis.

UCC: The fourth study is based on the validation of the ECV CCl SM v03.2 time series with soil
moisture (SM) estimates from Synthetic Aperture Radar (SAR) data retrieved from ENVISAT
ASAR Wide Swath (WS) images using the change detection algorithm developed by TU-Wien
(Wagner et al., 2007; Pathe et al., 2009). In-situ measurements are also used to assess the
quality of the satellite soil moisture products. This study focuses on three regions, which differ
according to climate zone, land cover, and topographic conditions (Austria, Denmark and
Italy). The temporal behaviour of the scaled absolute soil moisture is analysed through the
comparisons between the time series provided by the ECV CClI SM v03.2 and ASAR WS
products. The results achieved in Denmark and in flat areas of Italy showed high correlations
values during the inter-comparison of the SM time series. On the contrary, extensive forest
coverage and/or high topographic complexity could possibly be the reasons why in hilly or
mountains areas of Austria and Italy we find poor agreement between the soil moisture
datasets. The ASAR SM and ESA CCl SM datasets are also compared spatially, aiming to
improve our understanding of the capability of ESA CCl SM v03.2 to represent soil moisture
dynamics over a relatively large area (0.25 x 0.25 degrees). The presence of high and
reasonably homogeneous correlation patterns within the observed areas supports the
reliability of the ESA CCl SM v03.2 product.

FMI: The fifth study performs an in-depth evaluation/validation of the ESA CCl soil moisture
products over a typical northern boreal forest/taiga environment, namely within and around
the multidisciplinary research centre of Sodankyld, in Northern Finland. The validation study
focuses on comparing the different versions of the ESA CCl soil moisture datasets, including
ACTIVE and PASSIVE soil moisture retrievals, released during 2017 and 2018; namely versions
v03.2, v04.1 and v05.0. Weighted in situ observation based validation and comparisons are
performed in a single ESA CCl SM pixel for snow free summer periods (June—September)
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between the years 2012 and 2017. A spatially distributed soil moisture model (SAC-SMA) is
used to assess both sub-pixel variability and multi-pixel, spatially distributed variability of ESA
CCl soil moisture datasets with simulated soil moisture time series. The multi-pixel, spatially
distributed, validation study domain covers an area of 155 km by 140 km and encloses 70 ESA
CClI soil moisture product pixels/SAC-SMA model grid cells.

The overall validation results provided in this study show far better ESA CCI SM product
correlation to the used reference soil moisture datasets than previous studies have shown for
boreal environment sites. Average multi-pixel correlation between v05.0 and v04.1 with SAC-
SMA model estimates are relatively similar, i.e. years during which the v04.1 product exhibits
good or poor correlation, the newest v05.0 product exhibits similar patterns. A clear
improvement from version v03.2 can however be observed, against both newer product
versions. As other studies have found, there exists a clear positive trend in improved soil
moisture retrieval accuracy towards the later part of the analysis period for all examined
product versions and with both ACTIVE and PASSIVE products. The COMNIED product clearly
offers the most stable performance when compared to both PASSIVE and ACTIVE retrievals,
although it contains the least amount of observations. This may, however, also be a key factor
in achieving the more stable performance. A major shortcoming in all of the ESA CCI soil
moisture products and versions is the amount of missing data. This renders both validation
and applicability in any type of end user applications challenging. In particular with the newest
(v05.0) ESA CCI PASSIVE product; between 2010 and 2014 only half of the 70 pixels
investigated contained PASSIVE observations and before 2010 only 16% of the pixels had any
data at all.

The ACTIVE product exhibits high correlations with SAC-SMA soil moisture estimates during
most analyzed years. The presence of high inter-pixel soil moisture time series cross-
correlation, even between pixels with very different soil/vegetation type distributions, as well
as the inconsistent performance between analyzed years, is however problematic. A more
detailed spatial analysis of the ESA CCl v.04.1 product’s performance shows that the ESA CCI
PASSIVE soil moisture product tends to perform well in pixels containing large organic soil
fractions. Organic soils (bogs) tend to react slowly to precipitation and represent soil moisture
change as a smooth trend. Since soil moisture in organic soils tend to represent a trend,
correlation to this is as a positive thing. In contrast, the PASSIVE product exhibits poor
correlation with pixels containing large fractions of shallow soils, i.e., rapidly responding type
soils. This suggests that the ESA CCl PASSIVE product is able to, in most cases, capture the
temporal trend in soil moisture variation. Although the trend is seemingly captured, rapid
response to precipitation events is less accurate. With the ACTIVE product there is a very
significant dependency on shallow soils fraction size with SAC-SMA model based soil moisture
correlation. This, and the presence of high inter-pixel soil moisture time series cross-
correlation, as well as the known rapid response of these soil types to both precipitation and
evaporation, raises the question that the relatively good performance of the ACTIVE product
with SAC-SMA model top soil estimates may be good “for the wrong reasons”. We therefore
argue that it is possible that ACTIVE soil moisture retrievals likely respond mainly to direct
changes in precipitation and possibly to moisture on vegetation surfaces rather than to actual
moisture in the top soil layer.
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2 Documents

2.1 Applicable documents
The documents outlined below detail the scope and focus for the work reported in this
document.

[AD-1] Phase 2 of the ESA Climate Change Initiative Soil- Moisture CCI. ESA Contract No:
4000112226/14/1-NB.

[AD-2] ESA Climate Change Initiative Phase 2, Statement of Work, European Space Agency,
CCI-PRGM-EOPS-SW-12-0012.

2.2 Reference documents

[RD-01] Product Validation and Intercomparison Report (PVIR) v2.0, Nov. 2014

[RD-02] Algorithm Theoretical Basis Document (ATBD) v4.2 (Executive Summary), Dec. 2015 —
the ESA CCl website also includes ATBD documents describing the merging procedure, and the
active and the passive elements of the combined ECV product

[RD-03] Product Specification Document (PSD), v4.2, Jul. 2015
[RD-04] Soil Moisture ECV Product User Guide (PUG), v1.0, Dec 2015

[RD-05] Climate Research Data Package (CRDP), v4.2, Dec. 2015

2.3 Bibliography

A complete bibliographic list, detailing scientific texts or publications that support arguments
or statements made in this document is provided in Section 8.
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3 Introduction

3.1 Purpose of the document

The purpose of the PVIR is the final validation of the soil moisture time series, which is
developed in the framework of the ESA CCl soil moisture project. It includes five independent
validation studies, which were conducted by the project partners as well as presented and
discussed during several project meetings.

3.2 Target audience

This document targets users of the soil moisture time series produced, as well as the scientific
community. It demonstrates the value of an intercomparison between the ECV SM product
and other available soil moisture products.

3.3 Important documents

Detailed information on the ECV SMv04.2 time series is provided in the Product Specification
Document (PSDv4.2), the Algorithm Development Document (ATBDv4.2), as well as the
Product Validation and Intercomparison Report (PVIRv2), produced in the framework of the
ESA CCl soil moisture project. These documents are listed in Section 2 and are publicly
available on the project webpage (http://www.esa-soilmoisture-cci.org).
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3.4 Product Change Log

Table 1 Summary ESA CCl SM Versions

Dataset Release Public| Key | Project Major Changes Since Previous Versions ATBD
Version date Users | Partners Version
v05.0 2018-04-09 X Major algorithmic change. The datasets are now decomposed into 5.0
climatologies and anomalies before scaling and triple collocation. At (not yet
the end of the processing, these are recombined to provide the bulk
produced)
soil moisture signal.
Datasets updated. SMAP now included from 2015 onwards. LPRM
version 6 data used for all passive sensors. H113 ASCAT product is
included for A and B sensors. GLDAS v2.1 is now used for the scaling
of data (previously v1 was used).
v04.4 2018-11-12 X No algorithm changes since v04.1. Temporal extension to 2018-06-30. 4.4
v04.3 2018-04-17 No algorithm changes since v04.1. Temporal extension to 2017-12-31. 4.3
Not released, but used for State of the Climate BAMS report 2018.
v04.2 2018-01-12 X No algorithm changes since v04.1. 4.2
v04.1 2017-08-02 X X Masking of unreliable retrievals is undertaken prior to merging. -
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Dataset
Version

Release
date

Public

Key
Users

Project
Partners

Major Changes Since Previous Versions

ATBD
Version

v04.0

2017-03-20

X

The combined product is now generated by merging all active and
passive L2 products directly, rather than merging the generated
active and passive products. Spatial gaps in TC-based SNR estimates
now filled using a polynomial SNR-VOD regression. sm_uncertainties
now available globally for all sensors except SMMR. The p-value
based mask to exclude unreliable input data sets in the COMBINED
product has been modified and is also applied to the passive product.

v03.3

2017-11-13

Temporal extension of ACTIVE, PASSIVE and COMBINED datasets to
2016-12-31.

3.3

v03.2

2017-02-14

SMOS temporal coverage extended. Uncertainty estimates for soil
moisture now provided from 1991-08-05 onwards (ACTIVE), and
from 1987-07-10 onwards (PASSIVE, and COMBINED). Two new
quality flags introduced.

3.2

v03.1

2016-11-02

Blending made more conservative concerning the inclusion of single
low-accuracy observations (on the cost of temporal coverage).
Integration of Metop-B ASCAT. Error estimates which are used for
relative weight estimation now provided alongside with the merged
soil moisture observations.
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Dataset Release Public | Key | Project Major Changes Since Previous Versions ATBD
Version date Users | Partners Version
v03.0 2016-04-25 X Introduction of new weighted-average based merging scheme. Miras -
SMOS (LPRM) now integrated into the data products. Blending
weights provided as ancillary data files.
v02.3 2016-02-08 X Temporal extension to 2015-12-31. Valid_range in netCDF files now -
set to the packed data range.
v02.2 2015-12-17 X No changes. -
2015-08-06 X X In ancillary files latitudes now goes from positive to negative values. -
2015-07-31 X X Email address added to metadata. -
2015-03-17 X Temporal coverage extended (Nov-1978 to Dec-2014). Improvement -
in the flagging of the active data where extreme high and low values
are filtered.
v02.1 2014-12-03 X Change of product name to ESA CCI SM. Soil moisture values (flagged -
with values other than 0) are now set to NaN.
v02.0 2014-07-10 X Provision of ancillary datasets (land mask, porosity map, soil texture -
data, AMSR-E VUA-NASA Vegetation Optical Depth averaged over the
period 2002-2011, global topographic complexity and Global Wetland
fraction.
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Dataset Release Public | Key | Project Major Changes Since Previous Versions ATBD
Version date Users | Partners Version
v01.2 2014-03-03 X All datasets updated to include days where no observations are -
available.
v01.1 2014-02-19 X Active, passive and combined products made available. Dataset time -
span: 1978-11-01 to 2013-12-13 (passive and combined) and 1991-
08-05 to 2013-12-13 (active). Using new land mask based on GSHHG
2.2.2. WindSat and preliminary AMSR2 included. ERS2 included in
AMI-WS dataset. Active data resampled with Hamming window
function. Improved rescaling algorithm. Data gaps in 2003-02-16 to
2006-12-31 filled with AMSR-E data.
v0.1 2012-06-18 X Combined product only including passive sensors (SMMR, SSM/I, -

TMI, AMSR-E; active: AMI-WS, ASCAT) with time span: 1978-11-01 to
2010-12-31. NetCDF-3 classic CF1.5 compliant.
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4 Datasets

The following table shows an overview of the datasets used for the validation of the ECV
product. For details on the single products identified please refer to the CDRP [RD-05].

Table 2: Overview of the products used for the different ECV validation studies. The data are available
in different temporal resolution and applied in daily resolution (except for the NILU time series, where
they are applied at 6 hr resolution).

depth in-situ
observations

measurements

Product Producer | Data class | Description Period Coverage
ISMN TU Wien In-situ In-situ soil moisture January 1950- Global
measurements present and
continuing
Soil Moisture European Earth ASAR Wide Swath data | 27/11/2002 - Regional
retrieved from Space Observation acquired over three test | 12/04/2012 (Austria,
ENVISAT Agency sites in VV and HH Denmark, Italy)
Advanced (ESA) polarization and 150 m
Synthetic spatial resolution
Aperture Radar
ERA-Land ECMWF Land surface Reanalysis data for 1979-2010 Global
model volumetric soil water at
reanalysis different levels of the
soil profile
Global NCAR Earth Satellite and rain gauge | 10/1996- Global
precipitation observation based observation 11/2015
climatology dataset of precipitation
project
v1.2(GPCP)
GIMMS 3g VITO Earth NOAA AVHRR GIMMS 1981-2013 Global
Normalized observation NDVI3g data cover the
Difference period from 1981 to
Vegetation 2013 and constitute the
Index (NDVI) latest release (third
generation) of this
unique long term NDVI
time series of the
GIMMS research group.
The data is available in
0.07 x 0.07° ground
resolution and half-
monthly time intervals.
SURFEX land NILU Land surface Soil moisture at a April 2015 - United States
surface model model spatial resolution of December 2016 | (lower 48
about 9 km states)
Soil moisture NILU Land data Soil moisture at a April 2015 - United States
analyses, assimilation spatial resolution of December 2016 | (lower 48
surface and root (EnKF) using about 25 km states)
zone the SURFEX
LSM
Land Surface FMI Land Surface Soil moisture estimate 2003 to 2013 Regional
Model (SAC- Model
SMA)
Point scale soil FMI In-situ In-situ soil moisture 2005 to 2012 Regional
moisture in-situ measurements
observations
Point scale snow | FMI In-situ In-situ snow depth 2007 to 2013 Regional
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5 Validation studies

The following section includes five validation studies conducted by project partners who are
independent from the development of the ECV SM data sets.

5.1 Comparison to global climate, LSM simulations and other large-scale
estimates (ETH)

Contributors: N. Nicolai-Shaw, M. Hirschi and Sonia I. Seneviratne (ETH Ziirich)

5.1.1 Datasets and data processing

CCI-SM

To date various versions of the CCl soil moisture product are available. We use here v0.1,
v02.0, v02.2, v03.3, and v04.2 of the combined product derived from the collocated C-band
scatterometer data set and the collocated multi-frequency radiometer data set. The spatial
resolution is 0.25 degree, and coverage is global. Data is presented in m3m=3 and represents
soil moisture in the top few millimeters to centimeters of the soil [Kuria et al., 2007]. Data is
daily, but the quality and availability of the data has increased over time, as the number of
available satellites has increased [Dorigo et al., 2017, 2015, 2010].

ISMN

In-situ soil moisture measurements are obtained from the International Soil Moisture
Network (ISMN). The ISMN database consists of measurements from various networks. If
needed the data is transformed so that it is consistent in units (m3 m=3), then quality checked
and flagged [Dorigo et al., 2011]. The analyses are based on a recent download from 12 April
2018.

ERA-Land

To determine the influence of soil depth on soil moisture variability we use ECMWF’s ERA-
Interim/Land soil moisture (ERA-Land) [Balsamo et al., 2012, 2015; Dee et al., 2011]. ERA-SM
is available as a re-gridded 0.25 degree soil moisture product, corresponding to the CCI-SM
resolution, and has global coverage. Here we use the top three layers, which represent 0-7
cm, 7-28 cm, and 28-100 cm soil depths. Data is aggregated to daily averages.

Data processing

We consider ISMN soil moisture measurements from 5 and 10 cm depth that have at least one
year of data and focus on the US, Europe, Africa and Australia, see Figure 1. This selection
results in 363 individual soil moisture time series from 18 different networks. Of these, 290
time series are available for 5 cm depth, and 73 for 10 cm depth. Soil moisture time series
from the grid cells in which the stations fall are extracted from CCI-SM, and ERA-SM for this
comparison.
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Figure 1: Overview of the spatial coverage of the stations considered in this study, rectangles indicate
the four focus areas of the comparison, i.e., the United States (US, red), Europe (EU, blue), Africa (AF,
green), and Australia (AUS, purple). Stations are color coded by network, see Figure 2 for the legend.

Comparisons of the products

In this study, we focus on the evaluation of CCI-SM v04.2 and compare it to its forerunners
v0.1, v02.0, v02.2, and v03.3, as well as to ERA-Land layer 1 and layer 2 soil moisture. All
considered data sets have a different temporal coverage, and we account for this by masking
for common data availability and constraining our investigation to the period 1996-2010, see
Figure 2.

To account for the different units and dynamic ranges of the products, and to remove
systematic differences between the products, the CCI-SM, and ERA-Land soil moisture data
are linearly scaled with respect to the mean and standard deviation of the ISMN in-situ data
[Brocca et al., 2010]. Then, the long-term inter-annual anomalies are calculated based on
subtracting the long-term mean using a 5-day window.

Agreement between in-situ data and CCI-SM, and ERA-SM is determined by the Pearson
correlation between time series. Note that because data availability varies among locations,
the time period (and amount of data) used to calculate the correlation differs between
locations. Also, most of the available data is from the US, so a general global conclusion cannot
be made. All investigations are performed on mean daily soil moisture, and results are shown
for both the absolute scaled data, as well as the anomalies.
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Figure 2: Overview of the temporal coverage of the stations considered in this study, after masking for
common data availability, split per region. The number of stations per region is indicated in brackets.

5.1.2 Results in-situ comparisons

General findings

We first focus on the correlations in the US only, see Figure 3. Correlation is highest for the
absolute values and drops considerably for the anomalies. We find that the spatial pattern of
the correlations is rather scattered, and there are no clear areas in which the products agree
either very well or very poorly with in-situ soil moisture. Also, no pronounced difference in
performance can be found between networks (not shown).

There is a slight increase in correlation for each subsequent CCI-SM product, most notable
when comparing v0.1 to v04.2. ERA-SM layer 1 shows better agreement with in-situ soil
moisture than CCI-SM, especially for the anomalies.
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Figure 3: Correlation between in-situ soil moisture and CCI-SM for versions v0.1, v02.0, v02.2, v03.3,
and v04.2, as well as ERA-SM layer 1 (ERAI1, 0-7 cm), for absolute soil moisture (left) and the anomalies

(right).

27



=N soil moisture Product Validation and Intercomparison Version 2.6
ﬁ Report (PVIR) Revision 3 Date 29 November 2018

The influence of measuring depth

CCI-SM represents soil moisture in only the top few millimeters to centimeters of the soil
[Kuria et al., 2007]. To determine the influence of measuring depth on the correlation we
differentiate between measurements at 5 and 10 cm depth, see Figure 4. For each product,
we distinguish between three different regions (US, EU, and AUS) and show the results for the
absolute values (top) as well as the anomalies (bottom). Circles denote correlations with in-
situ measurements taken at 5 cm depth, and triangles at 10 cm depth.

CCI-SM: For the US and Europe, there is a large spread in the derived correlations, likely due
to the large spread in climate conditions that the stations are located in. For Australia, the
spread is much smaller, there are far fewer stations here and they are all located in the south-
eastern part of the continent. For the US, the absolute values show correlations ranging
between 0.1 to 0.8 for 5 cm, and 0.1 to 0.6 for 10 cm, with the median correlation for the
shallower 5 cm in-situ measurements being consistently higher. For Europe, the correlation is
higher with a median value around 0.6 for 5 cm depth for the first three versions, and over 0.7
for v04.2. Again, the correlation with in-situ measurements at 10 cm depth is lower, though
there are also far less measurements at this depth. The highest correlations are found in
Australia, with up to 0.8 for the median. Again, here the correlation is lower for 10 cm depth.

For the anomalies, there is no clear difference in performance between consecutive products.
And for the US, results are similar irrespective of the measuring depth.

ERA-Land: Absolute values of ERA-Land layer 1 (ERA-I1) and layer 2 (ERA-I2) show a higher
correlation with in-situ measurements at 5 cm depth than at 10 cm depth for the US and
Europe. For Australia though, the correlation is less dependent of the measuring depth, both
for absolute values and the anomalies. For ERA-I2, there is even a slightly improved correlation
with measurements taken at 10 cm. For the anomalies, the results are comparable, though
here the median correlation for 10 cm is also higher over Europe. The range of the correlations
is similar to CCI-SM but goes up to 0.9 for the absolute values. The median value is around
0.65, thus slightly higher than that of CCI-SM which is around 0.6 for v04.2.
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Figure 4: Correlation between in-situ measurements for CCI-SM v0.1, v02.0, v02.2, v03.3, and v04.2, as
well as ERA-SM layer 1 and 2 for the absolute soil moisture values (top) and the anomalies (bottom).
For each product, we distinguish between 3 regions US, EU, and AUS (red, blue and purple, AF has
insufficient data), and the correlation at 5 cm depth (circles) and 10 cm depth (triangles). The black
circles/triangles represent the respective median value.

The influence of land cover

Figure 5 shows the correlations for CCI-SM v0.1, v02.0, v02.2, v03.3, and v04.2, as well as ERA-
SM layer 1 over the US for absolute values and their anomalies, differentiating between
grassland (orange) and forest (green) sites. As before, we see a decrease in correlation for the
anomalies compared to the absolute values for all products. For all versions of CCI-SM there
is a notably higher correlation for grassland sites than for forest sites, both for the absolute
values as well as the anomalies. For ERA-Land this difference is much smaller.
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Figure 5: Correlation between in-situ measurements at 5 cm depth and CCI-SM v0.1, v02.0, v02.2, v03.3,
and v04.2, as well as ERA-SM layer 1, differentiating between grassland (orange) and forest (green)
sites for absolute soil moisture values and anomalies. Again, the black dot denotes the median value.

Summary

e Spatially scattered pattern in correlations, no clear areas in which the products agree
either very well or very poorly with in-situ soil moisture. Though, highest correlations
are found in Australia.

e CCI-SM clearly shows a higher correlation with in-situ measurements at 5 cm depth
than at 10 cm depth. For ERA-Land this distinction is less clear.

e CCI-SM clearly shows higher correlation with in-situ measurements over grassland
sites than over forest sited. For ERA-Land this difference is much smaller.
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5.2 Validation with GPCP, ERA-Land, and GIMMS NDVI (Geoville)

5.2.1 Data Sets

Biophysical and vegetation productivity parameters, namely precipitation (GPCP v1.2), ERA
volumetric soil moisture (ERA-Land) and GIMMS 3g Normalized Difference Vegetation Index
(NDVI), are used to analyse the relationships to existing ESA CCl soil moisture datasets (v04.2
and v05.0). All datasets are aggregated to a spatial resolution of 0.25° to correspond with the
ESA CCl soil moisture and are converted to represent half-monthly observations to align with
the temporal resolution of the GIMMS 3g NDVI dataset?.

An overview presenting the main characteristics for the biophysical datasets and vegetation
index data used is given in Table 2.

5.2.2 Methods

5.2.2.1 Anomaly calculation

Time series of anomalies are calculated at half-monthly steps (t) for each bio-physical
parameter across the reference period 1997 to 2010 as well as 1997 to 2013. The average
value (1) and the standard deviation (o) are calculated and the dimensionless anomaly is given
by:

Ht - 11997-(2010)2013

Anomaly =
01997—-(2010)2013

5.2.2.2 Pearson Correlation coefficient

The Pearson correlation coefficient r is calculated to analyze the relationship between the ESA
CCI soil moisture data and the other bio-physical parameters as well as the vegetation
productivity index. Correlation analysis is done separately for each of the ESA CCl soil moisture
datasets, respectively. This way it is possible to identify potential changes in the relationship
on a global scale that might be a consequence of the further development and improvements
of the ESA CCl soil moisture data (v05.0).

We calculated the Pearson correlation coefficient for half-monthly estimates of the respective
parameters for two time intervals: a) 1997 to 2010 and b) 1997 to 2013 for i) half-monthly
values of GPCP v1.2 rainfall estimates, ESA CCl soil moisture, ERA Land and GIMMS NDVI3g,
respectively. We applied time shifts up to one half-month to account for the variability in
temporal response of rainfall and vegetation to soil moisture. The significance (p-value) was
set at p <0.05.

! The first half-month consists of the 1°t to the 15" day of a month and the second half-month from the 16% to
the end of each month of the year, respectively.
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5.2.2.3 Differences between correlation coefficients

In a next step we compared the results of the pearson correlation coefficient analysis by
subtracting the Pearson r values obtained by correlating the biophysical parameters with the
earlier CCl version from the ones obtained with the latest version.

Dif f = Pearson R:¢; 5.0 — Pearson Recy vx x

This allowed us to see changes in the global relationships as a consequence of the further
development of the latest CCI SM version (v05.0).

5.2.2.4 Trend Analysis

A two-folded trend analysis was performed on the annual sum of GPCP v1.2 precipitations as
well as annual means of ESA CCl soil moisture (v0.1 to v05.0), ERA Land and GIMMS NDVI3g
using the Theil Sen slope estimator? in combination with the Mann-Kendall significance test34.
Calculations are done for both reference period 1997 to 2010 and 1997 to 2013, respectively.

Further, the differences between the global trend maps of the different ESA CCl soil moisture
versions are calculated to identify areas with significant changes. This is done for all significant
trend results at p <0.05.

5.2.3 Results

5.2.3.1 Global relationships for the period 1997 to 2013
Absolute values:

In general, a strongly positive relationship between GPCP v1.2 precipitation data and CCl SM
v05.0 is obtained across the globe, with exceptions of desert areas (e.g. Sahara desert), high
elevations (e.g. Himalayas) and the far northern boreal regions of the globe showing negative
correlations in some small areas (Figure 6a). These results align with the patterns revealed for
the correlation between GPCP v1.2 precipitation and earlier versions of ESA CClI SM (see
Appendix, Figure 47), in which especially the Sahelian band showed strong positive
correlations.

A similar picture is revealed for the correlation between ESA CCl v05.0 and ERA Land
volumetric soil moisture measurements, indicating strong positive correlations, which can be
observed across the Sahelian band, North and South America, Europe, South East Asia and
Australia (Figure 6b). However, the northern boreal regions of Canada, Europe and Russia are
showing strongly negative correlated relationships. But, compared to correlation results with
earlier versions of ESA CCl SM, these areas have become less pronounced and are decreased
in the latest ESA CCI SM version (see Appendix, Figure 49).

For the correlation between ESA CCl SM v05.0 and GIMMS NDVI3g strong positive correlations
are revealed in particular for areas of the Sahelian band, Brazil, East Russia, West Canada and

2 Gilbert, Richard 0. (1987), "6.5 Sen's Nonparametric Estimator of Slope", Statistical Methods for Environmental
Pollution Monitoring, John Wiley and Sons, pp. 217-219, ISBN 978-0-471-28878-7.

3 Mann, H.B. 1945. Non-parametric tests against trend, Econometrica 13:163-171.

4 Kendall, M.G. 1975. Rank Correlation Methods, 4th edition, Charles Griffin, London.
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parts of India and Australia. However, negative correlations are obtained for the United States,
Europe and West Asia (e.g. Kazakhstan), which might be a consequence of large scale intensive
agricultural activities in these regions. These areas are persistent throughout the correlation
results with earlier versions of ESA CCl SM (see Appendix, Figure 51).
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Figure 6: Pearson correlation coefficient calculated for absolute values over the period 1997 to 2013
for a) CCl SM v05.0 and GPCP v1.2 precipitation estimates, b) CCl SM v05.0 and ERA-Land volumetric
SM estimates and c) CCl SM v05.0 and GIMMS NDVI (x + 1 shift).
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Figure 7: Pearson correlation coefficient calculated for anomaly values over the period 1997 to 2013
for a) CCl SM v05.0 and GPCP v1.2 precipitation estimates, b) CCl SM v05.0 and ERA-Land volumetric
SM estimates and c) CCl SM v05.0 and GIMMS NDVI (x + 1 shift).

Anomaly values:

Similar Pearson correlation coefficients are obtained when anomaly values are applied,
however, R-values are in general lower compared to the result of the half-monthly averages
of the bio-physical measurements (Figure 7). Again strong positive correlations are obtained
across the globe for CClI SM v05.0 and GPCP v1.2 precipitation estimates (Figure 7a) as well as
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CCI SM v05.0 and ERA-Land volumetric SM estimates (Figure 7b). For the correlation between
CCI SM v05.0 and GIMMS NDVI3g (x + 1 shift), lower correlation coefficients are obtained with
a changing pattern. In fact, negative correlations in North America are less pronounced or
slightly positive compared to the absolute values. A similar behaviour is shown in the North
Eastern parts of Russia (Figure 7c). The results for the anomaly correlations with earlier
versions of ESA CCI SM are provided in Figure 48, Figure 50 and Figure 52 of the Appendix.

5.2.3.2 Analysis of the differences

Figure 8 illustrates the differences in the Pearson correlation coefficients for GPCP v1.2.
precipitation and ESA CCl SM v04.2 and v05.0, respectively. On a global scale the differences
are rather small, especially in areas like the Sahelian band, North America, Europe and
Australia for which correlation results have been persistent over the different ESA CClI SM
versions. However, larger differences are revealed for the regions in Scandinavia, the eastern
parts of Russia, China as well as the Sahara desert (Figure 8). When looking at the differences
between the correlation results of earlier versions of ESA CCI SM, a less pronounced pattern
is revealed with differences being rather small, except for v02.1 and v02.2 (see Appendix,
Figure 53).
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Figure 8: Differences of Pearson correlation coefficient calculated for absolute values over the period
1997 to 2013 for GPCP v1.2 precipitation estimates and CCl SM v04.2 and ESA CCI v05.0.
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When considering the correlation coefficients between ERA Land volumetric soil moisture and
ESA CCI SM v04.2 and v05.0, larger differences are identified in the Sahelian band, as well as
the northern parts of North America and the boreal regions of Europe and Russia (Figure 9).
Rather negative differences are revealed for earlier versions of ESA CCl SM (see Appendix,
Figure 55).
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Figure 9: Differences of Pearson correlation coefficient calculated for absolute values over the period
1997 to 2013 for ERA-Land volumetric soil estimates and CCl SM v04.2 and ESA CCl v05.0.

In contrast, the differences between the correlation coefficients of ESA CCl SM v04.2 and
GIMMS NDVI3g and ESA CCl v05.0 and GIMMS 3g NDVI are rather large, with strong negative
results revealed for the boreal regions of Russia and North America (Figure 10). When looking
at the correlations between NDVI and earlier versions of ESA CCI SM, differences pronounced
in the boreal regions of Eastern Russia as well as Alaska (see Appendix, Figure 57).

v5.0 - vd.2
Figure 10: Differences of Pearson correlation coefficient calculated for absolute values over the period
1997 to 2013 for GIMMS 3g NDVI estimates and CCl SM v04.2 and ESA CCl v05.0.

5.2.3.3 Trend Analysis

The Theil-Sen trend analysis revealed strong negative trends in the Northern boreal regions
and positive trend results in the area of the Himalayas (Figure 11). Except for Mongolia, China
and Saudi Arabia, trends are rather negative, indicating a declining trend in soil moisture.
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Figure 11: Theil Sen Slope estimator for ESA CCI SM v05.0 annual mean values calculated over the period
1997 to 2013.

A similar, but less pronounced picture is revealed for the Theil-Sen slopes calculated for the
anomaly values over the same period (Figure 12).
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Figure 12: Theil Sen Slope estimator for ESA CCl SM v05.0 annual anomaly values calculated over the
period 1997 to 2013.

5.2.4 Discussion and conclusion

We investigated the global relationships between GPCP v1.2 precipitation, ESA CCl SM v05.0
as well as GIMMS NDVI3g across the reference period 1997 to 2013 and compared our results
with findings obtained when applying the same method to previous versions of ESA CCl SM.
We were able to identify differences in the global relationships, with the ESA CCl SM v05.0
dataset showing slightly different patterns. For example, less pronounced negative correlation
coefficients in the boreal regions, when correlating ESA CCI SM and ERA-Land volumetric soil
moisture.

As for the preceding versions, there are still inconsistencies in very dry regions like the Sahara
desert or in mountainous regions like the Himalaya, which require further investigation.
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5.2.5 Other Findings - Data Inconsistency

While performing the correlation analysis we came across some inconsistencies in the ESA CCl
SM v05.0 dataset. In fact, a distinctive rectangle appeared in the Western part of Mongolia
and is apparent in the soil moisture data (Figure 13) as well as the FLAG data (Figure 14).

ESA CCI SM 2007-04-12 ESA CCI 5M 2007-04-3 ESA CCI SM 2007-04 ESA CCI SM 2007

Figure 13: Data inconsistency in Mongolia for daily, half-monthly, monthly and annual means of ESA
CcCl Sm
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Figure 14: Data inconsistency in Mongolia for daily, half-monthly, monthly and annual FLAG of ESA CCI
SM

We further investigated this data inconsistency or data gap over the entire ESA CCl SM v05.0
time series from 1979 to the year 2017 by computing annual means (Figure 15). Apart from
the data gap in the eastern part of Mongolia, another rectangle appeared in the Northern part
of Russia®. While both appear starting from the year 1979 and the one in Russia is slowly
disappearing in 1991 and rather replaced by a distinct data pattern (“inverse rectangle”). The
one in Mongolia is present throughout the data series.

> Note: No other data inconsistencies are found.
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Figure 15: Annual means for ESA CCl SM v05.0 from 1979 to 2017

In a next step we analyzed the data separately. That is, we looked at the combined, the passive
as well as the active product. We found that for the year 1979 the data gaps are visible in the
passive as well as the combined product (Figure 16).
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ESA CCI SM 1979 - COMBINED ESA CCI SM 1979 - PASSIVE
Figure 16: Comparison between the combined and the passive product for the annual mean of 1979

However, for the years 1991 and 2002 only the data gap in Mongolia is apparent ()

ESA CCLSM 1991 - COMBINED ESA CCL SM 14941 - PASSIVE ESa CCL SM 19491 - ACTIVE

ESA CCI 5M 2002 - COMBIKED ESA CCI SM 2002 - PASSIVE ESA CCI 5M 2002 - ACTIVE

Figure 17: Comparison between combines, active and passive product means for 1991 and 2002.

5.3 Assimilation of the ESA CCI ACTIVE and PASSIVE product into the SURFEX land
surface model using the EnKF (NILU)

Contributors: J. Blyverket, P. Hamer, W.A. Lahoz and T. Svendby

5.3.1 Introduction

The ESA CClI for soil moisture project has been ongoing since 2012, the goal of the project was
to create a global consistent soil moisture product using active and passive satellite sensors.
As of 10.10.2018, the dataset spans from 1978 until the end of 2018. The ESA CCI SM product
is divided into three different products, the ACTIVE product which consists of daily soil
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moisture values from active sensors, using backscatter as a measure of soil moisture. The
PASSIVE daily product, using passive observed brightness temperature as a measure of soil
moisture and finally the COMBINED product, fusing the ACTIVE and PASSIVE product into one,
and thus improving the spatial coverage by combining information from sensors in different
orbits.

One of the strengths of the ESA CCI SM product is that it combines data from different sensors,
which allows for higher spatial and temporal resolution of soil moisture. Even though the ESA
CCl product should be superior in coverage compared to a stand-alone satellite, it has
temporal and spatial gaps. The temporal gaps are mostly because of the revisit time of the
satellites while the spatial gaps could be in the horizontal direction. Horizontal because not all
parts of the globe will be covered every day. In addition to gaps in the horizontal, the ESA CCI
product lacks information in the vertical dimension because the sensors are only sensitive to
water in the top ~1-2 cm of the soil. The unobserved root-zone layer is important for, e.g., the
partitioning of latent and sensible heat fluxes to the atmosphere, drainage and the available
water for the biosphere. Root-zone soil moisture has a longer memory than atmospheric
processes, which should imply that root-zone anomalies are important for subseasonal to
seasonal climate predictions. Due to the limitations of satellite observations for the root-zone
layer, land surface models are therefore required to estimate it.

By combining land surface modelling and observations using data assimilation (DA), we can
create a product which combines the spatial and temporal coverage of a land surface model
with observations of surface soil moisture. The land surface model controls the partitioning of
rainfall into runoff, evapotranspiration, drainage and soil moisture, while the observations can
compensate for model parameterizations and drift. Knowing the errors of the model and the
observations, DA has the potential to create a superior product over model or satellite soil
moisture alone. In this section we evaluate the potential for assimilating the ESA CCI ACTIVE
and PASSIVE product into a land surface model, and evaluate the resulting analysis product
against in situ stations over the U.S. This study is highly relevant for answering how and if
assimilation of the ESA CCl product can improve model root-zone soil moisture.

5.3.2 Data Sets

The ESA CCl soil moisture data product consists of an ACTIVE, PASSIVE and COMBINED
product. The ACTIVE soil moisture retrieval product is based on the Change detection method
developed at Vienna University of Technology (TU Wien). The change detection method is
derived for C-band scatterometers. Soil moisture is retrieved directly using scatterometer
measurements without the need for an iterative adjustment process. It is assumed that the
relationship between the surface soil moisture and the backscatter coefficient sigma0 is linear.
For the time-period 31.3.2015 - 31.12.2016 used in our study the ACTIVE soil moisture
observations comes from the METOP-A and B satellites (ASCAT-A and ASCAT-B). The PASSIVE
soil moisture dataset is derived using the land surface brightness temperature which is related
to the soil dielectric constant and hence the surface soil moisture content. The conversion
from observed brightness temperature to soil moisture values are handled by the land
parameter retrieval model (LPRM). The LPRM is a radiative transfer model that simultaneous
retrieves vegetation density, soil moisture and surface temperature.
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5.3.2.1 Bias Correction

In this section we describe the pre-processing needed of the ESA CCl soil moisture product, so
that it can be assimilated using a sequential DA method into the ISBA land surface scheme. As
mentioned above the ACTIVE and PASSIVE products are delivered as a daily product, a
composite of different satellite overpasses at a given date. For a sequential DA algorithm to
work, the timing of the forecast (model) and observation (satellite retrieval) need to coincide
as much as possible, to avoid bias between the model and observations. We use a temporal
gap of £ 1.5 hours centred at 00 UTC, 03 UTC, 06 UTC, 09 UTC and 18 UTC; satellite overpasses
within this time window are mapped to the central time. The range of the ACTIVE product is
given in percent, 0-100 %. The ACTIVE data are converted to volumetric soil moisture and are
scaled to the model minimum and maximum for a given grid point, all data are mapped so
that we only use model data when there are observation values available. The PASSIVE
product is given in volumetric soil moisture and does not need any additional conversion. To
handle the bias between the model and observation we rescale the observations using
cumulative distribution function matching (CDF-matching). The CDF-matching is performed
for each individual gridpoint, given that the gridpoint has more than 150 observations over
the whole time-period. If there are less than 150 observations at a gridpoint, the values at that
particular gridpoint are discarded. The CDF-matching works by ranking the observations and
model values for an individual gridpoint at a specific time e.g., 9 am. By taking the difference
between the two ranked datasets and fitting a 5th order polynomial to these points we can
find the new observed value by adding this difference to the old observed value. The CDF-
matched observations will then have a CDF which is matched with the CDF of the model for
that gridpoint and time of the day.

5.3.3 Methods

5.3.3.1 Modelling System

Within the SURFEX land surface modelling platform (Le Moigne, 2012) we use the Interaction
Between Atmosphere/Biosphere diffusion scheme (ISBA-DF). Vertical transport of water is
solved used the mixed form of Richard’s equations while the soil temperature is solved using
the one-dimensional Fourier law. The ISBA model also includes soil freezing and an explicit
snow scheme. The model uses 14 vertical layers over a depth of 12 m. The depth of the
different layers are currently 0.001, 0.01, 0.04, 0.1, 0.2,0.4,0.6,0.8,1.0, 1.5,2, 3,5, 8,12 m.
Layer-1 is here a skin layer 1 mm in thickness, depending on the experiments we use layer-2
and layer-3 (0.01 and 0.04 m) as the observation layer. The time-step for the land model is 15
min, output is saved at 3 h intervals. The ISBA scheme can be run using sub-grid patches; the
mass and energy balance are then computed in each individual tile/patch before a weighted
average is performed. In this work we only use one patch where the parameters for the mass
and energy balance are aggregated from the different land covers within the grid-cell. The
sub-grid runoff is handled using the DT92 option. Water infiltration excess is computed using
the Horton option. A homogeneous profile is used for the saturation coefficient K, the rainfall
intensity is homogeneously distributed across the grid-cell. Snow processes are modelled
using the built in 3L snow scheme in ISBA. More information about the model can be found in
(Decharme et al., 2011). Land cover is extracted from ECOCLIMAP, a global database at 1 km
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resolution for land surface parameters. For nature grid-cells surface parameters are computed
using the fraction of 12 vegetation types from the 1 km resolution land cover map. The leaf
area index (LAIl) is derived from the ECOCLIMAP database and given as a climatology for each
calendar month. The clay and sand fraction are extracted from the Harmonised World Soil
Database (HWSD). In SURFEX several soil parameters are decided by the clay and sand fraction
given by (Noilhan and Lacarrere 1995). The hydraulic conductivity and soil water potential are
related to the liquid soil water content through the Clapp and Hornberger (1978) relations.
Grid cell orography is computed using the GTOPO 1 km resolution digital elevation model
(DEM).

5.3.3.2 Data Assimilation System

The land surface DA system uses the Ensemble Square Root Filter (Sakov and Oke, 2008). In
this work the state vector X consist of the top 8 model layers, i.e., (61, 82, ..., 68 ). An
observations vector d consists of the satellite observation (Bobs ), the EnKF combines an
ensemble of model states (x) with the observations d.

Models are simplified representations of the real world and have different sources of errors.
For a land surface model some of these errors are: i) error of representativeness, ii) error in
model parameters/parameterization of physical processes, iii) external errors such as
atmospheric forcing, land cover classification and sand and clay fraction. These different
errors can in theory be represented in the DA system. In the system we use we represent
errors in the forcing (by perturbing the different forcing fields) and model parameter errors
(by perturbing the state variables or model parameters).

Time series of cross-correlated forcing fields are generated using an autoregressive lag-1
model (AR(1)). These perturbations in the atmospheric forcing allow for an ensemble of model
runs, where the spread represents the model uncertainty. Precipitation and shortwave
radiation have a lower bound of zero, the perturbations of these variables are therefore
multiplicative. Perturbations in longwave radiation and air temperature are additive. To avoid
bias in the forcing files, the perturbations are constrained to zero for the additive variables
and to one for the multiplicative. To ensure physical consistency in the perturbation
parameters (e.g., increases in longwave radiation give decreases in shortwave radiation) we
impose cross-correlations on the pseudorandom fields. To ensure sufficient spread in the
ensemble for dry regions and in the deeper model layers we also perturb the clay and sand
fraction by 10%. This will affect the hydraulic conductivity used in SURFEX, and hence works
as a perturbation to the model parameters.

The setting of observation errors is based on the assumption of a linear relationship between
the dynamic range of soil moisture values and the errors. This relationship is given as (wfc -
wwilt ), where wfc is the field capacity and wwilt is the wilting point; they both depend on the
soil texture and vegetation type for each grid point. This relationship is scaled with a
dimensionless scaling coefficient Ao, resulting in an observation error given by: Ao (wfc —wwilt
) m3m=3. The observational error is set to 0.03 m® m~3, and scaled according to the grid point
characteristics as discussed above.
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5.3.4 Results

5.3.4.1 Total Number of Observations

In a land surface DA system a land surface model is confronted with observations, which
means that the resulting analysis product is weighted according to the model and observation
errors. In our case the model error is the ensemble spread and the observation error is set to
a constant which depends on the field capacity and wilting point for a specific grid cell. The
analysis is an optimal weighting of the model and observation, giving a new initial condition
for the whole soil moisture profile (not just the surface). Hence, correcting the model. For
such a system driven by prescribed atmospheric forcing, knowing the number of assimilated
observations from a given observation platform is useful, because this tells us how many
corrections we can get from that platform in time and space.

In Figure 18 (a) we have plotted the total number of assimilated observations for each day of
the time-period (by taking the sum over all the grid cells with an observation). We can clearly
see a seasonal pattern, where the total number of assimilated observations decreases in DJF,
because of the snow cover and frozen soil. In the summertime we note that around 6000 —
7000 observations are assimilated, which results in around 23-26 % of the total domain having
an observation each day. Figure 18 (b) illustrates the spatial coverage of the total number of
assimilated observations. Some regions are not covered because the ESA CCl ACTIVE or
PASSIVE product were an arithmetic average of two observations observed at different times.
In our sequential DA system these observations were therefore masked out. This decreases
the spatial coverage of the ESA CCl product for sequential DA and perhaps ESA CCl product
future versions should be delivered with sub-daily observations of individual observations or
stick to one observation instead of taking the average.
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Figure 18: (a) Daily counts of ESA CClI ACTIVE and PASSIVE observations assimilated into the ESA CCl L4
system from April 2015 to January 2017. (b) Spatial extent of number of total assimilated observations
from the ESA CCl ACTIVE and PASSIVE product. Some regions are not covered because the ESA CCl
ACTIVE or PASSIVE product were an aritmetic average of two observations observed at different times.
In our sequential DA system these observations were therefore masked out.
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Figure 19: (a) Mean of O-F and O-A residuals, the mean values are computed separately for each 3h
window by averaging over the land domain, and then averaging the resulting values over the 8 analysis
times for each day. (b) Same as in (a) but for standard deviation.
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5.3.4.2 O-F and O-A residuals
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Figure 20: (a) Mean and (b) standard deviation of the O-F residuals from April 2015 to 1 January 2017.
The Observation-minus-Forecast (O-F) and Observation-minus-Analysis (O-A) statistics are
valuable tools for checking how the DA system is performing. In a well calibrated DA system
the O-F residuals have a zero-mean, white noise characteristic, reflecting an unbiased analysis

that extracts all of the information from the observations. Figure 19 (a) shows that the long-
term mean of the O-F residuals is close to zero, this is expected as we remove the long-term
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bias between observations and model by matching the CDFs (see the methods section). We
also note that for most of the data points the DA system moves the O-A closer to zero, hence
the analysis moves the model closer to the observation without adding any bias to the system.
While the DA system by construction is bias free, the long-term mean of the O-F in Figure 20
(a) shows regions with non-zero residuals. One possible reason for this bias might be irrigation.
The model is driven by state-of-the-art atmospheric forcing that has a high skill, so the
precipitation input should be of good quality. Since the O-F >0, it means that the observations
are consistently wetter than the model, indicating that the observations are sensitive to
irrigation over this region of the U.S. This is again supported by the standard deviation of the
O-F residuals in Figure 20 (b), which depicts the typical O-F differences. For the wet bias region
in the central U.S, the O-F standard deviation is larger than in the surrounding region, which
is an indication that the ESA CCl data contains independent information from that in the
atmospheric forcing data.

5.3.4.3 Standard deviation of the normalized O-F residuals

For a land surface DA system to work close to optimal, we need to correctly specify the model
and observation errors. One way to check the consistency between model errors (spread of
the ensemble) and observation errors is to compute the standard deviation of the normalized
O-F residuals. This metric compares the actual errors in the system (cov(O-F)) to the assumed
errors (ensemble spread and observation error). Values greater than one indicate that the
actual errors are underestimated, while a value smaller than one indicates that the actual
errors are overestimated (the actual errors are less than the assumed errors). Figure 21
illustrates the spatial pattern of the norm(O-F) metric, showing large regions where the metric
is close to unity (0.8 — 1.2). Eastern parts of the domain show regions where the actual errors
are underestimated, especially regions in Canada show large underestimation of the actual
errors. Further west over the western Great Plains, Eastern Rockies, and Great Basin, the
errors show signs of being overestimated. While in the north west of the US the errors are
again underestimated. Note the underestimation of errors in the Sierra Nevada mountain
region in California.
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Figure 21: Standard deviation of the normalized O-F residuals from April 2015 to 1 January 2017.

5.3.4.4 Mean and standard deviation of the analysis increments

Figure 22 (a) shows the standard deviation of the surface zone (computed as a weighted mean
of the two top model layers) increments. This figure illustrates the typical size of the surface
zone soil moisture increments in time. The largest increments (~¥0.01 m3/m3) are located in
the central U.S, while the smallest increments are found in the western parts of the U.S. Figure
22 (b) shows the typical size of the root-zone increments, weighted from layer 1 (1 cm) to
layer 8 (~100 cm). As for the surface zone we see that the increments are largest in the central
U.S, and very close to zero in the western parts. The typical root-zone increments are smaller
than the surface zone increments, this is because of the smaller ensemble spread in the root-
zone (less affected by the perturbations in the atmospheric forcing). The typical size of the
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root-zone increments ~0.003 m3/m3 in the central U.S. seems to follow what Reichle et al.
(2018) show in their study.

Std surface zone increments

0.0e+00 2.4e-03 4.8é-03 7.2é-03 9.6e-03 1.2e-02
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Figure 22: Standard deviation of the surface (a) and root-zone (b) increments from April 2015 to 1

January 2017. Not the different color scale in (a) and (b).

5.3.4.5 Validation against the USCRN and SCAN in situ networks

For validation of surface and root-zone soil moisture data from the DA experiments we utilize
in situ soil moisture data from the U.S. Climate Reference Network (USCRN) Diamond et al.
2013. The in situ data went through a quality control, discarding values lower than 0.0 m3/m3,
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higher than 0.6 m®m and measurements taken when the soil temperature was below 4 C.
The hourly data were averaged using for example 2 pm, 3 pm and 4 pm data, to obtain the
data at 3 pm. The skill metrics used are the Pearson correlation coefficient and unbiased root
mean square error (UbRMSE). Figure 23 shows the Pearson correlation coefficient between
the ensemble open-loop and the USCRN in situ stations for surface soil moisture. One thing to
note is the high correlation of the open-loop (R = 0.72), this is probably a result of the high
quality forcing utilized and also the state-of-the-art land surface model. Figure 24 is the
difference between the analysis correlation with the in situ stations and the open-loop
correlation with the in situ. The changes in correlation are small for the whole domain, reasons
for this might be that the information content in the land surface model and the ESA CCI
ACTIVE and PASSIVE products are very similar. Little information is therefore added to the land
surface model. It is also hard to improve on the already high correlation between the open-
loop and the in situ soil moisture, utilizing a poorer forcing data set might have shown larger
relative improvements from the open-loop to the analysis (at the cost of lower correlation
between the open-loop and in situ stations).

R OL (sf), N=60

= S T
= N g g -*._l_ X
Q\; s . Tk el

-'\\H\ , | L e

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
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Figure 23: Pearson correlation coefficient surface soil moisture, ensemble open-loop run vs USCRN in
situ stations. Mean R =0.72, std R = 0.11. Median R =0.73.

In Figure 25 the correlation between the open-loop and the root-zone soil moisture is plotted,
again we note the high initial correlation between the model and the in situ stations (Mean R
= 0.76, median R = 0.78), this is even higher than for the surface zone. Figure 26 is the
difference between the analysis and the open-loop correlations with the in situ, there is in
general little change in the correlations, except for some points. The improvements can be
seen in the central U.S, while most negative impacts of the assimilation are seen in lllinois and
Missouri. This region has some of the largest O-F differences (see Figure 20), which most likely
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were due to irrigation. If the satellite observations observes irrigation the DA system will add
moisture

R analysis - R OL (sf), N=60

R

Fa3
=

-0.2 -0.1 0.0 0.1 0.2
RI-

Figure 24: Difference between the analysis and the open-loop correlation with USCRN in situ stations,
surface soil moisture.

to the model soil and correct for this, however, if the in situ station is not affected by the
irrigation (it sits outside the irrigated field) we will be comparing two different things (probably
degrading the analysis). This is seen more in the root-zone than in the surface zone because

of the longer memory of the deeper layers, while the surface layer will be less sensitive to
irrigation on a notable time scale.

R OL (rz), N=51
e

0.5

R[]
Figure 25: The same as for Figure 23, but for root-zone soil moisture. Mean R = 0.76, std = 0.11. Median
R=0.78.
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Figure 27 shows the ubRMSE for the open-loop vs in situ, for the root-zone soil moisture. Again
there is little change between the open-loop and the analysis (not shown), we also note that
the mean ubRMSE = 0.040 m3/m3, which is often a threshold used when creating a Level 4
product. The ubRMSE is highly variable with values ranging from 0.015 — 0.09 m3/m3.
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Figure 26: The same as for Figure 24, but for root-zone soil moisture.
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Figure 27: ubRMSE for the open-loop vs USCRN in situ stations, root-zone. Median = 0.038 m*> m>. Mean
=0.040 m3/m3.
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5.3.5 Conclusions

The ESA CCI L4 soil moisture product is validated using DA diagnostics and in situ soil moisture
measurements. The DA statistics shows that the land surface DA system is reasonably
unbiased, even though the O-F residuals show some wet biases (mostly in irrigated regions).
The model and observation errors are for large parts of the domain close to being reasonable,
however the standard deviation of the normalized innovations show that there are some
regions where the actual errors in the system are over or underestimated. Since this is an
ensemble setup, the resulting surface and root-zone soil moisture can be delivered with
uncertainty estimates, it is however difficult to tell whether these estimates reflects the actual
uncertainties in soil moisture.

A final comment is that the skill of the assimilation system can be varying with season. By
taking the skill metrics over the whole time-period (included winter season), where soil
moisture retrieval is difficult and more profound to errors can degrade the analysis. This would
have to be taken into account in the DA system in future studies.

Based on the comparison with in situ stations we saw that the assimilation had little impact
on the skill of the model. There might be several reasons for this: i) the open-loop skill was
already very high when compared to in situ stations ii) the representativeness of the in situ
observation could be different than the model, not allowing information from the
observations to impact the analysis and iii) the information content in the ESA CCI ACTIVE and
PASSIVE product could be quite similar to the model, again reducing the impact the
observations would have on the analysis.

5.4 Validation with SAR (UCC)

Contributor: W. Cdmaro (UCC)

5.4.1 Data Sets and Methods

Soil moisture time series retrieved from ENVISAT ASAR Wide Swath images were used to
evaluate the ESA CCl SM product version 03.2. The retrieval algorithm and approach followed
are reported in Pratola et al. (2015). The study has been carried out by focusing on three
regions, covering parts of Austria, Denmark and Italy, and which differ in climate zone, land
cover, topographic conditions and soil type. In-situ soil moisture measurements have been
compared with both ENVISAT ASAR WS and ESA CCI SM v03.2 datasets. The satellite-derived
soil moisture products (ASAR SM and ESA CCI SM v03.2 datasets) have been scaled by adopting
the CDF-matching technique (Liu et al. 2011), using the in-situ soil moisture dataset as a
reference. Moreover, soil moisture short-term normalised anomalies have been evaluated
using a 35-day moving average, adopting the approach by Albergel et al. (2009). However, the
relatively lower temporal frequency of our soil moisture data has led to evaluation of the
anomalies only when at least three values are available within this temporal interval.
Temporal agreement between each pair of soil moisture time series was investigated using
the Pearson correlation coefficient (R). The reliability of statistics was tested using Student’s
t-test, which estimates the probability (p-value) of the achieved correlation to be a
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coincidence, i.e. not significant. The threshold for accepting such a hypothesis (the null
hypothesis) is set to 0.05.

Note that even though many studies evaluate soil moisture products in terms of both the
correlation coefficient (R) and the root mean square difference (RMSD) (e.g. Willmott et al.,
2005; Albergel et al., 2013), we did not calculate RMSD in this study as this additional
information would be redundant due to the deployment of the CDF-matching technique. In
fact, the (unbiased) RMSD (ubRMSD) is solely determined by R, scaled with the variance of the
reference dataset (Gupta et al., 2009), which makes meaningful interpretation of spatial
patterns a difficult task (Draper et al., 2013; Gruber et al., 2016).

5.4.2 Results

AUSTRIA

The representativeness of the ESA CCl SM v03.2 product was explored through comparison of
the satellite-derived and ground-measured soil moisture time series over the Eastern Styria
region near to the city of Feldbach in Austria. In this region lowlands and hilly landscapes with
comparably low altitudes represent the prevailing landforms. Half of the region is covered by
agricultural lands, mainly distributed between non irrigated arable lands and complex
cultivation patterns. The remaining areas are mainly forest and in small percentage urban
activities areas. Two ECV pixels have been analysed, including a different number of in-situ
stations belonging to the WEGENERNET network (https://wegenernet.org/portal/) (See Figure

28). The temporal trend of the most complete in situ stations in the pixels under investigation
is shown in Figure 29.
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Figure 28: CORINE Land Cover classes in Austrian area of interest. (https://land.copernicus.eu/pan-
european/corine-land-cover/clc-2012/view).
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Figure 29: Time series of in-situ, ASAR and ECV SM v03.2 time series for stations in the Austrian
regions under investigation. The units are m*m,

Generally, the highest in situ values tend to be well represented only by the ECV SM product.
On the other side, the driest ground conditions are well represented by ASAR and ECV SM
products, except by a few observations in summer 2009, when low soil moisture values in-situ
are not well represented, where some anomalous high values have been retrieved.

The evaluation of the correlation between ASAR SM, ECV SM v03.2 and in situ SM time series
does not exhibit very high correlations values in all the sites (Table 3). The best result in terms
of correlation between the ASAR and ECV SM time series is observed in WEGENERNET 50,
where R=0.607; the lowest correlation occurs in WEGENERNET 06, where R=0.346. The
comparison between the satellite SM dataset and ground measurements provided low
correlations values. Concerning the short-term anomalies analysis, low correlation values are
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observed in all the Austrian sites, in accordance with the correlation between the soil moisture
datasets.

Table 3: Pearson correlation coefficient calculated for each pair of soil moisture datasets, including ESA
CCI ECV v03.2. Correlation levels are all statistically significant (p-values < 0.05). Austrian regions under
investigation.

ASAR vs. ECV ASAR vs. in situ ECV vs. in situ

Site
R p R p R p

WEGENERNET 06 | 0.34644 | <0.001 | 0.1383 | 0.110 | 0.24953 | <0.005

WEGENERNET 15 | 0.45641 | <0.001 | 0.21792 | <0.05 | 0.35451 | <0.001

WEGENERNET 19 0.4744 | <0.001 | 0.27741 | <0.005 | 0.32076 | <0.001

WEGENERNET 27 | 0.54297 | <0.001 | 0.3865 | <0.001 | 0.30666 | <0.001

WEGENERNET 34 | 0.51253 | <0.001 | 0.36071 | <0.001 | 0.45623 | <0.001

WEGENERNET 50 | 0.60771 | <0.001 | 0.46107 | <0.001 | 0.5522 | <0.001

WEGENERNET 54 | 0.43916 | <0.001 | 0.21821 | <0.05 | 0.36367 | <0.001

WEGENERNET 77 | 0.52817 | <0.001 | 0.24604 | <0.001 | 0.36454 | <0.001

WEGENERNET 78 | 0.49443 | <0.001 | 0.24329 | <0.05 | 0.35007 | <0.005

WEGENERNET 84 | 0.45876 | <0.001 | 0.41143 | <0.001 | 0.29966 | <0.05

WEGENERNET 85 | 0.48213 | <0.001 | 0.13265 | 0.144 | 0.36326 | <0.001

WEGENERNET 99 | 0.35351 | <0.001 | 0.29182 | <0.01 | 0.21907 | <0.05

In Figure 30 we present the correlation results between the ESA CCl SM dataset and the ASAR
SM time series in each ASAR pixel within the ECV cells. We observed higher values of
correlations in areas related to agricultural land covers. The areas belonged to forest land
cover classes, tends to presented not significance or very low correlation values.
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Figure 30: Spatial correlation between ASAR SM and ESA CCl SM v03.2 datasets in the Austrian regions
under investigation

DENMARK

The representativeness of the ESA CCl SM v03.2 product was explored through comparison of
the satellite-derived and ground-measured soil moisture time series over the Skjern River
Basin, located in the western part of Denmark. The Skjern basin presents a smooth
topographic variation from west to east (O till 125 m a.s.l). This flat region is covered mainly
by agricultural areas, but patchy areas of forest and woodlands are also observed. Five ECV
pixels have been analysed, including a different number of in-situ stations belonging to the
HOBE network (https://enoha.eu/network/hobe) (See Figure 31). The temporal trend of the
most complete in situ stations in the pixels under investigation is shown in Figure 32.
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Figure 31: CORINE Land Cover classes in the Danish area of interest. (https.//land.copernicus.eu/pan-
european/corine-land-cover/clc-2012/view)
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Figure 32: Time series of in-situ, ASAR and ECV SM v03.2 time stations in the Danish regions under
investigation. The units are m*m’3.
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Table 4: Pearson correlation coefficient calculated for each pair of soil moisture datasets, including ESA
CCI ECV v03.2. Correlation levels are all statistically significant (p-values < 0.05). Danish regions under
investigation.

Site ASAR vs. ECV [ ASAR vs. in situ ECV vs. in situ
R p R p R p
Hobe 1.01 0.69288 | <0.001 |0.48138 | <0.001 | 0.726226 | <0.001
Hobe 1.02 0.7327 | <0.001 |0.45866 | <0.001 | 0.421416 | <0.001
Hobe 1.03 0.62257 | <0.001 | 0.70752 | <0.001 | 0.648782 | <0.001
Hobe 1.04 0.71919 | <0.001 | 0.5828 | <0.001 | 0.676535 | <0.001
Hobe 1.05 0.657 | <0.001 |0.44777| <0.001 | 0.482671 | <0.001
Hobe 1.06 0.70885 | <0.001 | 0.59569 | <0.001 | 0.539134 | <0.001
Hobe 1.07 0.68843 | <0.001 [0.42721 | <0.001 | 0.180475 | 0.111
Hobe 1.08 0.85573 | <0.001 {0.15133| 0.425 | 0.014635| 0.939
Hobe 1.09 0.71334 | <0.001 | 0.02264 | 0.873 |[-0.010025( 0.944
Hobe 1.10 0.62015 | <0.001 | 0.4505 | <0.001 | 0.592742 | <0.001
Hobe 2.01 0.715 | <0.001 [0.42948 | <0.001 | 0.44212 | <0.001
Hobe 2.02 0.67911 | <0.001 | 0.43303 | <0.001 | 0.59289 | <0.001
Hobe 2.03 0.72319 | <0.001 | -0.0597 | 0.674 ([-0.304251| <0.05
Hobe 2.04 0.66353 | <0.001 [0.37168| <0.05 | 0.232197 | 0.125
Hobe 2.05 0.71565 | <0.001 [0.26669 | <0.05 | 0.405077 | <0.005
Hobe 2.06 0.76147 | <0.001 | 0.56439 | <0.001 | 0.695674 | <0.001
Hobe 2.07 0.7175 | <0.001 |[0.13887| 0.363 |[0.080072 | 0.601
Hobe 2.08 0.71856 | <0.001 | 0.20279| 0.162 | 0.20279 | 0.162
Hobe 2.09 0.68272 | <0.001 | -0.1455 | 0.219 (-0.153958( 0.193
Hobe 2.10 0.69729 | <0.001 | 0.56066 | <0.001 | 0.626417 | <0.001
Hobe 2.11 0.77435| <0.001 | 0.16069 | 0.281 |[0.248788 | 0.092
Hobe 3.01 0.66847 | <0.001 | 0.40138 | <0.005 | 0.402692 | <0.005
Hobe 3.02 0.84513 | <0.001 [0.24294| 0.057 |0.261357 | <0.05
Hobe 3.03 0.75986 | <0.001 [0.23706 | <0.05 | 0.292061 | <0.05
Hobe_3.04 0.74358 | <0.001 [0.35049 | <0.005 | 0.221412 | 0.070
Hobe 3.05 0.52566 | <0.001 [0.04693| 0.722 |-0.092301| 0.483
Hobe 3.06 0.85772 | <0.001 [0.21179| <0.05 | 0.144942 | 0.178
Hobe 3.07 0.77222 | <0.001 | 0.44459 | <0.001 | 0.433369 | <0.001
Hobe 3.08 0.71516 | <0.001 | 0.33716 | <0.001 | 0.452719 | <0.001
Hobe 3.09 0.77633 | <0.001 |0.43492 | <0.001 | 0.410793 | <0.005

The adoption of the CDF-matching technique leads to reduction of bias between datasets
which exhibit the same periodical behaviour, with wetter and drier conditions during specific
periods of the year.
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In the Danish regions under investigation, some in situ stations presented non periodical
behaviour, affecting the temporal correlation between satellite and in-situ datasets. However,
there are in situ stations distributed in all the region with periodical behaviour, where are
observed high correlation values between satellite and in-situ datasets.

On the other hand, the correlation values between ASAR and ESA CCI SM v03.2 time series are
fairly high in all the sites, generally ranging between 0.6 and 0.8. (See Table 4).

Concerning the short-term anomalies analysis, better results were found with respect to the
Austrian sites. The correlation between ASAR and ESA CCl SM anomalies provides R > 0.6 in
all the sites. In addition, the correlation between satellite and in-situ datasets presented the
same behaviour of the soil moisture correlation analysis, where a low correlation values were
presented in stations with a non-periodical behaviour.

Analysis of the spatial variability in correlation between the ASAR SM time series and the ESA
CCl SM v03.2 dataset (Figure 33) reveals the capability of the ECV SM to represent the
moisture condition over the 0.25 x 0.25 degree pixel used. There are many ASAR pixels within
the analysed ECV cells, where R reaches values higher than 0.6. On the other side, there are
low or not significance correlation values in some areas that are being part or are surrounded
by forest classes defined in the CORINE Land Cover classification.
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Figure 33: Spatial correlation between ASAR SM and ESA CCl SM v03.2 datasets in the Danish regions
under investigation.
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ITALY

The representativeness of the ESA CCl SM v03.2 product was explored through comparison of
the satellite-derived and ground-measured soil moisture time series over two different areas
in Italy. The Calabria region presents a high topographic variation with altitudes between 0
and 2300 m a.s.l, this region is mainly covered by agricultural areas with a high percentage of
non-irrigated lands and some vineyards areas. The remaining areas are mainly forest land
covers. Finally, the Umbria presents a similar condition with a high topographic variation, most
of this area is mountainous and hilly. Umbria presented an equality distributed land cover
between agricultural and natural areas. The land cover distribution in accordance to the
CORINE Land Cover dataset is showed in Figure 34.
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Figure 34: CORINE Land Cover classes in the Italian areas of interest. a) Umbria, b) Calabria
(https://land.copernicus.eu/pan-european/corine-land-cover/clc-2012/view)

The temporal trend of the in situ stations with correlation values released is shown in Figure
35. It is observed that most of the temporally compatible data are collected from August 2008
until March 2012 due to a lack of ASAR data availability from 2006 to 2008.
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Figure 35: Time series of in-situ, ASAR and ECV SM v03.2 time stations in the Italian regions under
investigation. The units are m3m-3.
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As mentioned before the CDF-matching technique leads to reduction of bias between datasets
which exhibit the same periodical behaviour. In the Italian regions are observed wetter soil
conditions in winter, and drier conditions in summer.

In the Calabrian region, two areas were analysed. The southern area presented two pixels with
different topographic conditions. Most of the area of the western pixel is mountainous and
hilly, the Chiaravalle Centrale in-situ station located in this area had not presented temporal
compatible datasets. The same situation is presented in the second pixel where most of this
area is part of the ocean, consequently the Satriano in-situ stations had not presented
correlation values between the soil moisture datasets.

On the other hand, the second Calabrian area is located in the northern part of the region,
mostly covered by flat agricultural lands with a piece of mountainous region located in the
west of the ECV cell. There are three in-situ stations where Satellite derived and ground
measurement datasets presented high correlation values (R > 0.7) (See Table 5).

Finally, most of the Umbria region is mountainous or hilly with forest lands. In this area, most
of the in-situ stations had not presented temporal compatible datasets. Likely, the presence
of a very high topographic variation and forest lands affected the accuracy of the ASAR SM
dataset. An exception, occurs in the Hydrol-Net-Perugia in-situ station, where we found
temporal compatible datasets, but there are not significant or very low correlation values
between satellite derived datasets

Table 5: Pearson correlation coefficient calculated for each pair of soil moisture datasets, including ESA
CCl ECV v03.2. Correlation levels are all statistically significant (p-values < 0.05). Italian regions under
investigation.

Site ASAR vs. ECV | ASARvs. insitu | ECV vs. in situ
Region Station R p R p R p
Chiaravalle Centrale
Satriano
Calabria | Fitterizzi 0.762 | <0.001 [0.75783| <0.001 |0.78641 | <0.001
Mongrassano 0.76323| <0.001 |0.49783 | <0.001 [0.68763 | <0.001
Torano 0.77129| <0.001 |0.74368 | <0.001 [0.78515| <0.001
Umbria | Hydrol-Net-Perugia [0.36582| <0.05 |0.24546 | 0.113 [0.75265| <0.001

Analysis of the spatial variability in correlation between the ASAR SM time series and the ESA
CCl SM v03.2 dataset (Figure 36) reveals the capability of the ECV SM to represent the
moisture condition over flat areas.
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Figure 36: Spatial correlation between ASAR SM and ESA CCl SM v03.2 datasets in the Calabrian (Italy)
regions under investigation.

5.4.3 Discussion and Conclusions

The representativeness of the global CCl ECV SM v.03.2 product is investigated through the
use of finer spatial resolution ASAR Wide Swath (WS) data and ground measurements across
three European regions: Austria, Denmark and Italy.

The results achieved by comparing the three soil moisture datasets temporally and spatially
do not generally differ significantly from those found during the previous validation activities.
Therefore, we can confirm the capability of the ECV SM v03.2 product to represent the soil
moisture variability, despite its coarser spatial resolution.
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The comparison of the ECV SM v03.2 product with the ASAR WS and in-situ time series
confirms the capability of the former to capture the temporal dynamics of soil moisture in
Denmark and in flat areas in Calabria, Italy, where a seasonal variation occurs.

On the contrary, very poor agreement are observed in the Eastern Styria region in Austria,
where the correlation between ASAR SM, ECV SM v03.2 and in-situ dataset are generally lower
than 0.5. Such a result is likely to be due to a loss of the SM product accuracy due to the forest
coverage and the topographic complexity effect. An exception occurs in WEGENERNET 50
station, where was observed an acceptable correlation between satellite retrieved SM
datasets and ground measurements.

A short-term anomalies study was also carried out by subtracting the average of at least three
soil moisture measurements within a time interval of 35 days (17 days before and 17 days
after each SM observation). The choice of evaluating the anomalies with respect to only three
SM values is due to the limited number of data available in all the regions under investigation.
However, we understand that such a small amount of observations provides unreliable results
in terms of correlation between the datasets.

The comparison between soil moisture time series in each ASAR pixel and in the corresponding
ECV cells shows high R values in flat areas. By studying the spatial distribution of the
correlation between ASAR and ECV SM v03.2 in the Denmarks sites, we find that higher
correlation patterns occur in areas covered by less dense forest. In addition, the temporal
distribution analysis showed higher correlation values in the times series with seasonal trends.

On the basis of the overall outcomes of this validation activity, we can state that the ECV SM
v03.2 product is a good representation of the soil moisture condition over the 0.25° x 0.25°
cell. However, although providing confidence in the use of the ECV SM product, results and
observations presented in this study highlight also the need of further investigation of the
source of error related to SM retrieval algorithms, particularly over forest coverage and
complex topography. Therefore, it will be necessary to test the ECV SM quality with further
studies in other regions worldwide, with the aim of comprehensively understanding this global
soil moisture product. As the ECV SM dataset is updated, improved and temporally extended,
Sentinel-1 data will replace the ASAR WS acquisitions for the quality assessment activity.

5.5 Validation over boreal and sub-arctic environmental data (FMI)

Contributors: J. Ikonen, T. Smolander, K. Rautiainen and J.Pulliainen (FMI)

5.5.1 Introduction

As with previous validation studies, validation of the ESA CCI soil moisture (SM) datasets in
boreal and subarctic regions focuses on validation in the Sodankyla region, Northern Finland.
The Sodankyla region represents a typical northern boreal forest / taiga environment hosting
a multidisciplinary research centre operated by the Finnish Meteorological Institute (FMI).

Figure 37 depicts the location of the Sodankylda multidisciplinary research centre and the
location of the validation study domain. A more detailed description of the Sodankyla region
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and the in situ instrumentation located at the multidisciplinary research centre is provided in
Ikonen et al. (2016).
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Figure 37: Location of the Sodankylé study domain, the 70 ESA CCl SM product pixels and distribution
of FMI’s soil moisture observation sites.

This validation study focuses on comparing the different versions of the ESA CCl soil moisture
datasets released during 2017 and 2018, namely versions v03.2, v04.1 to v05.0. Weighted in
situ observation based validation and comparisons are performed in a single ESA CCl SM pixel
for snow free summer periods (June—September) between the years 2012 and 2017. A
spatially distributed version of the ”Sacramento Soil Moisture Accounting Model” (SAC-SMA;
Burnash 1995) and a potential evapotranspiration model based on Hamon's approach in
Oudin et. al (2005) forms the components of the modelling system used for multi-pixel, model
based, validation and comparison. The model domain covers an area of 155 km by 140 km and
encloses 70 ESA CCl soil moisture product pixels / SAC-SMA model grid cells. The Sodankyla
multidisciplinary research centre is located roughly in the middle of the domain.

5.5.2 Single-pixel, In Situ Based Validation

As done previously in PVIR studies, in situ based validation is conducted in one ESA CCl soil
moisture pixel, covering an area of 26 km (north-south) by 10 km (west-east), encapsulating
the Sodankyla multidisciplinary research centre. In situ soil moisture observations are taken
from sensors at a depth of 5 cm except for stations on semi-organic soils. For these stations,
top soil moisture measurements are taken at a depth of 10 cm. A total of 6 stations are used
to produce a single soil moisture value representing the ESA CCI SM pixel. The list of stations,
their descriptions and weights used (“Weighting Scheme 1”) are provided in the previous PVIR
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document [RD-01]. In situ validation and comparisons are conducted for the ESA CCl SM
COMBINED version v04.1 and v05.0 products and against their component products; ACTIVE
and PASSIVE soil moisture retrievals separately. Validation and comparisons for all products
versions are conducted for, snow free, summer periods (June—September) between the years

2012 and 2017.

Table 6: ESA CCI SM product yearly correlations with daily weighted in situ observations

COMBINED COMBINED ACTIVE ACTIVE PASSIVE PASSIVE
YEAR v04.1 v05.0 v04.1 v05.0 v04.1 v05.0
2012 0.57 0.69 0.60 0.66 0.64 -
2013 0.64 0.72 0.66 0.66 0.75 -
2014 0.26 -0.05 0.09 0.12 0.59 -
2015 0.57 0.40 0.42 0.42 0.66 0.72
2016 0.17 -0.08 -0.04 -0.04 0.28 0.68
2017 - 0.14 - 0.07 - 0.65

Table 7: ESA CCl SM product summer period number of days with observations

COMBINED COMBINED ACTIVE ACTIVE PASSIVE PASSIVE
YEAR v04.1 v05.0 v04.1 v05.0 v04.1 v05.0
2012 110 104 110 104 39 -
2013 95 95 95 95 58 -
2014 81 81 81 81 43 -
2015 94 94 94 94 55 75
2016 96 96 96 96 43 71
2017 - 95 - 95 - 45
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Figure 38: Left; ESA CCl SM ACTIVE, PASSIVE and COMBINED v04.1 and v05.0 products' correlations
with daily weighted in situ measurements. Right; number of observation days for ESA CCl SM ACTIVE,
PASSIVE and COMBINED v04.1 and v05.0 products during the summer period of each year.

A comparisons of yearly (summer period, 2012 to 2017) correlations with weighted in situ
observations for ESA CCI SM COMBINED products (version v04.1 and v05.0) were conducted
as part of the in situ, single pixel, based validation study. The statistical metrics for the
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corresponding validation results are provided in Table 6 and Table 7. A comparison of ESA CCI
SM product version v04.1 and v05.0 component correlations with weighted in situ
observations is provided in Figure 38 (left).

Although the PASSIVE product exhibits the best performance against weighted in situ
observations, the amount of missing data is a clear disadvantage in terms of applicability in
any type of end user applications. With both the v04.1 and v05.0 versions of the ESA CCI SM
product, the ACTIVE and COMBINED components contain an equal amount of observations,
and between the two versions there is only a small difference for the year 2012. With the
v04.1 version the PASSIVE component only has half of the observations compared to the
ACTIVE and COMBINED components, or even less during 2012. The v05.0 version of the
PASSIVE component has more observations than the version v04.1 for the years 2015 and
2016, but still less than ACTIVE and COMBINED components in both product versions, and in
2017 the v05.0 PASSIVE component has less than half of the observations compared to v05.0
ACTIVE and COMBINED components. Further, PASSIVE v05.0 observations were only available
for 2015, 2016 and 2017 for the Sodankyla pixel, see Figure 38 (right).

The overall daily correlation with in situ observations between 2012 and 2016 is around the
same in COMBINED product versions v04.1 and v05.0 (0.43 vs. 0.42). Weekly correlation
between weighted in situ and the v04.1 version is clearly higher (0.57 vs. 0.46) than with the
v05.0 version. The COMBINED product v0.50 exhibits higher daily correlation with in situ
observations in 2012 (0.69 vs. 0.57) and 2013 (0.72 vs. 0.64) than COMBINED v0.41 product.
The previous product version (v0.41) exhibits higher daily correlations in 2015 than the latest
version (v0.50), while during 2014 and 2016 both product versions exhibit low correlation with
daily in situ observations. The latest product v0.50 also exhibits low correlation at 2017 (which
is not available in v04.1). The COMBINED v05.0 product provides more similar climatology to
the weighted average level of in situ observations than the previous v04.1 version, i.e. smaller
bias.

The ACTIVE v05.0 product exhibits nearly the same performance as the previous product
version (v04.1), however daily correlation with in situ observations in 2012 were slightly
higher, although with slightly fewer observations. The daily correlation between PASSIVE
v05.0 and in situ observations were satisfactory (ranging between 0.65 and 0.72) for the entire
analysis period of 2015 and 2017. The daily correlation between PASSIVE v05.0 and in situ
observations for 2016 was clearly higher and for 2015 slightly higher than with the previous
PASSIVE v04.1 version. There were also significantly more data available in the v05.0 version
for both both 2015 and 2016 in the Sodankylad pixel. Although, the PASSIVE v05.0 version
performed significantly better than the COMBINED v05.0 version for the years 2015-2017,
there was significantly less data available. Further, PASSIVE v05.0 observations were only
available for 2015, 2016 and 2017 for the Sodankyla pixel.

5.5.3 Multi-pixel, SAC-SMA Model Configuration

The multi-pixel validation domain covers an area of 155 km by 140 km and encloses 70 ESA
CCl soil moisture product pixels / SAC-SMA model grid cells. Multi-pixel validation is conducted
for a period of 13 years covering the summer periods (June 1% to September 30t"), between
the years 2003 and 2015. The multi-pixel, model based, validation study focuses on ESA CCI
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SM COMBINED product versions v03.2 v04.1 and v0.50 including their component ACTIVE and
PASSIVE products.
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Figure 39: A conceptualization of the SAC-SMA model. Each SAC-SMA model grid cell is divided into a
maximum of 14 soil / vegetation density type tiles representing cross combinations of the 4 main
mineral soil types. Semi-organic and organic soils are modelled with a separate scheme.

Each SAC-SMA model grid cell is divided into a maximum of 14 soil / vegetation density type
tiles representing cross combinations of the 4 main mineral soil types (Fine Haplic Podzol,
Coarse Haplic Podzol, Haplic Arenosol, Eutric Regosol) and three primary vegetation density
types (dense, sparse and open) as well as separate tiles for semi-organic and organic soil as
well as shallow rocky soils. The spatial coverage (size) of each individual tile varies from grid
cell to grid cell based on the distribution of soil types within each grid cell.

With the SAC-SMA model, we calculate mineral soil and shallow rocky soil tile soil moisture
through two conceptual vertical soil zones; an upper zone representing short-term surface soil
and interception storage, and a lower zone representing deeper root zone soil moisture
storages. The zones have free water and tension water elements, where the free water (fast
flow component) is predominantly driven by gravitation forces, but may also be depleted by
evapotranspiration, percolation and horizontal flow, while the tension water (slow flow
component) is driven by evapotranspiration and diffusion. Organic and semi-organic soil tile
soil moisture is calculated with a single conceptual soil moisture storage (represented by an
impervious area fraction parameter “ADIMP” in the model) that can only be depleted by
evapotranspiration and horizontal flow. A conceptualization of the SAC-SMA model and our
implementation is provided in Figure 39. The SAC-SMA model used in this study has been
extensively validated with in situ observations in the previous PVIR report [RD-01].
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5.5.4 Multi-pixel, Model Based Validation

Overall the 70 pixel average daily ESA CCl COMBINED SM product’s correlation between v05.0
and v04.1 with SAC-SMA model estimates are relatively similar, i.e. years during which the
v04.1 product exhibits good or poor correlation, the newest v05.0 product exhibits similar
patterns. A clear improvement from version v03.2 can however be observed, for both
products (see Figure 40). The main difference is that with the newest product version (v05.0)
the deviations tend to be more extreme; when the ESA CCl COMBINED SM product performs
poorly, the v05.0 product tends to perform significantly more poorly, conversely when the
ESA CClI COMBINED SM product exhibits better performance, version v05.0 tends to exhibit
somewhat better overall performance. With the ESA CCl COMBINED SM v05.0 product, the 70
pixel average daily correlation during 2004, 2007, 2014 and 2016 exhibit very poor
performance, with even negative average correlations for 2004. Both the previous ESA CCl
COMBINED SM, v04.1 product version and v05.0 version exhibit high correlation with SAC-
SMA model estimates, clearly exceeding the 0.5 value mark, during 2012, 2013 and 2015. With
the v05.0 version providing improved correlations over version v04.1.

ESA CCl SM (Combined) vs. SAC-SMA Model (70 Pixel Average) Correlation
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Figure 40: ESA CCI SM COMBINED SM v03.2 v04.1 and v05.0 product 70 pixel average correlation
with. SAC-SMA Model top layer SM estimates
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Figure 41: ESA CCI SM PASSIVE SM v03.2 v04.1 and v05.0 product 70 pixel average correlation with.
SAC-SMA Model top layer SM estimates.
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ESA CCI SM (Active) vs. SAC-SMA Model (70 Pixel Average) Correlation
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Figure 42: ESA CCl SM ACTIVE SM v03.2 v04.1 and v05.0 product 70 pixel average correlation with.
SAC-SMA Model top layer SM estimates.

The average ESA CCI PASSIVE SM (2003-2017) 70 pixel average daily correlation between v05.0
(0.22) and v04.1 (0.26) with SAC-SMA model estimates are nearly the same. However, there
is a clear improvement in daily correlation with SAC-SMA model estimates after 2010 with the
v05.0 product. Prior to 2011, however, there is a significant decrease in correlation with SAC-
SMA model estimates (see Figure 41). A major shortcoming of the newest (v05.0) ESA CCI
PASSIVE product is the amount of missing data; between 2010 and 2014 only half of the 70
pixels investigated contained PASSIVE observations with the v05.0 product version and before
2010 only 16% of the pixels had any data, which was less than in v04.1 (see Figure 43).
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Figure 43: Number of pixels (out of 70) containing PASSIVE SM observations in version v05.0 (right).
Number of pixels (out of 70) containing PASSIVE SM observations in version v04.1 (right).
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The 70 pixel average ESA CCI ACTIVE SM v05.0 version clearly exhibits an improvement in daily
correlation with SAC-SMA model estimates. In particular there is a clear improvement in
average correlation after 2006. The only exception is 2014 (as well as 2009, although to a
much lesser degree), which has been problematic for the ESA CCl SM products through-out
the previous versions (see Figure 42). In general the ESA CClI ACTIVE SM products for all
validated versions outperform the COMBINED and PASSIVE SM products.

5.5.5 Multi-pixel, Spatio-Statistical Pattern Analysis

As part of the multi-pixel, model based, validation we explore the dependency of PASSIVE and
ACTIVE soil moisture retrieval performance to differences in soil/vegetation type tile coverage
within each SAC-SMA model grid cell (i.e., ESA CClI SM product pixel). This is explored in order
to determine if any specific soil/vegetation combination(s) are a factor in determining ESA CCI
SM product correlation with SAC-SMA model soil moisture, i.e., does the domination of some
soil/vegetation type combination within a pixel increase or decrease ESA CCI SM data product
performance. Due to the large amount of missing data for the newest (v.05.0) ESA CCl SM
product, particularly the large amount of missing PASSIVE observations, this analysis is only
conducted for v.04.1 PASSIVE and ACTIVE components. With this assessment, for simplicity
and since mineral soil/vegetation tile soil moisture correlate strongly with each other, all
mineral soil/vegetation tiles (excluding shallow soils) are merged into a single “mineral soils”
tile.
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Figure 44: ESA CCl SM ACTIVE product correlation with SAC-SMA model top layer soil moisture
dependency on pixel-wise major soil/vegetation type fraction size.
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In Figure 44, we provide diagrams of major soil/vegetation type fraction sizes against ACTIVE
soil moisture retrieval correlation with SAC-SMA model top layer soil moisture estimates. A
best fit trend line along with the equation describing the relationship and the R-squared value
is also provided. From Figure 44, we can deduce that there exists a significant exponential
relationship (R-squared value of 0.8378) between ACTIVE soil moisture retrieval correlations
with SAC-SMA model top layer soil moisture estimates and the size of the shallow soils fraction
in a pixel. The relationship is given as:

y = 0.0007¢11841x

where, y is the correlation of ACTIVE soil moisture retrieval with SAC-SMA model top layer soil
moisture and x is the size of shallow soils fraction within a pixel. The other major
soil/vegetation type fractions do not exhibit significant relationships with ACTIVE soil moisture
retrieval and SAC-SMA model top layer soil moisture estimate correlations. Further, it is not
possible to define a statistically significant multiple linear regression model describing the
dependency of major soil type fractions and ACTIVE soil moisture retrieval correlation with
SAC-SMA model top layer soil moisture estimates. As such, the exponential relationship
between shallow soil fraction size and correlation with SAC-SMA model estimates is the single
best predictor.
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Figure 45: ESA CCl SM PASSIVE product correlation with SAC-SMA model top layer soil moisture
dependency on pixel-wise major soil/vegetation type fraction size.
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In Figure 45, we provide corresponding diagrams of major soil/vegetation type fraction sizes
against PASSIVE soil moisture retrieval correlation with SAC-SMA model top layer soil moisture
estimates. As with ACTIVE soil moisture retrieval analysis, a best fit trend line along with the
equation describing the relationship and with the R-squared value is also provided. For
PASSIVE soil moisture retrievals, multiple relationships exist between major soil type fraction
size and correlation with SAC-SMA model top layer soil moisture. In contrast to the ACTIVE
soil moisture retrieval relationship with shallow soil fraction size, PASSIVE soil moisture
retrievals exhibit a negative exponential trend (with an R-squared value of 0.4808) in
correlation. The relationship is given as:

y =0.3583e-8.333x

where, y is the correlation of PASSIVE soil moisture retrieval with SAC-SMA model top layer
soil moisture and x is the size of shallow soils fraction within a pixel. The size of organic soil
fraction size also exhibits a somewhat significant relationship with PASSIVE soil moisture
retrieval correlation with SAC-SMA model top layer soil moisture. In contrast to shallow soil
fraction size, this relationship can be expressed with a positive exponential trend (with an R-
squared value of 0.3614). The relationship is given as:

y =0.0292e6.5731x

where, y is the correlation of PASSIVE soil moisture retrieval with SAC-SMA model top layer
soil moisture and x is the size of organic soils fraction within a pixel. Dependencies also exist
between the other (mineral soil and semi-organic soil) major soil/vegetation type fractions
size and PASSIVE soil moisture retrieval correlation with SAC-SMA top layer soil moisture, but
these relationships alone are rather weak (see Figure 45).

As part of the spatial association assessment, we also calculate the study domain wide average
inter-pixel cross-correlation for each year as a measure of general soil moisture time series
similarity between the pixels. The higher the domain wide average inter-pixel cross-
correlation, and the higher the negative correlation between pixel-pair and distance vectors,
the less variability there is between the pixels’ soil moisture time series and the more of this
variation can be explained solely by the distances between pixels. Conversely, the lower the
domain wide average pixel-pair correlation, the more soil moisture time series variability
there is between the pixels. Further, the lower the negative correlation between the pixel-pair
and distance vectors, the more other factors in conjunction with distance determine inter-
pixel cross-correlations. The yearly average inter-pixel soil moisture cross-correlation, as well
as distance dependent correlation decay values, are provided in Table 8. The relationship
between individual pixel-pair vector member correlations and corresponding distance vector
members is illustrated in Figure 46. As a reference, we also compute the same spatial
association metrics for FMI interpolated daily 10 km resolution precipitation observations, as
well as SAC-SMA model top layer soil moisture estimates.
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Table 8: Yearly, study domain wide average inter-pixel soil moisture cross-correlation and inter-pixel
soil moisture cross-correlation dependency on (correlation with) distance between pixel-pairs for ESA
CCI ACTIVE and PASSIVE soil moisture data and SAC-SMA top layer model soil moisture data, as well
as spatial autocorrelation for FMI interpolated precipitation observations.

Domain Wide Average Inter-Pixel Soil Inter-Pixel Soil Moisture Cross-Correlation
YEAR Moisture Cross-Correlation Dependency on (Correlation with) Distance

ACTIVE PRECIP. PASSIVE SAC-SMA ACTIVE PRECIP. PASSIVE SAC-SMA

2003 0.82 0.77 0.60 0.77 -0.77 -0.84 -0.62 -0.49
2004 0.92 0.75 0.77 0.78 -0.89 -0.92 -0.59 -0.67
2005 0.79 0.78 0.71 0.82 -0.94 -0.82 -0.59 -0.42
2006 0.83 0.76 0.56 0.83 -0.91 -0.78 -0.67 -0.42
2007 0.90 0.76 0.75 0.80 -0.93 -0.79 -0.46 -0.61
2008 0.90 0.74 0.76 0.70 -0.92 -0.87 -0.69 -0.85
2009 0.88 0.79 0.64 0.82 -0.94 -0.88 -0.68 -0.52
2010 0.92 0.77 0.65 0.72 -0.91 -0.78 -0.74 -0.71
2011 0.84 0.79 0.58 0.74 -0.95 -0.86 -0.77 -0.77
2012 0.87 0.79 0.59 0.84 -0.92 -0.94 -0.41 -0.63
2013 0.91 0.75 0.47 0.79 -0.90 -0.82 -0.57 -0.54
2014 0.91 0.80 0.50 0.80 -0.90 -0.88 -0.63 -0.61
2015 0.86 0.85 0.55 0.84 -0.95 -0.92 -0.62 -0.65
Average 0.87 0.78 0.63 0.79 -0.91 -0.85 -0.62 -0.61
ESA CCI SM Active FMI Interp. Precip. ESA CCI SM Passive SAC-SMA Model
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Figure 46: Distance-based decay of inter-pixel soil moisture cross-correlation for ESA CCl ACTIVE and
PASSIVE soil moisture data and SAC-SMA top layer model soil moisture data, as well as spatial
autocorrelation for FMI interpolated precipitation observations.

Both the ACTIVE soil moisture product and FMI interpolated daily 10 km resolution
precipitation observations exhibit high yearly average inter-pixel cross-correlations and high
negative yearly inter-pixel cross-correlation with distance. This appears to indicate that nearby
pixels’ soil moistures tend to correlate with each other irrespective of the physiographic
differences between them. Low spatial variability for precipitation in northern latitudes, such
as in the Sodankyla region, is expected since the majority of precipitation events are known
to be caused by precipitation fronts rather than by convective storm cells. However, this
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should not necessarily be the case for soil moisture, which is affected by not only
meteorological conditions, but also by physiographic characteristics as well, which in the
Sodankyla region exhibit considerable variation from ESA CCl SM pixel to pixel. This, and the
very high dependency of these correlations to shallow soils fractions, as well as the known
rapid response of these soil types to both precipitation and evaporation, raises the question
that the relatively good performance of the ACTIVE product with SAC-SMA model top soil
estimates may be good “for the wrong reasons”. We therefore argue that it is possible that
ACTIVE soil moisture retrievals likely respond mainly to direct changes in precipitation and
possibly to moisture on vegetation surfaces rather than to actual moisture in the top soil layer.
Although the correlation between PASSIVE soil moisture retrievals and SAC-SMA model top
layer soil moisture is rather low, they both exhibit a similar, low negative correlation between
pixel-pairs and distance. This, and the fact that the PASSIVE product appears to be responding
to differences in soil type distributions between pixels, points to the greater ability of the
PASSIVE product to represent changes in soil moisture over the ACTIVE product in the
Sodankyla region.

6 Conclusions

The overall conclusion from the various and diverse studies described in this report (involving
comparisons against in-situ datasets, model simulations, and data assimilation analyses) is
that the ECV soil moisture v04.2 product is generally suitable for representing the spatio-
temporal evolution of the land surface (in particular, its temporal dynamics) at most locations
in the World. However, as documented elsewhere for other soil moisture datasets, the ECV
soil moisture product suffers shortcomings at northern high latitudes (northward of 60°N,
though improving from earlier products), over regions with complex topography and regions
with dense vegetation, all areas well known to be difficult to monitor from remote sensing
platforms.

Within the ESA ECV soil moisture itself, there is evidence that the active ECV product performs
better than the passive ECV product in comparison to independent soil moisture datasets.
Nevertheless, the performance of the combined product (current and forerunner versions)
suggests that the product is reaching maturity.

Technical issues were identified in the v05.0 product that have prevented its general release
as the latest public version of the product.

Finally, we note the potential of data assimilation for adding value to the ECV soil moisture
product, e.g., by providing soil moisture information at higher spatial resolution in the
horizontal, and in the vertical (e.g., providing information on root zone soil moisture). This is
especially relevant for regions where high quality precipitation data sets are lacking, here the
ESA CClI SM product can provide valuable additional information of the state of the land
surface. Various workshops and meetings within the ESA CCl for soil moisture have identified
the importance of root zone soil moisture information for studies of the climate system,
including the hydrological and carbon cycles.
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8 Appendix

Global relationships for the period 1997 to 2013
GPCP 1.2 precipitation and CCl SM — Absolute values:
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Figure 47: Pearson correlation coefficient R for GPCP v1.2 precipitation estimates and a) CCl SM v0.1,
b) CCl v02.1, c) CCl v02.2, d) CCl v03.2, e) CCI v04.0, f) CCl v04.1, g) CCl v04.2 and h) CCI v05.0 for the

period 1997 to 2010. Calculations are based on half-monthly absolute values.
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GPCP 1.2 precipitation and CCl SM — Anomaly values:
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Figure 48: Pearson correlation coefficient R for GPCP v1.2 precipitation estimates and a) CCl SM v0.1,
b) CCl v02.1, c) CCl v02.2, d) CCl v03.2, e) CCI v04.0, f) CCl v04.1, g) CCl v04.2 and h) CCI v05.0 for the
period 1997 to 2010. Calculations are based on half-monthly anomaly values.
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Figure 49: Pearson correlation coefficient R for ERA-Land soil moisture estimates a) CCl v02.1, b) CC/
v02.2, ¢) CClv03.2, d) CCI v04.0, e) CCl v04.1, f) CCI v04.2 and g) CCI v05.0 for the period 1997 to 2013.

Calculations are based on half-monthly absolute values.
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Figure 50: Pearson correlation coefficient R for ERA-Land soil moisture estimates and a) CCl v02.1, b)
CCl v02.2, c) CCl v03.2, d) CCl v04.0, e) CCI v04.1, f) CCl v04.2 and g) CCI v05.0 for the period 1997 to
2013. Calculations are based on half-monthly anomaly values.
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Figure 51: Pearson correlation coefficient R for GIMMS NDVI3g estimates and a) CCI v02.1, b) CCl v02.2,
¢) CCl v03.2, d) CCl v04.0, e) CCl v04.1, f) CCl v04.2 and g) CCl v05.0 for the period 1997 to 2013.
Calculations are based on half-monthly absolute values and a shift of one half-month was applied.
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Figure 52: Pearson correlation coefficient R for GIMMS NDVI3g estimates and a) CCl v02.1, b) CCl v02.2,
c) CCl v03.2, d) CCl v04.0, e) CCI v04.1, f) CCl v04.2 and g) CCI v05.0 for the period 1997 to 2013.
Calculations are based on half-monthly anomaly values and a shift of one half-month was applied.
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Figure 53: Difference between Pearson correlation coefficient R derived for GPCP v1.2 precipitation

estimates and different versions of CCl SM for the period 1997 to 2013. Calculations are based on half-
monthly absolute values.
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Figure 54: Difference between Pearson correlation coefficient R derived for GPCP v1.2 precipitation

estimates and different versions of CCl SM for the period 1997 to 2013. Calculations are based on half-
monthly anomaly values.
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Figure 55: Difference between Pearson correlation coefficient R derived for ERA Land estimates and
different versions of CCl SM for the period 1997 to 2013. Calculations are based on half-monthly

absolute values.
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Figure 56: Difference between Pearson correlation coefficient R derived for ERA Land estimates and
different versions of CCl SM for the period 1997 to 2013. Calculations are based on half-monthly

anomaly values.
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Figure 57: Difference between Pearson correlation coefficient R derived for GIMMS NDVI3g estimates
and different versions of CCl SM for the period 1997 to 2013. Calculations are based on half-monthly

absolute values and a shift of one half-month was applied for deriving R.
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Figure 58: Difference between Pearson correlation coefficient R derived for GIMMS NDVI3g estimates
and different versions of CCl SM for the period 1997 to 2013. Calculations are based on half-monthly

anomaly values and a shift of one half-month was applied for deriving R.
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