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1 Executive Summary

¢KS 9{! //L {a @nodH LINRRdIzOG O2yaArada 27F GKN
t NPRdzOG¢ |yR GKS at! {{L+9 tNRBRdzOG¢(¢ H6SNBE ONSBI
soil moisture products, respectife@ T ¢ KS &/ ha. Lb95 t NPRdzO(G¢ A&
the former two data sets. Data files are provided as Net€fssic format and comprise

global merged surface soil moisture datasets at daily temporal resolution. The data set spans

over 37 yearsavering the period from November 1978 to December 2015.

The theoretical and algorithmic base of the product is described iR3JRBNd reported by
Wagner et al. (2012)The SNR (signt-noiseratio) merging algorithm introduced for the
first time in this version is degsbed inGruber et al. (in prep.)An overview of all known errors

of the soil moisture datasets movidedin Gruber, (in prepand in(Dorigo et alin review)
Further documentation relating to the product, and reference documents are provided in
Section3 and can be found on the CCI Soil Moisture project web sitip:(/www.esa-
soilmoisturecci.org.

The location and full access details to the product are provided to users after completion and
verification of a user registration form. Users can register to access the product from the User
Registration form on the CGviBMoisture Website.

The product is provided in a format that currently complies with the minimum standard
format requirements as detailed by the CCI data standardskiwwgrgroup (DSWGRD11].
ForthisreasonESA C@EM 03.2is providedin NetCDH classicformat and is alseompliant

with the NetCDF Climate and Forecasting group best pradiia12].

http://cf -pcmdi.linl.gov/documents/ctonventions/latesicf-conventionsdocument1

1
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2 Introduction

2.1 Purpose and structure of the Document

Thepurpose of theProduct User Guide (PU{S)todescribethe ECV data produat a
manner that isunderstood by the product user with focus on:

the geophysical data product content

the product flags and metadata

the data format

the product grid and geographic projection
how people use the product, and

known limitations of the product.

= =4 —a -4 —a -1

Since the usersf the soil moisture product come from a wide and varied audience, with
differing levels of knowledge in the field of retrieval of soil moisture informaftiom satellite
observations, this document provides some relevant background aiming to enablenactom
understanding. &ction 4 provides an overview of the pivotal role that soil moisture plays
within the environment and section 5 provides an overview of its retridv@in earth
observationsatellites.

In section 6 the product characteristics are intvogd including the geophysical parameters
that are available in the products, their respective data volumes, and the physical structure
and format of the product and associated quality flags and indicators.

Section? islargelytakenfrom Dorigo et al(in review)and it presents the broadesieview, to

date, of the current useand applicationof the ESA C@AM product by the wider scientific
community.In this section it ishown how ESA CCIl SM has contributed to improved process
understanding in the following Earth system domains: climate variability and change, land
atmosphere interactions, global biogeochemical cycles, hydrological and land surface
modelling, drought applations, and meteorologyThe exhaustive list okeferences for this
sectionare presented insection12.

Known issus and product limitations, for the data producers point of view, are provided in
Section 8 and picks up on such points as the spatial availability of the data and provides
information on the fraction of days with valid observations over the different miiof the

data set and show fractional observation density across the globe. In section 9 the opportunity
is taken to provide a overview of key points relating to data access, team contact, and restates
the acknowledgement to be cited in the use of the EBBWproductsReflecting on the broad

and varied backgrounds of the users section 10 concludes the PUG with the provision of some
common terminology used within the earth observation domain.
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2.2 Target Audience

This document targetgsers offemotely sensed sbmoisture data setacross thevarioususer

domains

3 Reference Documents

The followingreferences aref relevance to this document.

[RD1]

ESA Climate Change Initiative Phase 2, Statement of Work, European
Agency, C(RRGMEOPSW12-0012.

[RD2]

Technical Proposal (Part 3) in response to ESA Climate Change Initiative
RFQ/314173/14/kNB, Vienna University of Technolagy.

[RD3]

ATBD, Algorithm Theoreal Baseline Document, Algorithm Theoretical
Baseline Document (ATBD), D2.1 Ver8@2, Executive Summag{
December 2016ESA IBnate Change Initiative PhaseSpil Moisture Project,
http://www.esa-soilmoisturecci.org

[RD4]

M. Ertl, A. BorescglR013) System Specification Document (SSD v2), Versig
06 December 2013

[RD5]

R.Kidd, D. Chung, W. Dorigo, R. De, J&013) Input/Output Data Definitio
Document (IODD v2), Version 2.0,19 December 2013

[RD6]

CECR, Comprehensive Error Characterisation Report, Version 0.5, 21 Ap
ESA Climate Change Initiative Phase 2 SostiMei Project, http://www.esa
soilmoisture

cci.org/sites/default/files/documents/public/Deliverables/CCI2_Soil_Moistu
_D2.2.0_CECR_v0.6.pdf

[RD7]

DARD, Data Access Requirements Document, Version 0.2, 12th April 20
Climate Change Initiative Phase Soil Moisture Project, http://www.esa
soilmoisture
cci.org/sites/default/files/documents/public/Deliverables/CCI2_Soil_Moistu
_D1.3.0_ DARD_v02.pdf

[RDS]

SRD, System Requirements Document, Version 2.0, 9th June 2015, ESA
Change Initiative PhaseSoil Moisture Project

[RDI]

R. Kidd, D. Chung, W. Dorigo, R. De (#113), Detailed Processing Moc
(DPM), Version 2.2, 18 December 2013
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[RD10] | PSD, Product Specification Document, Version 2.5, 31 July 2015, ESA
Change Initiative PhaseSbil Moisture Project

[RD11] | ESA, Guidelines for Data ProducefSlimate Change Initiative Phase 1, -C
PRGMEOPS N-13-0009, Issuel, Revision 1, Victoria Bennethd Sarah Jame
24/05/2013

[RD12] | NetCDF Climate and Forecast (CF) Metadata Conventidarsion 1.6, !
December, 2011, Brian Eaton, Jonathan Gregory, Bob Drach, Karl Tayl
Steve Hankin
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4 Soil Moisture within the environment

The central role of soil moisture for the environment is well known. Its contribution e.g. to
hydrological ad agricultural processes, linked to e.g. runoff generation, drought
development, and irrigation, respectively, is evident. Moreover, it significantly impacts the
climate system through feedbacks to the atmosphere. As a source of water for
evapotranspiration over the continents, soil moisture is involved not only in the water but also
in the energy cycle. Approximately 60% of precipitation over land is returned to the
atmosphere as evapotranspiratig@ki and Kanae 20Q6and this flux also uses up more than
50% of all net radiation over laf{Birmeyer et al. 2006 The investigations of possible effects
of soil moisture on the climate date back to the 70s and @hukla and Mintz 19§2In the
recent years soil moisturelimate interactions received an increasing attent{@eneviratne

et al. 2010. Moreover, in 2004 soil moisture wascognized as an essential climate variable
(ECV) and finally added inZito the list of terrestrial ECV by the Global Climate Observation
System (GCOS).

A number of numerical experiments have established the sensitivity of atmospheric fields to
soil moisure dynamicgqDiffenbaugh et al. 20QFischer et al. 2007daeger and Seneviratne
2011, Koster et al. 2004Seneviratne et al. 20060n short time scales, which are relevant for
numerical weather predictio, soil moisture variations seem to have a more significant
influence on the surface energy budget and on the planetary boundary layer structure than
changes in other terrestrial variables such as roughness or alfiddbfouf 199). The
importance of soil moisture for subeasonal and seasonal forecastinglg well established
(Koster et al. 2004 oster et al. 2010 and is additionally impacted by the memory asated

with soil moisture(Entin et al. 2000Seneviratne et al. 2006/innikov et al. 1996Wu and
Dickinson 200%

Most of the impacts of soil moisture on the climate system are induced by its coupling to
evapotranspiration, and resulting impacts on temperatural gecipitation(Seneviratne et

al. 2010. Strongesteedbacks between land and atmosphere are expected in regions with soil
moisturelimited evapotranspiration regimes, given by the control of soil moisture on
evapotranspiration(Hirschi et al. 201)1 Mostly affected are transitional zones located
between wet and dry climatg&oster et al. 20045eneviratne et al. 20Q0pwhere soil moisture

is limiting for evapotranspiration and can strongly vary on both intrannual and interannual
time scales. This coupling has been shown to be of strong relevance for climate variabilit
mid-latitude regions, in particular for the occurrence of heat wa{éiscler et al. 2007h
Impacts on precipitation are less consistent across studies, but are found to include a number
of direct and indirect feedbacKEindell and Eltahir 2003B). In the context otlimate change,
regions with transitional climate regimes are expected to be shifted polewards, with a possible
increase in climate variability induced by soil moisture feedbacks in regions with currently wet
climate regimes. Supporting numerical studiescent observational studies have shown

5
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evidence for soil moisture impacts on hot extremgsrschi et al. 201)1as well as global
evapotranspirationJung et al. 2010

Furthermore, it is possible that soil moisture anomalies may also affect&maje circulation
patterns. For the United States, the study of Pal and EIt@003 has suggested that soil
moisture anomalies over relatively small regions may induce floods and droughts not only
locally, but also aer distant areas. A relationship between the depletion of early summer soil
moisture and the development of heat lows over the Mediterranean region in late summer
has also been noticed in Haarmsa et(2009).

A factor influencing soil moisturelimate interaction is the vegetation. Transpiration is the
evaporation through the plant stomata, which is regulated by several factors including soil
moisture. Therefore, land cover and its variation in time are expgktdglay a crucial role for

soil moistureclimate interactions. A possible impact of vegetation cover during the European
heat wave 2003 was shown in Zaitchick et(2006) by comparing temperature anomalies
over pastures and forests, showing higher heat anomalies over the pastures during the August
peak of the 2003 European summer drought and heat wave. The study by Teulin@@1@l.

based on measurements from the Fluxnet network, also identified differences in the energy
fluxes over grassland and forest sites during heat wave days, although the results were in
partial contrast to those of Zaitchick et 006). For typical heat wave days, it was found that
the forest led to a higher warming of the atmosphere than geass$| because the former used

less energy for evapotranspiration than the latter. However, the implications are that in the
long term the soil moisture depletion over grassland is faster than over forest, and
consequently grassland would lead to higher wargnafter long dry and hot periods. This
study highlighted the timescale dependence of feedbacks between land surface processes
and the climate, and its strong relation to soil moisture dynamics.

All of the mentioned feedbacks and interactions are pattidy relevant for drought
development, and especially agricultural (or soil moisture) drought. This is another area where
the increasing availability of soil moisture observations can help investigate and diagnose the
underlying driving processes, e.gettespective role of largscale circulation patterns versus
land-atmosphere feedbacks for drought developméRbwell and Jones 2008chubert et al.
2004).



N c0il moisture Soil Moisture ECV Product User Guide Versionl.2
ﬁ (PUG) Date7 December 2016

5 Soil Moisture Data from Earth Observation Satellites

This sectiorprovidesa generaloverview of the different types of data and the methods,
technologies and processes employed to geneth&e Soil Moistue Data Product§om the
measurement taheir application/analysis

5.1 Microwave Instruments onboard Earth Observation Satellites

There are two principal types of remote sensing, corresponding to the following types of
microwave instruments: (a) scatterometerand radars which measure the radar
ol O1 a0l G0 S NRyhDhyscal SiFtF RBD br3fmd], and (b) radiometers which
measure the brightness temperaturgif physical unit [K]. Instruments in group (a) are called
activebecause they use their am source of electromagnetic energy for the measurement,
while the ones in group (b) are referred to passiveinstruments because they measure
energy that is reflected or emitted from the earth surface.

Figure 1 identifies the a&tive (at the bottom) and the passive (at the top) microwave
instruments that are used for the production of the Soil Moisture ECV Data Products, their
hosting satellites, and their times of operation.

1 AMIWS and ASCAT are (actived)add scatterometer insuments onboard the ERS
and METOP satellites, respectively. Note that AM] A& adAfft €1 0SfSR
picture, though the former name is nowadays preferred.

1 SMMR, SSM/I, TMI, AMSRand Wind& are (passive) mulfrequency radiometer
instruments omoard the Nimbus/, DMSP, TRMM, Aqua and Coriolis satellites,
respectively.

These instruments are characterized by their high suitability for Soil Moisture retrieval and
their technological maturity.



soil moisture Soil Moisture ECV Product User Guide Versionl.2
cci (PUG) Date7 December 2016

l 3 -
t Tl |N1mbus 7 SMMR |

e M |D_MSP F8-F13 SSM/| P>
. = ?
” | TRMM ™I
% [Aqua AMSR-E ' i D ccomw1 AmsR2
f" |Cor|olls Windsat
& /m
s"’
D SAD-C Aquarius
Ta b sa_

: W\ [Envisat ASAR ' |

% ¥ |

% : n . ..

: : — T -

i,f 77/ [ERST2SCAT ) ol |
: . @ [WECpARSOAR...... "
% : () MetQp:B 2.
: : {MetOp-C
1980 1990 2000 2010 2020
Figurel: Microwave Instrumats used for the generation of Soil Moisture ECV Data Profigctson
02.2)

The System is designed to allow the integration of new instruments during its operational use
phase In Figurel although the Soil Moisture Active Pags{SMAP) and Aquarius missions will
not yet be considered in the products generated within phase 2 of the project they are already
included in this diagram to highlight their potential inclusions in the ECV production in the
future. SAR data from Envisamd Sentinell will not be directly integrated into the merged
ECV products but be used for improved characterisation of errors angizabheterogeneity

of the coarsescale products.

A

Ly | aAy3atsS 2@SNLI aa 02y S 2 Niomeni obseN&sdryite ( K S
swath of the land surface of a width somewhere between 500 to 1400 km. Satellite swath data

is made of individual nodes (syn. pixels), each node being a measurement of either
backscattering coB T A O%(&e) or brightness temperatures Tpassive) from an area
(footprint) of 1050 km diameter on the earth surface.

Figure2 shows the geometry of the wide swath imaging measurements made byWAS/I
(SCA) and ASCAT instruments onboard the ERS and METOP satellites. TWS AMI

8
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scatterometer (left part oFigure2) consists of three antennae producing three beams looking
45° forward, sideways (90°), and 45° backwaitth respect to the satellite’'s motion direction
along the orbit. The measurements from each beam consist of 19 nodes spaked&art.

As the satellite beams sweep along the earth surface yielding an approximately

~

ERS SCAT METOP ASCAT

Ty |

Figure2: Beams and Wide Swaths of AMIS and ASCAT Instruments

pnn 1Y 6ARS agl 0KX SPHékscaitdrimasurdNBnRidry@tedokel & 2 ¢
an area around 50 km in diameter. The three measurements originating from the three beams
during the single sathte overpass are called triplets.
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Figure3: Wide Swaths and Daily Global Coverage of¥@I(left) and ASCAT (right)

The ASCAT scatterometer (right partidure2) is similar but consists of three @mnae on

either side, producing six beams. The measurements from each beam consists of 21 nodes
spaced 25 km apart daes) or 41 notes spaced 12.5 km apartr@s). While the satellite
beams sweep along the earth surface a wide swath is observed ar sitle.

Figure3 shows the orbits made by a single ERS satellite (left) and a single METOP satellite
(right) and the wide swaths captured by AMIS and ASCAT instruments, respectively, during
one day of observation time. The widavaths of ASCAT have negwbal revisiting times of

2¢3 days.

5.2 Data Processing Chain

The payload data received from a satellite passes through a chain of processing which has the
following principal steps:

4

f Level 0: Reconstructing the raw instrument daaN2 Y | al G46Stf AdSQa
transmissions received at satellite ground stations, and archiving them at a data
centre.

1 Level 1: Converting the raw instrument data of a single overpass swath to calibrated
measurements (observations) of radar backscaytesi O 2 S P if [EED ar H13/niF]
(in case of active instrument), or brightness temperatugenT[K] (in case of passive
instrument).

9 Level 2: Retrieving the Surface Soil Moisture (SSM) geophysical paranmepdrysical
units [%] or [ni/m?] ¢ from the calibrated measurements of a single overpass swath.

10
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1 Level 3: Generating the consistent and global Soil Moisture ECV Data Products by
merging the SSM timeseries acquired from many satellites over many géais is
the objective of the System specifiéérein.

1 Level 4: Analyzing the lower level data to determine the state or change of state
(events, processes) of regional or global climate systems.

In the following section @rief survey of the different processing levels tailored to Soil
Moisture. Therds also a finggrained organization within the levels, in terms of sublevels or
product categories, but these are suppressed in the first survey. A full specification of data
processing levels is available @DD[RD5].

Levels O1:

The steps up to Levé| from the instrument to the calibrated measurement result, follow the
principles of measurement as outlined {dCGM 2008 and (JCGM 2012 Note that a
measurement (syn. observation) is not necessarily made with a single antenna, instrument, or
evena single satellite. Crucial is that the individual measurement devices contributing to the
measurement result are synchronized (with sufficient accuracy in space and time) to the
spatialtemporal coherency characteristics of the observed source. Thergtfioeecalibrated
measurement may be summed from many antennas (e.g. in case of the SMOS MIRAS
instrument, which uses aperture synthesis) or even summed from satellites in formation
flying. In any case, because the observations made at different orbitsoti@atisfy the
coherency criteria, Level 1 data are observations from a single overpass.

Levels 23:

The situation changes for the Levels 2 and 3, which are about the art of estimating values of
quantities that cannot be directly measured with remote segsiinstruments. The
mathematicalphysical basis for this process is that there is a functional relation between
object parameters X and instrument observables Y. Symbolically, the relation may be written
as Y = f(X) (forward model) or X = g(Y) (inversion$. known that at any time object
parameters X and observables Y have definite values. Once sufficient information is obtained
from measurements of Y, estimates of X can be determined under certain conditions, iff there

is sufficient knowledge of a saitle model or inversion. To indicate this radical difference, this
LINEPOS&aa Aa y2 f2y3ISNIOIFffSR YSIFadaNBSYSy{d o dzi
In the case of the ECV Production System the observed object is an area of the top soil surface
layer (of approx. 25x25 km size and cm thickness), and the retrieved geophysical parameter

is Soil Moisture, expressed in the physical unit [%)] &njfp.

Depending if the measurement was made with an active or a passive microwave instrument,
respectively, either a change detection appch or a forward modeling method is utilized.
Both methods, like geophysical parameter retrieval in general, require use of additional

11
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ancillary data, which can be lowtigrm reference data (historical data, climate data) or model
parameters.

Levels 2 an® have in common that the retrieved parameters are local state variables: they
characterize the state of a local and compact object in space (i.e. a local physical system), at a
moment or period in time. They are thus distributions in space (over thedarfdce in case

of Soil Moisture) and time. The difference between Level 2 and 3 is that the parameter
retrieved by a process of Level 2 adheres to the locality condition of a single Level 1
measurement, while this condition is relaxed at Level 3. Intm®clLevel 3 is about merging

Level 2 data from different observation times, orbits or instruments.

For full descriptions of the ra@val and merging methods cf. ATED3] and(Wagner 2012
Level 4:

At Level 4 analyses of data from Levels 3, 2 or 1 are performed in order to determine the state
or the change of state of specific gpbysical system of interest, in particular regional and
global climate systems. Detection of change of state typically involves statistical analysis
methods (e.g. trend analysis) and process model calculations (simulations) using lower level
data as input.

Present at H Levels of the data processing chain (but omitted in the discussion so far) are
processes to determine measures for the degree of definiteness of the resulting data. At Levels
0 and 1 an adequate measure is the measurement uncertainty as described €1GGM

2008, and at Levels 2 and 3 the errorachcterization as described ®ECRRD6]. We do rot

know what measures are used at Level 4 but we note that results of analyses and simulations
may be in the range of evidentiary to indicative.

5.3 Grid Types

The data acquired by a satellite instrument constitute individual measurements per swath
node (actudly one measurement result per beam, overpass and swath node) and are spatially
arranged in the geometry of@wath grid as illustrated irFigure2. Swath grids are dynamical

(with respect to the earth surface) because they ap@ection made by the moving satellite.

The Level 0 data are necessarily raster data from a swath grid. Typically, Level 1 and 2 data
provided by ESA, EUMETSAT, NASA and JAXA are still in the geometry of swath grids, and
annotated with time and geereferencing information to allow inference of time and geo
location of each swath node. Data in swath grid geometry are usually distributed as one raster
per halforbit i.e. one raster for the ascending orbit direction and a second raster for the
descending dsit direction. The format of geceferencing information varies; it may be given

per raster as a whole or even as (latitude, longitude) coordinates per grid node.

12
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Technically, it can be of advantage to map the swath grid nodes, onto a (sgitzd) grict

which is uniformly and statically covering the earth surface. Cases where mapping to a global
grid is already performed at Level 1 are NimlfuSSMR, DMSP SSM/I and SMOS MIRAS, and
at Level 2 METOP ASCAT. Note that a global grid maps the space dimemgionkile time
referencing annotation is still maintained for the individual measurements.

Figure4 shows the equally spaced, equal area WARP 5 global grid used for the ASCAT Level 2
SSM data. The principle of construction (oaded in the upper part ofFigure4) is as follows:

a) create equally spaced latitude small circles at distaa¢cesd b) on each latitude circle
create grid points at discrete longitudes, again with a fixed spacing. due to the
construction the global grid has areas with irregularities. The lower pdfigofre4 shows: a)

the regularity at origin, b) the divergence at the North Pole, and c) the dislocation at the 180°
meridian.

..............
..............

. D0 .

Figure4: Constructiorof the WARP 5 Global Grid used for ASCAT L2 Data

Figure5 a) shows the geodesic grid used for the SMOS Level 1 and Level 2 data, known as
Icosahedron Snyder Equal Area (ISEA) Aperture 4 HexagoralH)SHobal grid. This grid is
constructed by a subdivision method. Creating the grid involves subdividing the 20 equilateral
triangles forming the faces of the regular icosahedron into more triangles, yielding 20

2 The technical term is Discrete Global Grid (DGG), however, as we dmowat how a nordiscrete (i.e.
continuous) grid would look like, we do not use this term herein.

13
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hexagons and 12 pentagons on the surfaédhe sphere (the saalled resolution 1 grid).
Higher resolution grids are formed iteratively by tessellating the obtained shapes.

a) b)

Figureb5: a) Geodesic ISEAdHd of SMOS; b) regular latitudelongitude grid use for SM ECV

Figure5b) shows a regular latitudengitude grid. Grid points are equally spaced in the
latitude-longitude coordinate system, however, as can be readily seéigure5, they are

not equdly spaced / equal area on the earth surface. This grid type is utilized for the Soill
Moisture ECV Data Products.

Still for technical reason, it can be of advantage to proceed further and to map the value
distributions onto aglobal spacdime grid This lappens usually at Level because it
facilitates combining data from many orbits and satellites. Satellite data mapped to a-space
time grid can be viewed in two ways: For a given time index we have a raster image that can
be projected to and visualized @angeographic map; for a given spatial grid point we have a
timeseries that can be visualized as a graph.

Tablel: Grid Systems used for Calibrated Measurement Data and SSM Geophysical Parameter Data

Active Passive

ERS AMI| METOP | Nimb.7 DMSP TRMM Aqua Coriolis | SMOS
WS ASCAT | SMMR SSM/I TMI AMSRE | Wind&at | MIRAS

"0/ Ts L1 | swath swath EASE EASE swath swath? swath ISEA4H

SSM L2 | WARP5 | WARP5 | lat-lon lat-lon swath swath swath TBD

3t NRBRdzOG yIYS 3IAGSYy -Elagfa LS Glabal 6Swath dSpatkitigsafnpled Brightness
¢CSYLISNF GdzZNBaasz 0dzi ¢Bhe ddazyisi swath gebnietrylalthpugh tHeINENR skzéhis ®
indicate a global grid.

14
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Table 1 lists the grid types used for the Level 1 calibrated measurements of radar
ol O1 a0 (G SNXYahd bOghtBeEsF tenipar&yfelsT and the SSM geophysical
parameter data.

In the process of generating the Level 3 Soil Moisture ECV Data Products, thge&SM
parameter data available in the different grid types are converted into a common gjpaee
grid: a latitudelongitude grid (spatial resampling) and a reference time of 0:00 UTC (temporal
resampling). This is the first step to produce a merged and baized ECV Data Product on

a global and uniform spae@éne grid with a spatial resolution of 0.25 degree and a temporal
resolution of one day.

A webbased tool to visualize and search for grid point information (e.g-lgeation, grid
index, surface typey available herehttp://rs.geo.tuwien.ac.at/dv/dgg/

For more information about global grid systems(kidd 2003 and (Bartalis 2009

5.4 Data Flow and Soil Moisture Data Processing Modules

Figure6 shows the Soil Moisture data processing modules of Level 2 and Level 3, the latter

constituting the Soil Moisture ECV Production System (ECVPS, the System). Level 1 input data

are shown on the left side, the produté.evel 3 ECV Data Products on the right. The arrows
indicate the data flow between processing modules.

ECV PRODUCTION

SYSTEM
1. Error Caracterisaton
2. Scaling
3. Merging
ACTIVE DATA
Active Level 2 ; Active
Sensor " Retrieval * Mering r ECV Data
' "
Active/
Merging Passive
ECV Data
Fy
PASSIVE DATA
Passive Level 2 . Passive
Sensor ¥ Retrieval * Merging v ECV Data

Figure6: Principle Data Flow for the generation of Soil Moisture ECV Data Products
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The overall setup of systems follows admntar design to make best use of existing European
and international services, and to ensure that new satellites and instruments such as SMOS,
SMAP and Sentindl can be integrated.

Level 1 calibrated measurements of (active) radar backscattering coeffane (passive)

brightness temperature, the outputsdm the Level 1 processing stegre shown irFigure6

Fa AGSya 1 06StSR a! OGAGS {Syaz2NE |IyR atl aaAad
the major providers of satellite data ESA, EUMETSAT, NASA and JAXA. A complete listing of
the requirad Level 1 data is availableDARORD7].

The conversion of the Level 1 calibrated measurements to the Level 2 Surface Soil Moisture
(SSM) geparameter is performed Y RA @A Rdzk f £ @ LISNJ Ay ad NHzYSyid Iy
in Figure6:

1 SSM parameter retrieval from the calibrated measurements of each (active)
microwave scatterometer instrument is performed with the WARP chathgtection
algorithm of TUW.

1 SSM parameter retrieval from the calibrated measurements of each (passive)
microwave radiometer instrument is performed with the LPRM algorithm of VUA and
NASA.

SSM parameter retrieval is implemented using the establishedl 2eservices of EUMETSAT,
NASA, and JAXA that they provide for the different satellites and instruments. Descriptions of
the processes can be found in DIFRD9] sections 4.1 and 4.2 for the active and passive cases,
respectively.

The Soil Moisture ECVIB8rforms the final processing step, accomplished by three major
modules according t&igure6:

1 Active Merging: (1.) The full Level 2 SSM data set from each active instrument is
resampled to a global spad¢ene grd, (2.) each timeseries at each grid point is rescaled
to the reference climatology of ASCAT, and (3.) all timeseries at each grid point are
YSNHSR G2 I K2Y23SAtieS RO /a+a SENBHISIR t! NRPIRAZEHI ¢ @

1 Passive Merging: In principle, follows the same @@aitof the Active Merging, but has
some extra complications (p#grocessing to convert swath data into timeseries,
decomposition of the AMSR and SSM/I timeseries into their seasonality and
anomalies, incremental merging), and the rescaling is made to réference
climatology of AMSR Y &8ASft RAYy3 | K2Y2 DByBrdvIata a a S NI
t N2 RdzO( ¢ @

‘b3S GKIFG 0 SeNIYSy RAVVEINESRERS | LILISH NI Ay (GKS
Al

G SNI § dzNE .
sometimes with diversified meanings. We do not make a distinction herein an®just f S

£ A
WYSNEAYIQO®
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1 ActivePassive Merging: (1.) The timeseries of the Aetinly and Passivenly ECV
Data Products are rescaled at each grid point to the reference climat@logy a¢ D[ 5! {
b2l K [FYR {dzZNFIF OS a2RSf [n o | 2d2NY¥ & noup
OHDP0 YSNHSR (2 || K2Y2ASYMWSSR/&aSNHSRt NDRA
For detailed listings and descriptions of the reqditeevel 1 and Level 2 data DBIARORD-7],
for Level 2 see also SIRED8] section 5 and IOD[RD5] The internal data flows of the Level
3 ECV generation are specified in 10DIhe descriptions ahe merging algorithms are in
ATBD [RE3] and(Wagner 2012 Full process descriptions of the Level 2 active and passive

parameter retrieval modules and the Level 3 ECV gaimr modules are ailable inDPM
[RDI].

5.5 Soil Moisture Data Products

As an example of a Soil Moisture produeigure7 shows the Soil Moisture climatology for
August derived from combing measurements of six satellite instrumerdsthe period 1979
to 2010.

Surface Soil Moisture (SSM) parameter data from ERSWS/1and METOP ASCAT are an
example of a Level 2 data product. It is retrieved from calibrated measurements of an active
microwave instrument using the change detection nwdhof TUW. The method relies upon

the multi-incidence observation capabilities of the ERS and METOP scatterometers to model
the effects of vegetation phenology. The SSM values are scaled between 0 and 1, representing
zero Soil Moisture and saturation resyrely. Parameter retrieval is not possible over tropical
forest which affects about 6.5% of the land surface area.

Wacmos Seascnality Seil Moisture — August

a.5

G.4

304

.3

G2F 1

-30

Seasonality Seil Moisture [m3,/m3]

a.1

i =120 —B0 Q 807 1207 18

Figure7: Soil Moisture Climatology for the Month August
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Soil Water Index (SWI) parameter data are an exampke loével 3 data product. SWI is a
measure of the profile Soil Moisture content obtained by filtering the SSM timeseries with an

exponential function.

Other typical examples of Level 3 products are the estimates of the Soil Moisture content for
different sal layers and different temporal and spatial sampling characteristics, tailored to the

needs of specific user groups.

SSM and SWI from METOP ASCAT are mapped onto a global grid and can be viewed online

here: http://rs.geo.tuwien.ac.at/dv/ascat/

The SM ECWMata Prodicts can be iewed online here:
http://rs.geo.tuwien.ac.at/dv/wacmos+cci/
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6 Specification of the product s

6.1 Geophysical Parameters

TheACTIVEproduct is the output oimerging scatterometebased soil moisture data, which

were derived from AMIVS anl ASCAThe PASSIVE product merges data fromVB SSM/I,

TMI, AMSRE, WindSat, AMSR2, and SMO8e COMBINED product merges the ACTIVE and
the PASSIVE products. The data sets have been produced following the method as described
by (Dorigo et al. in reviewLiu et al. 2012Liu et al. 2011Wagner 2012 The SNR blending
method will be published ifGruber et al. in prep.The homogenized and merged prodsict
present surface soil moisture with a global coverage and aapatsolution of 0.25°, and
temporal resolutiorof 1 daywith a reference time at 0:00 UTThe soil moisture dat®r the
PASSIVE and the COMBINED produetprovided in volumetric units [fm3], while the
ACTIVE soil moisture data are expressed iogrd of saturation [%].

6.2 Product Data Volume

The ESA CCI SM product version 03.1 is provided as global daily images, irdNGHSBIE
file format and covers the period (yyyym-dd) 197811-01 to 201512-31 for the PASSIVE
and COMBINED products. The AMETproduct covers the peddrom 199108-05 to 201512-
3L

Table2 Temporal coverage and volume size of the products.

Product | Coverage dates | Number of files (days) Volume size
ACTIVE 19910805 20151231 8915 5.31GB
PASSIVE | 19910805¢ 20151231 13575 6.72GB
COMBINED 19910805 20151231 13575 102GB
Total N/A 36065 22.23GB

6.3 Structure and format of the product

6.3.1 Data file format and file naming

The file format used for storing the data is Net&Dé&lassic. All (NetCDF) files do¥l the
NetCDF Climate and Foest (CF) Metadata Conventions versio. 1IThe NetCDF soll
moisture data files are stored in foldefi@r each yeamwith one file per day. The following file
naming convention, based on available CCl ECV standasggplied
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ESACCI <CCI Project> - <Processing Level> - <Data Type> - <Product String>[ - <Additional

Segregator>] - <Indicative Date>[<Indicative Time>] - fv<File version>.nc
<CClI Project>

Following the filenameing convention GICI data standards working group (DSWG) the name
of this project is SOILMOISTURE.

<Processing Level

The processing level for theESA CE&M products isli_.3% (supercollated), where observatian
from multiple instruments are combined into a spai®e grid.

<Data Type

The data type for the ACTIVE pr@iii SSMS (stirface soil moisture degree of saturation
F6a2tdziSos YR F2NJ 0KS t ! {SSMé{Surfateysdt! mpidiuse. L b 9 5
volumetric absolute).

<Product String

¢KS LINRPRdzOO aGNAY3 F2N ACKHELD/ ®&PASSIVEKPMBWRAZO G A 3
A PASSIMES ECOMBINED T2NJ GKS /ha.Lb95 LINRRdzZOUG®
<Additional Segregatos

Additional segregator not used and not defined.

<Indicativedate and time>

This field indicates the date and time for soil moisture data that are storéueilNetCDF file.

The format is YYYYMMDDHHmMmMSS, where YYYY is the four digit year, MM is the two digit
month from 01 to 12, DD is the two digit day of the month from 01 to 31, HH the two digit
hour from 00 to 23, mm the two digit minute from 00 to 59, ar@ltBe two digit second from

00 to 59.All times relate to UTC.

fv<file version>

The file version number in form xy.z provides information relating the version of the file
format that has been used to provide the product. In the global NetCDF header otlatech

file the product version number specifies the version of the current product. Since product
version 02.1 the file version and the product version number are the same.

6.3.2 NetCDF file structure

6.3.2.1Global NetCDF Attributes
The Global NetCDF attributes are ctésed inTable3 for the ACTIVH,able4 for the PASSIVE, and
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Tables for the COMBINED product. The Global Attributes are provided for two reasons. The

I 0 G NAtileiz( S Fpfdductoversiod LINE OA RS (KS YAYAYdzy dzal 3S
RFEGFIZ gKAfad GKS NBYL A ysuymdngl GFGINANRZIAS0EAS  ALANPNAIAA
discovery metadata for harvesting into catalogues and data federations. Because the global
NetCDF tributes slightly differ between each of the three products in some points, we

present the complete list of attributes.

In general, the Global Attributes will be static and not vary between files for the same file
version containing the same product vensj with the exception of those attributes whose
content is noted by a variable; denoted as <variable>. Explicitly the following attributes will
g NB F2NJ SOSNE T hift®yé (aphiaiirg Ergation datBIN@BaskiozDikEY a
Gilenameé  logafe qeatedé = YR 0S06SSy (GKS GKNBS LINERAzO
dtitle 0 LINE R dzOsburceii A timBiSaveTage Gtart > timed coveraye_duratiorg =
fplatformé T  beyidRré G

Table3 Global NetCDF Attributes for tReCTIVBroduct

Global Attribute Name Content
title ESA CCI Surface Soil MoistureACTIVEProduct
institution Technische Universitat Wien (AUT), Transmissivity B.V. Noordwijk (NL)
contact cci_sm_contact@eodc.eu
source WARP 5.5R1.1/ERS12/AMMS Level 2 Soil Moisture; WARP 5.4R1.0/ERS2/AMI

WS Level 2 Soil Moisture; WARP 56.1R1/MetOp-A(B)/ASCAT Level 2 Soil Moisture

history 2016-10-15 00:00:00 - product produced

references http://www.esa -soilmoisture-cci.org;

Liu, Y.Y., Dorigo, W.A., Parinussa, R.M., de Jeu, R.A.M. Wagner, W., McCabe,
M.F., Evans, J.P., van Dijk, A.1.J.M. (2012). Trend-preserving blending of passive
and active microwave soil moisture retrievals, Remote Sensing of Environment,

123, 280-297, doi: 10.1016/j.rse.2012.03.014;

Liu, Y.Y., Parinussa, R.M.,Dorigo, W.A., De Jeu, R.A.M., Wagner, W., van Dijk,
A.lLJ.M., McCabe, M.F., & Evans, J.P. (2011): Developing an improved soil
moisture dataset by blending passive and active microwave satellite based

retrievals. Hydrology and Earth System Sciences, 15, 425436;

Wagner, W., W. Dorigo, R. de Jeu, D. Fernandez, J. Benveniste, E. Haas, M. Ertl
(2012): Fusion of active and passive microwave observations to create an

Essential Climate Variable data record on soil moisture. ISPRS Annals of the

Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume +7,
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2012. XXIl ISPRS Congress, 25 August 01 September 2012, Melbourne,

Australia.

In preparation: Gruber, A., Dorigo, W. de Jeu, R., & Wagner, W. (in preparation).
Triple collocation based blending of active and passive satellite soil moisture
observations. Crow, W. T., Su, C. H., Ryu, D., & Yilmaz, M. T. (2015). Optimal
averaging of soil moisture predictions from ensemble land surface model

simulations./Water Resources Research/,/51/(11), 9273-9289.

tracking_id <XXXXXXXX-YYYY-Zzzznnnn-mmmmmmmmmmmm> a UUID (Universal Unique
Identifier) value

conventions CF1.6

product_version 03.1

summary The data set was produced during the CCI project.
keywords Soil Moisture/Water Content

id <filename>

naming_authority TU Wien

keywords_vocabulary

NASA Global Change Master Directory (GCMD) Science Keywords

cdm_data_type

Grid

comment

These data were produced as part of the ESA soil moisture CCl and WACMOS
projects. Contract No. 4000112226/14/1-NB"

date_created

<file creation date>

creator_name

Department of Geodesy and Geoinformation, Vienna University of Technology

creator_url

http://rs.geo.tuwien.ac.at

creator_email

cci_sm_developer@eodc.eu

project Climate Change Initiative - European Space Agency
geospatial_lat_min -90.0

geospatial_lat_max 90.0

geospatial_lon_min -180.0

geospatial_lon_max 180.0

geospatial_vertical_min 0.0
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geospatial_vertical_max 0.0
time_coverage_start 19910805T000000Z
time_coverage_ed 20151231T000000Z
time_coverage_duration P24y
time_coverage_resolution P1D

standard_name_vocabulary

NetCDF Climate and Forecast (CF) Metadata Convention

license data use is free and open for all registered users
platform ERS1, ERS2, METORA, Metop-B
sensor AMI-WS, ASCATA, ASCATB

spatial_resolution

25km

geospatial_lat_units

degrees_north

geospatial_lon_units

degrees_east

geospatial_lon_resolution

0.25 degree

geospatial_lat_resolution

0.25 degree

Table4 Global NetCDF Attributes for tRASSIVEroduct

Global Att ribute Name

Content

Title ESA CCI Surface Soil Moisturd?ASSIVEProduct

institution Technische Universitat Wien (AUT), Transmissivity B.V. Noordwijk (NL)
contact cci_sm_contact@eodc.eu

source LPRMv0O5/DMSP/SMMR L3 Surface Soil Moisture, Ancillary Paramand quality

flags; LPRMvVO5/F08, F11, F13/SSMI L3 Surface Soil Moisture, Ancillary Params,
and quality flags; LPRMvO5/TMI/TRMM L2 Surface Soil Moisture, Ancillary Params,
and QC; LPRMvO5/AMSRE/Aqua L2B Surface Soil Moisture, Ancillary Params, and
QC; LRRMvVO5/WINDSAT/CORIOLIS L2 Surface Soil Moisture, Ancillary Params,
and QC; LPRMvO5/AMSR2/GCOMW1 L3 Surface Soil Moisture, Ancillary Params
SMOS:CATDS Level 3 Brightness TemperaturegL3TB) version 300, issued from
the third (2010 -2013) and fourth (2014 -2015) reprocessing

campaigns (REO03 and RE04, respectively).
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Global Att ribute Name

Content

history

2016-09-16 00:00:00 - product produced

references

http://www.esa -soilmoisture-cci.org;

Liu, Y.Y., Dorigo, W.A., Parinussa, R.M., de J&, R.A.M. , Wagner, W., McCabe,
M.F., Evans, J.P., van Dijk, A.1.J.M. (2012). Trend-preserving blending of passive
and active microwave soil moisture retrievals, Remote Sensing of Environment,

123, 280-297, doi: 10.1016/j.rse.2012.03.014;

Liu, Y.Y., Parinuissa, R.M., Dorigo, W.A., De Jeu, R.A.M., Wagner, W., van Dijk,
A.l.J.M., McCabe, M.F., & Evans, J.P. (2011): Developing an improved soil
moisture dataset by blending passive and active microwave satellite based

retrievals. Hydrology and Earth System Scienes, 15, 425-436;

Wagner, W., W. Dorigo, R. de Jeu, D. Fernandez, J. Benveniste, E. Haas, M. Ertl
(2012): Fusion of active and passive microwave observations to create an
Essential Climate Variable data record on soil moisture. ISPRS Annals of the
Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume +7,
2012. XXII ISPRS Congress, 25 Augusti 01 September 2012, Melbourne,

Australia.

In preparation: Gruber, A., Dorigo, W. de Jeu, R., & Wagner, W. (in preparation).
Triple collocation based blending of active and passive satellite soil moisture
observations. Crow, W. T., Su, C. H., Ryu, D., & Yilmaz, M. T. (2015). Optimal
averaging of soil moisture predictions from ensemble land surface model

simulations./Water Resources Research/,/51/(11), 9273-9289.

tracking_id

SXXXXXXXX -YYYY-ZzzZnnnn-mmmmmmmmmmmm> a UUID (Universal Unique

Identifier) value

conventions

CF1.6

product_version

03.1

summary The data set was produced during the CCI project.
keywords Soil Moisture/Water Content

id <filename >

naming_authority TU Wien

keywords_vocabulary

NASA Global Change Master Directory (GCMD) Science Keywords

cdm_data_type

Grid
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Global Att ribute Name

Content

comment

These data were produced as part of the ESA soil moisture CCl and WACMOS

projects. Contract No. 4000112226/14/1-NB"

date_created

<file creation date>

creator_name

Department of Geodesy and Geoinformation, Vienna University of Technology

creator_url

http://rs.geo.tuwien.ac.at

creator_email

cci_sm_developer@eodc.eu

project Climate Change Initiative - European Space Agncy
geospatial_lat_min -90.0
geospatial_lat_max 90.0
geospatial_lon_min -180.0
geospatial_lon_max 180.0
geospatial_vertical_min 0.0
geospatial_vertical_max 0.0
time_coverage_start 19781101T000000Z
time_coverage_ed 20151231T000000Z
time_coverage_duration P37Y
time_coverage_resolution P1D

standard_name_vocabulary

NetCDF Climate and Forecast (CF) Metadata Convention

license data use is free and open for all registered users
platform Nimbus 7, DMSP, TRMM, AQUA, Coriolis, GCOM/1, MIRAS
sensor SMMR, SSM/I, TMI, AMSRE, WindSat, AMSR2 SMOS

spatial_resolution

25km

geospatial_lat_units

degrees_north

geospatial_lon_units

degrees_east

geospatial_lon_resolution

0.25 degree

geospatial_lat_resolution

0.25 degree

Table5 Glokal NetCDF Attributes for tteOMBINEProduct
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Title ESA CCI Surface Soil MoistureCOMBINEDProduct
institution Technische Universitat Wien(AUT), Transmissivity B.V. Noordwijk (NL)
contact cci_sm_contact@eodc.eu
source WARP 5.5R1.1/ERS12/AMIWS Level 2 Soil Moisture; WARP 5.4R1.0/ERS2/AMI

WS Level 2 Soil Moisture; WARP 55.1R1/MetOp-A, Metop-B/ASCAT Level 2 Soil
Moisture; LPRMv05/DMSP/SMMR L3 Surface Soil Moisture, Ancillary Params, and
quality flags; LPRMvO5/F08, F11, FB/SSMI L3 Surface Soil Moisture, Ancillary
Params, and quality flags; LPRMvO5/TMI/TRMM L2 Surface Soil Moisture, Ancillary
Params, and QC; LPRMv05/AMSHE/Aqua L2B Surface Soil Moisture, Ancillary
Params, and QC; LPRMvO5/WINDSAT/CORIOLIS L2 Surface Soil Mire,

Ancillary Params, and QC; LPRMvO5/AMSR2/GCOM/1 L3 Surface Soil Moisture,
Ancillary Params SMOS: CATDS Level 3 Brightness TemperaturegL3TB) version
300, issued from the third (2010 -2013) and fourth (2014 -2015) reprocessing

history 2016-09-16 00:00:00 - product produced

references http://www.esa -soilmoisture-cci.org;

Liu, Y.Y., Dorigo, W.A., Parinussa, R.M., de Jeu, R.A.M. , Wagner, W., McCabe,
M.F., Evans, J.P., van Dijk, A.1.J.M. (2012). Trend-preserving blending of passive
and active microwave soil moisture retrievals, Remote Sensing of Environment,

123, 280-297, doi: 10.1016/j.rse.2012.03.014;

Liu, Y.Y., Parinussa, R.M., Dorigo, W.A., De Jeu, R.A.M., Wagner, W., van Dijk,
A.lLJ.M., McCabe, M.F., & Evans, J.P. (2011): Developing an improved sal
moisture dataset by blending passive and active microwave satellite based

retrievals. Hydrology and Earth System Sciences, 15, 425436;

Wagner, W., W. Dorigo, R. de Jeu, D. Fernandez, J. Benveniste, E. Haas, M. Ertl
(2012): Fusion of active and passive microwave observations to create an
Essential Climate Variable data record on soil moisture. ISPRS Annals of the
Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume 7,
2012. XXIl ISPRS Congress, 25 August 01 September 2012, Melboume,

Australia.

In preparation: Gruber, A., Dorigo, W. de Jeu, R., & Wagner, W. (in preparation).
Triple collocation based blending of active and passive satellite soil moisture
observations. Crow, W. T., Su, C. H., Ryu, D., & Yilmaz, M. T. (2015). Optimal
averaging of soil moisture predictions from ensemble land surface model

simulations./Water Resources Research/,/51/(11), 9273-9289.

26




soil moisture

Versionl.2
Date7 December 2016

Soil Moisture ECV Product User Guide
(PUG)

Global Attribute Name

Content

tracking_id SXXXXXXXX -YYYY-ZZzZnnnn-mmmmmmmmmmmm> a UUID (Universal Unique
Identifier) value

conventions CF1.6

product_version 03.2

summary The data set was produced during the CCI project.
keywords Soil Moisture/Water Content

id <filename>

naming_authority TU Wien

keywords_vocabulary

NASA Global Change Master Directory (GCMD) Science Keywords

cdm_data_type

Grid

comment

These data were produced as part of the ESA soil moisture CCI and WACMOS
projects. Contract No. 4000112226/14/1-NB"

date_created

<file creation date>

creator_name

Department of Geodesy and Geoinformation, Vienna University of Technology

creator_url

http://rs.geo.tuwien.ac.at

creator_email

cci_sm_developer@eodc.eu

project Climate Change Initiative - European Space Agency
geospatial_lat_min -90.0
geospatial_lat_max 90.0
geospatial_lon_min -180.0
geospatial_lon_max 180.0
geospatial_vertical_min 0.0
geospatial_vertical_max 0.0
time_coverage_start 19781101T000000Z
time_coverage_ed 20151231T000000Z
time_coverage_duration P37Y
time_coverage_resolution P1D

standard_name_vocabulary

NetCDF Climate and Forecast (CF) Metadata Convention
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Global Attribute Name

Content

license data use is free and open for all registered users

platform Nimbus 7, DMSP, TRMM, ERS, ERS2, METORA, AQUA, Coriolis, GCOMN1,
MIRAS

sensor SMMR, SSM/I, TMI, AMIWS, ASCAT, AMSHE, WindSat, AMSR2 SMOS

spatial_resolution

25km

geospatial_lat_units

degrees_north

geospatial_lon_units

degrees_east

geospatial_lon_resolution

0.25 degree

geospatial_lat_resolution

0.25 degree
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6.3.2.2NetCDF Data File Variables and Attributes

lon

Table6 Attribute Table for Variablen

standard_name longitude
units degrees_east
valid_range [-180.0, 180.0]
_CoordinateAxisType Lon

lat

Table7 Attribute Table for Variable Lat

standard_name

latitude

units degrees_north
valid_range [-90.0, 90.0]
_CoordinateAxisType Lat

time

Table8 Attribute Table for Variable time (reference time). The type of this variable is double.

standard_name

Time

units days since 1970-01-01 00:00:00 UTC
calendar Standard
_CoordinateAxisType Time
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sm (ACTIVproduct)

Table9 Attribute Table for Variablemfor the ACTIVproduct

NetCDF Attribute Description
long_name Percent of Saturation Soil Moisture
units percent
_CoordinateAxes lat lon time

_Fillvalue

-9999.0 (NaN); type: float32 (4 bytes)

sm (PASSIV&hd COMBINERroduct)
Tablel0 Attribute Table for Variablemfor the PASSIV&nd COMBINEProducts

NetCDF Attribute Description
long_name Volumetric Soil Moisture
units m3m-3
_CoordinateAxes lat lon time

_Fillvalue

-9999.0 (NaN); type: float32 (4 bytes)

sm_uncertainty (ACTIVIproduct)

Tablell Attribute Table for Variablem_noise

NetCDF Attribute Descri ption
long_name Percent of Saturation Soil Moisture Uncertainty
Units percent
_CoordinateAxes lat lon time

_Fillvalue

-9999.0 (NaN); type: float32 (4 bytes)
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sm_uncertainty (PASSIVE and COMBINE@Iuct)
Tablel2 Attribute Talte for Variablesm_uncertaintyfor the PASSIV&hd COMBINEProducts

NetCDF Attribute Description
long_name Volumetric Soil Moisture Uncertainty
Units m3 m-3
_CoordinateAxes lat lon time

_Fillvalue -9999.0 (NaN); type: float32 (4 bytes)
dnflag
Tablel3 Attribute Table for Variabldnflag
NetCDF Attribute Description
long_name Day / Night Flag
flag_values [0,1,2,3]
flag_meanings 0= NaN
1= day
2 = night

3 = combination of day and night

_CoordinateAxes

lat lon time

_Fillivalue

0 (NaN); type: signed byte
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flag
Tablel4 Attribute Table for Variabl#ag
NetCDF Attribute Description
long_name Flag
flag_values [0,1,2,3,4,5,6,7,127 ]

flag_meanings

0 = no_data_inconsistency_detected

1 = snow_coverage_or_temperature_below_zero

2 = dense_vegetation

3 = combination of flag values 1 and 2

4 = others_no_convergence_in_the_model_thus_no_valid_sm_estimates
5 = combination of flag values 1 and 4

6 = combination of flag value 2 and 4

7 = combination of flag values 1, 2, and 4

_CoordinateAxes

lat lon time

_Fillvalue

127 (NaN); type: signed byte

32




soil moisture Soil Moisture ECV Product User Guide

(PUG)

Versionl.2
Date7 December 2016

fregbandID
Tablel5 Attribute Table for Variable fregbandID
NetCDF Attribute Description
long_name Frequency Bandldentification
flag_values [0, 1, 2, 3, 4, 8,9, 10, 11, 16, 17, 18, 19, 24, 25, 26, 27, 32, 33, 34, 35, 64, 65,

66, 67, 72, 73, 74, 75, 80, 81, 82, 83, 128, 130]

flag_meanings

Flag values and their meaning

Binary Decimal | Frequency [GHz] | BandID
00000000 0 NaN N/A
00000001 1 1.4 L14
00000010 2 5.3/5.255 c53
00000100 4 6.6 C66
00001000 8 6.8 C68
00010000 16 6.9/6.93 C69
00100000 32 7.3 c73
01000000 64 10.65/10.7 X107
10000000 128 19.35/19.4 K194

Sensors and their operating frequencies:

Value Meaning Value Meaning Value Meaning
0 NaN 19 L14+C53+C69 67 L14+C53+X107
1 L14 24 C68+C69 72 C68+X107
2 c53 25 L14+C68+C69 73 L14+C68+X107
3 L14+C53 26 C53+C68+C69 74 C53+C68+X107
4 C66 27 L14+C53+C68+C69 75 L14+C53+C68+X107
8 ce8 32 c73 80 C69+X107
9 L14+C68 33 L14+C73 81 L14+C69+X107
10 C53+C68 34 C53+C73 82 C53+C69+X107
11 L14+C53+C68 35 L14+C53+C73 83 L14+C53+C69+X107
16 C69 64 X107 128 K194
17 L14+C69 65 L14+X107 130 C53+K194
18 C53+C69 66 C53+X107

List of major codes and the corresponding frequency bands

Sensor Operating Frequency [GHz]
SMMR 6.6/10.7
SSM/I 19.35
™I 10.65
AMSRE 6.93/10.65
AMSR2 6.93/7.3/10.65
WindSat 6.8/10.7
SMOS 14
AMI-WS 5.3
ASCATA/B 5.255
_CoordinateAxes lat lon time

_Fillvalue

0 (NaN); type: signed integer
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Tablel6 Attribute Table for Variablenode
NetCDF Attribute Description
long_name Satellite Mode
flag_values [0, 1, 2,3]
flag_meanings 0= NaN

1 = ascending

2 = descending

3 = combination of ascending and descending

_CoordinateAxes

lat lon time

_Fillvalue 0 (NaN); type: signed byte
sensor
Tablel7 Attribute Table for Variablsensor
NetCDF Attribute Description
long_name Sensor
flag_values [0, 1, 2, 4, 8, 16, 24, 32, 64, 72, 80, 88, 96, 128, 130, 132, 136, 256, 264, 272,

280, 288, 320, 328, 336, 344, 352, 512, 544, 576, 608, 768, 800, 832, 864]

flag_meanings

Value | Sensor Combination || Value Sensor Combination
0 NaN 264 AMSRE+ASCATA
1 SMMR 272 WindSat+ASCATA
2 SSMI 280 AMSREWindSat+ASCATA
4 T™MI 288 AMSR2+ASCATA
8 AMSRE 320 SMOS+ASCATA
16 | WindSat 328 | AMSRE+SMOS+ASCATA
24 | AMSRE+WindSat 336 | WindSat+SMOS+ASCATA
32 AMSR2 344 AMSRE+WindSat+SMOS+ASCATA
64 | SMOS 352 | AMSR2+SMOS+ASCATA
72 AMSRE+SMOS 512 ASCATB
80 WindSat+SMOS 544 AMSR2+ASCAB
88 AMSRE+WindSat+SMOS 576 SMOS+ASCATB
96 | AMSR2+SMOS 608 | AMSR2+SMOS+ASCATB
128 AMIWS 768 ASCATA+ASCATB
130 SSMI+AMIWS 800 AMSR2+ASCATA+ASCATB
132 TMI+AMIWS 832 SMOS+ASCATA+ASCATB

136 | ASMRE+AMIWS

256 | ASCATA

864

AMSR2+SMOS+ASCATA+ASCATB

_CoordnateAxes

lat lon time

_Fillvalue

0 (NaN); type: signed integer
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t0
Tablel8 Attribute Table for Variabl&d
NetCDF Attribute Description
long_name Observation Time Stamp
units days since 1970-01-01 00:00:00 UTC
valid_range <individual decimal numbers depending on observation timestamp>
_CoordinateAxes lat lon time
_Fillvalue -9999.0; type: double

6.4 Annotation datasets

The surface soil moisture datan() are generated bylendingpassiveand active microwave
soil moisture retievals. The data provided are rercentage of saturation [%] units for the
ACTIVE product, andolumetric [n¥m ] units for the PASSIVE and COMBINED products
Quality Flags and Indicators

6.4.1 sm_uncertainty

The merging of soil moisture data from different sers requires a harmonization of the data.

The data need to be brought into a common climatology by running them through several
scaling procedures performing the cumulative distribution function @CD®Ratching
G§SOKYAljdzS® ¢ KS LINE O aRefRrepiesesptieye®dd Wikiande wiithe ¢ LI |
data sets (in the respective climatology of the dataset), estimated through triple collocation
(TC) analysis. In periods where TC cannot be applied, or in cases wherelthse@irror
variance estimates do na@bnverge, sm_uncertainty is set to NaN. The unit of sm_uncertainty

for the ACTIVE product is percentage of saturation [%]. For the PASSIVE and the COMBINED
product the unit is volumetric [fm=2]. For the ACTIVE and the PASSIVE products, the error
varianceis directly estimated using TC analysis. For the COMBINED product, these estimates
are propagated through the SNR blending model using a standard error propagation scheme.

Tablel9sm_uncertainty data provided in the ESA CCl SNUPts

Product Time Period
ACTIVE 2007-01-01 to 2015-12-31
PASSIVE 2007-10-01 to 2015-05-08
COMBINED 1991-08-05 to 2015-12-31
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6.4.2 dnflag

The Day or Night Flag gives information, whether the observation(s) occurred at local day (1)
or night (2) time. A vakiof 3 indicates that the data is a result of merging satellite microwave
data observed during day as well as during night time. In cases where the information cannot
be determined the value is set to O (zero).

6.4.3 flag

Flag values are stored as signed bytex] the default value (NaN, not a number) is 127. By

reading the flag for the surface soil moisture data, the user gets information for that grid point.

I ané 61 SNRBO Ay T2N¥a [biktihads be@rkcBeckedy butditerfe dz nof 2 NJ
inconsisEy 08 F2dzyR® ! amé RSy20Sasx GKIFIG GKS az2Af
GSYLISNI GdzZNB A& 0St2¢ 1 SNRobsewed locatiogstovdred iyd € A Y F
RSyaS @S3Skt Ga@yyYRAYR2NI laf £ 20 KSthdmodelattua = S o3
no valid soil moisture estimates.

6.4.4 fregbandID

The surface soil moisture data has its sources from multiple and different satellite sensors,
which operate in various frequencies. The fregbandID values are representing the operating
frequendes and comprise the combination of different frequency bafdslel5 lists these
combinations.

6.4.5 mode

¢KS bSi/5C GFENAIO6fS Y2RS &ad2NBa GKS AYyTF2N)NI(
direction are denoted as 1, and desaling orbit as 2. In cases where the orbit direction

cannot be determined, the NaN value O (zero) is used. A value of 3 means that the merged

data comprises both ascending and decending satellite modes.

6.4.6 sensor

The values for sensor are stored as sigimeelger, with NaN a® (zero) Thesevaluesindicate
the satellite sensa thathave been used for a specific grid point. Valid values range from 1 to
864.Tablel7list all available sensor combinations.
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6.4.7 tO

The original observatiotimestamp is stored withinthe NetCDF variable tO-faught). Time

values coming from two different sensors are averaged. Value3980.0 are used as NaN
values.in RIFGF @FfdzSa NB ai2NBRnimanydzyno SMNm 2F¢ /a
Tablel8).

6.4.8 time

¢KS NBFSNBYyOS GAYSadryYLl 2F GKS RIFeé A& al gSR
NEFSNBYOS GAYS INB ad2NBRIMm an ydzyoB/mMNa 2/F¢ /aR | & &

6.5 Product Grid and Projection

The grid is a 0.25° x 0.28ngitudelatitude global array of points, based on the World
Geodetic System 1984 (WGS 84) reference system. Its dimension is 1440 x 720, where the first
dimension, X (longitude) is incrementing most rapidly Wes8@°) to East (180°), and the
second dinension, Y (latitude) is incrementing SoutQ°) to North (90°). Grid edges are at
multiple of quarter RS ANBE S @I f dzSa o0SP3Id hn ypdTps ydhdp
exactly between two grid edges:

First point center =¢89.875°S¢179.875°W) £rid Point Index =0

Second point center £89.875°S¢179.625°W) = Grid Point Index = 1

144 point center =€89.625°S¢179.875°W) = Grid Point Index = 1440

Last point center = (89.875°N, 179.875°E) = Grid Point Index = 1036799

In total, there are 14@ x 720 = 1036800 grid points, where4243points are land points.
Figure8 shows the land points that are used for the merged product.
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Figure8: Land mask used for the merged product. The 0.25° drilNsi & A Y RSEAY 3 FTNRY «a
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7 ESA CCI SM in Earth system applications

The following sectiors takenfrom Dorigo et al(in review)as is presents the broadestview
to date of the current useand applicatiorof the ESA C@Mproduct by the wider scientific
community.The exhaustive list okferences for this sectioare presented insection12.

The se of ESA CCI SM products in a wide variety of studies helps improve our understanding
of Earth system processe$able20), in particular with respect to climate varidity and
change. Even though the application fields are seemingly different, in all of them ESA CCl SM
plays a central role in benchmarking, calibrating, or providing an alternative to the land surface
hydrology in dedicated models. The following sectiail$ provide an extensive synthesis of

how ESA CCI SM has been used so far in the different application areas and what potential still
remains unexploited.

Table20: Applications where ESA CCI SM has been used to improve owystath understanding.
Modified fromDorigo and De JeQ({16)

Application Main purpose References
area

Longterm trends in soil moisture (Albergel et al. 2013b; An et al. 2016; Dorigo et
Climate 2012; Qiu et al. 2016b; Rahmani et al. 2036;et al.
variability - and 2016; Wang et al. 2016)
change

Assessment of drivers of soil moisture trends (Feng 2016; Liu et al. 2015a)
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Soil moisture as driver of multinnual variability in land

evaporation

(Miralleset al. 2014b)

Impact of ocean atmosphere system on soil moisture variab

(BauerMarschallinger et al. 2013; Miralles et ¢

2014b; NicolaBhaw et al. 2016)

Soil moisture as indicator of global climaterigahility and

change

(De Jeu et al. 2011; De Jeu et al. 2012; Dorigo €
2014; Dorigo et al. 2015a; Dorigo et al. 20]

Parinussa et al. 2013)

Impact of soil moisture trends on atmospheric composition

(Klingmuller et al. 2016)

Validation of climate model runs

(Du et al. 2016; Lauer et al. in review; Pieczka e

2016)

Improved understanding of soil moisture feedbacks

precipitation

(Guillod et al. 2014; Guillod et al025) (indirectly,
through assimilation of ESA CCI SM into GLEAM)

Land Identifying role of soil moisture on temperature variability al (Casagrande et al. 2015; Hirschi et al. 2014; Mire
atmosphere heatwaves et al. 2014a)
interactions
Improved modelling of land evaporation (Martens et al. in review; Miralles et al. 2014b)
Impact of soil moisture on dust and aerosols (Klingmuller et al. 2016)
Benchmarking and calibrating global vegetation models (Szzypta et al. 2014, Traore et al. 2014)
Impact of soil moisture dynamics on vegetation productivity| (Barichivich et al. 2014; Chen et al. 2014; McNall
al. 2016; Mufoz et al. 2014; NicoBlhaw et al. in
Global et al. 2016

biogeochemical

cycles

review;  Papagiannopoulou

Papagiannopoulou et al. 2016b; Szczypta et al. 20

Connecting trends in soil moisture and vegetation productiv

(Dorigo et al. 2012; Feng 2016)

Improved crop modelling

(Sakai et al. ; Wang et al. 2016)

Assessing drivers of fire activity

(Charles et al. 2016; Forkel et al. in review)

Hydrology and
land surface

modelling

Benchmarking modestatesin hydrological and land surfag

models

(Du et al. 2016; Fang et al. 2016; Lauer et al. in rev
Loew et al. 2013; Schellekens et al. in revig

Spennemann et al. 2015; Szczypta et al. 2014)

Benchmarkig modelprocesses hydrological and land surfad

models (e.g. dry down)

(Chen et al. 2016b)

Persistence and prediction of soil moisture anomalies in |

surface models

(NicolaiShaw et al. 2016)

Improving runoff predictions and flood (risk) modelling

(Massari et al. 2015; Tramblay et al. 2014)
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Improved water budget modelling (Abera et al. 2016; Allam et al. 2016)

Assessing irrigation (Kumar et al. 2015; Qiu et al. 2016b)

Assessing the impact of agricultural intensification on { (Liu et al. 2015a)

moisture

Computing cumulative precipitation amounts (Ciabatta et al. 2016)

Validation of drought indices (van der Schrier et al. 2013)

Develgpment of new drought index (Carréo et al. 2016; Enenkel et al. 2016b; Rahmar
Drought al. 2016)
applications Improved detection of agricultural droughts (Liu et al. 2015a; Yuan et al. 2015)

Soil moisture for integrated drought monitoring (Enenkel et al. 2016b; McNally et al. 2016; Nieo

Shaw et al. in review; Rahmani et al. 2016)

Meteorological | Improving NWP land surface scheme Thss study (Sectio.6)
applications

7.1 Assessing climate variability and change

As soil moisture is an integrative component of the Earth system, any large scale variability or
change in our climate should manifest itselfiobally observed patterns. In this role, ESA CCI
SM has made a significant contribution to the body of evidence of natural and hindaced
climate variability and change. Emblematic for this is the contribution of ESA CCI SM to the
State of the Climat®eports that are issued every year by National Oceanic and Atmospheric
Administration(e.g., Blunden and Arndt 2016)

Severastudies have shown a clear relationship between major oceatmmospheric modes

of variability in the climate system, e.g. El Nifio Southern Oscillation (ENSO), and variations in
ESA CCI SfBauerMarschallinger eal. 2013; Dorigo et al. 2016; Miralles et al. 2014b; Nieolai
Shaw et al. 2016By applying enhanced statistical methods to the rrdditadal ESA CCl SM
v0.1 dataset over Australi@auerMarschallinger et al. (2013)ere able to disentangle the
portion of soil moisture variability that is driven by the major climate oscillations affecting this
continent, i.e., ENSO, the Indian Ocean Dipole and the Antarctic Oscillation, from other modes
of shortterm and longterm variability.Miralles et al. (2014b3howed that interannual soil
moisture variability as observday ESA CClI SM COMBINED v02.2 largely drives the observed
large-scale variability in continental evaporation.

ESA CCl SM has been widely used to assess global trends in soil moisture, mostly in
combination with LSMs. Based B&$A CCI SM v@Dorigo et al. 20129omputed that for the
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