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1 Introduction 

The Algorithm Theoretical Baseline Document (ATBD) provides a detailed description of the 

algorithms that are used within the ESA CCI Soil Moisture production system. The ESA CCI SM 

production system was initially developed within CCI Phase 1 and is continuously being 

updated within phase 2 to reflect the current state of the science driving the system. The ATBD 

is, by its nature, rather in-depth, and in order to facilitate frequent updates, and to provide a 

more manageable document to the reader the ATBD is provided as four distinct documents. 

These documents consist of an ATBD for the active retrieval, an ATBD for the passive retrieval 

and an ATBD for the merging process. An overriding document (this document) providing an 

executive summary sets the ATBD documents within framework for the CCI project and the 

ESA CCI SM production system.  

The structure of this document reflects the distinct domains of the ATBD. Sections 4 and 5 

provide a brief scope of the problem and an overview of the ESA CCI SM production system 

respectively. Section 6 contains a brief overview of the current status of retrieving surface soil 

moisture from active microwave sensors using the TU Wien approach. Section 7 describes 

succinctly the VUA-NASA Land Parameter Retrieval Method (LPRM) for estimating soil 

moisture from passive microwave sensors, and Section 8 starts with a brief overview of the 

changes from dataset version 03.3 to 04.2, and then it provides a description on the approach 

adopted for merging the active and passive soil moisture products. 

1.1 Purpose of the Document  

The Algorithm Theoretical Baseline Document (ATBD) is intended to provide a detailed 

description of the scientific background and theoretical justification for the algorithms used 

to produce the ESA CCI soil moisture data sets. Furthermore, it describes the scientific 

advances and algorithmic improvements which are made within the CCI project. This 

document is complemented by (Dorigo, Wagner et al. 2017) which provides detailed 

information on the product including a quality assessment which shows the evolution of the 

product between versions. 

1.2 Targeted Audience 

This document targets mainly: 

1. Remote sensing experts interested in the retrieval and error characterisation of soil 

moisture from active and passive microwave data sets. 
2. Users of the remotely sensed soil moisture data sets who want to obtain a more in-

depth understanding of the algorithms and sources of error.  



 

Algorithm Theoretical Baseline 

Document (ATBD) 

Version 04.2 

Date 15 January 2018 

 

2 

2 Change log 

2.1 Current version 04.2 

This document forms deliverable 2.1 of CCI Phase 2 and provides an update for the ESA CCI 

SM 04.2 product released in January 2018. The main differences between version 04.2 and 

previous versions are summarised below: 

 GLDAS-Noah soil temperature and Snow Water Equivalent estimates are now used to 

mask out unreliable retrievals before CDF-Matching (COMBINED only) and TC error 

estimation (all products). 

 All data sets are now rescaled against GLDAS v1 due to inconsistencies between v1 and 

v2.0 (COMBINED only) 

 "Frozen" flags of active products are now used to mask out unreliable retrievals in the 

passive products and vice versa (COMBINED only) 

 Update of AMSR2 data 

 Correction of incorrect metadata in netCDF images (LPRMv06 are used for AMSRE, 

SMOS, and AMSR2 since ESA CCI SM v03.2) 

 The COMBINED product is now generated by merging all active and passive L2 products 

directly (after CDF-matching against GLDAS-Noah) instead of merging the pre-merged 

ACTIVE and PASSIVE products (as it was the case up until ESA CCI SM v03.3). 

 Uncertainty estimates for all L2 products in regions where triple collocation analysis 

(TCA) does not provide reliable estimates are now available (and used for calculating 

relative weights) obtained through a regression between VOD and SNR estimates in all 

regions where TCA is deemed reliable 

2.1.1 ACTIVE ATBD Document 

 Updated for version number. 

2.1.2 PASSIVE ATBD Document 

 Update for version number. 

2.1.3 MERGING ATBD Document 

 Update for version number and applicable differences summarised above. 
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2.2 Pre v04.2 

The dataset and corresponding ATBD versions are summarised in Table 1. Further information 

can be found in the changelog provided with the data and the relevant documentation. 
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Table 1 Summary ESA CCI SM Versions 

Dataset 

Version 

Release date Public Key 

Users 

Project 

Partners 

Major Changes Since Previous Versions ATBD 

Version 

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. - 

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 X   Temporal extension of ACTIVE, PASSIVE and COMBINED datasets to 

2016-12-31. 

3.3 

v03.2 2017-02-14 X   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  X X 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 

- 
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Dataset 

Version 

Release date Public Key 

Users 

Project 

Partners 

Major Changes Since Previous Versions ATBD 

Version 

relative weight estimation now provided alongside with the merged 

soil moisture  observations. 

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 

Version 

Release date Public Key 

Users 

Project 

Partners 

Major Changes Since Previous Versions ATBD 

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. 

- 

v 0.1 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 Scope of ESA CCI Soil Moisture 

This Section is partially based on [RD-4]. 

4.1 Soil Moisture Becoming an ECV 

Soil moisture is arguably one of the most important parameters for the understanding of 

physical, chemical and biological land surface processes (Legates, Mahmood et al. 2011). 

Therefore, it is for many geoscientific applications essential to know how much water is stored 

in the soil, and how it varies in space and time. For many years, soil moisture was considered 

to be only an "emergent ECV" because the retrieval of soil moisture was deemed too difficult 

with existing satellite sensors. Therefore, in recognition of the strong need for global soil 

moisture data sets, the European Space Agency (ESA) and the National Aeronautics and Space 

Administration (NASA) each decided to develop a dedicated satellite mission operating at 1.4 

GHz (L-band). The first mission is the Soil Moisture and Ocean Salinity (SMOS) satellite that 

was launched in November 2009 by ESA (Kerr, Waldteufel et al. 2010). The second one is 

NASA's Soil Moisture Active Passive (SMAP) mission that was launched in January 2015 

(Entekhabi, Njoku et al. 2010). But, as already noted by (Wagner, Naeimi et al. 2007): “Besides 

these innovations in space technology, an initially less-visible revolution has taken place in 

algorithmic research. This revolution became possible thanks to the increasing availability of 

computer power, disk space, and powerful programming languages at affordable costs. This 

has allowed more students and researchers to develop and test scientific algorithms on 

regional to global scales than in the past. This has led to a greater diversity of methods and 

consequently more successful retrieval algorithms.” 

In line with the above-described developments, several global and continental-scale soil-

moisture datasets have been published and shared openly with the international community 

within the last 15 years. The very first remotely sensed global soil moisture dataset was 

published by the Vienna University of Technology (TU Wien) in 2002 and was based on nine 

years (1992-2000) of ERS C-band (5.6 GHz) scatterometer measurements (Scipal, Wagner et 

al. 2002, Wagner, Scipal et al. 2003). NASA released its first global soil moisture data retrieved 

from microwave radiometer measurements using the algorithms developed by (Njoku, 

Jackson et al. 2003) in the following year. Since then several other soil moisture data products 

mostly based on microwave radiometers (AMSR E, Windsat, etc.) have become freely 

available, notably the multi-sensor soil moisture datasets produced by Vrije Universiteit 

Amsterdam (VUA) in cooperation with NASA (Owe, de Jeu et al. 2008), and the WindSat soil 

moisture dataset produced by the US Naval Research Laboratory (Li, Gaiser et al. 2010). The 

first operational near-real-time soil moisture service was launched by EUMETSAT in 2008 

based on the METOP Advanced Scatterometer (ASCAT) and algorithms and software 

prototypes developed by TU Wien (Bartalis, Wagner et al. 2007). Finally, SMOS Level 2 soil 
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moisture data started to become available in 2010, with first validation results published in 

2011 (Albergel, Zakharova et al. 2011). Data from NASA’s Soil Moisture Active Passive (SMAP) 

have become available in the course of 2015, but unfortunately, only after 3 months of 

operation its radar failed thus impeding the continuation of the foreseen downscaled product.  

Having a number of independent satellite soil moisture data sets does not mean that it is 

straight-forward to create long-term consistent time series suitable for climate change 

studies. In fact, for the assessment of climate change effects on soil moisture even subtle long-

term trends must be detected reliably. This means that any potential influences of mission 

specifications, sensor degradation, drifts in calibration, and algorithmic changes must be 

carefully corrected for. Also, it must be guaranteed that the soil moisture data retrieved from 

the different active and passive microwave instruments are physically consistent.  

4.2 Selected Satellite Sensors 

Microwave remote sensing measurements of bare soil surfaces are very sensitive to the water 

content in the surface layer due to the pronounced increase in the soil dielectric constant with 

increasing water content (Ulaby, Moore et al. 1982). This is the fundamental reason why any 

microwave technique, particularly in the low-frequency microwave region from 1 to 10 GHz, 

offers the opportunity to measure soil moisture in a relatively direct manner. Therefore, the 

CCI soil moisture project focuses at this stage on spaceborne microwave systems operating at 

low-frequency bands. For soil moisture studies the most important bands are: L-band 

(frequency f = 1 – 2 GHz, wavelength  = 30 – 15 cm), C-band (f = 4 – 8 GHz,  = 7.5 – 3.8 cm), 

and X-band (f = 8 – 12 GHz,  = 3.8 – 2.5 cm).  

In microwave remote sensing, one distinguishes active and passive techniques. Active 

microwave sensors transmit an electromagnetic pulse and measure the energy scattered back 

from the Earth’s surface. For passive sensors (radiometers), the energy source is the target 

itself, and the sensor is merely a passive receiver (Ulaby, Moore et al. 1982). Radiometers 

measure the intensity of the emission of the Earth’s surface that is related to the physical 

temperature of the emitting layer and the emissivity of the surface. Despite the different 

measurement processes, active and passive methods are closely linked through Kirchhoff’s 

law which, applied to the problem of remote sensing of the Earth’s surface, states that the 

emissivity is one minus the hemisphere integrated reflectivity (Schanda 1986). Therefore, both 

active and passive techniques deal in principle with the same physical phenomena, though the 

importance of different parameters on the measured signal may vary depending on the sensor 

characteristics. 
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Figure 1: Active and passive microwave sensors used for the generation of the ESA CCI soil moisture 
data sets. Although the Soil Moisture Active Passive (SMAP), Aquarius, and MetOp-C missions are not 
being considered in the current release (v04.2) of the CCI Soil Moisture product, they are already 
included in this diagram to highlight their potential inclusions in future dataset versions. Envisat ASAR 
and Sentinel-1 are merely used for evaluation purposes.  

Given that an ECV data record should be as long and complete as possible, it has to be based 

on both active and passive microwave observations. The CCI Soil Moisture project thus aims 

to combine C-band scatterometers (e.g. ERS-1/2 scatterometer, METOP Advanced 

Scatterometers) and multi-frequency radiometers (e.g., SMMR, SSM/I, TMI, AMSR-E, Windsat, 

AMSR2, SMOS) as these sensors are characterised by their high suitability for soil moisture 

retrieval and a long technological heritage (Figure 1). As specified in [RD-1], other microwave 

sensors suitable for soil moisture retrieval, including Synthetic Aperture Radars (SARs) and 

radar altimeters, are not considered in this phase of the CCI programme due to their 

recentness and/or their unfavourable spatio-temporal coverage. Nevertheless, the ESA CCI 

SM production system has been set up in such a way as to allow the integration of all these 

sensors in the future. A complete list and a detailed technical description of all data products 

used in the ESA CCI SM production system is provided in [RD-11 and RD-12]. 
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4.3 Baseline Requirements 

As part of the CCI Soil Moisture project a detailed assessment of the user requirements is 

carried out at regular intervals and reported in the User Requirement Document (URD). 

Nevertheless, based on the requirements as specified in [RD-1], and drawing from the 

experiences of the use of the currently available satellite soil moisture data sets, a number of 

baseline requirements can be specified already at this stage. 

4.3.1 Scientific Requirements 

Thanks to the fact that several decade-long soil moisture data records have been released 

within the last few years the generic user requirements for ESA CCI soil moisture data records 

are already reasonably well understood. According to authors’ experience from the 

cooperation with users of the TU Wien and VUA-NASA soil moisture data sets (Wagner, Naeimi 

et al. 2007, de Jeu, Wagner et al. 2008), the most important of these are: 

1. Soil moisture is preferably expressed in volumetric soil moisture units (m3m-3). If soil 

moisture is expressed in a different unit, the conversion rule must be specified. 

2. From an application point of view, the ESA CCI SM data should preferably represent 

the soil moisture content in deeper soil layers (0.2-1 m), not just the thin (0.5-5 cm) 

remotely sensed surface soil layer. Nevertheless, expert users typically prefer to work 

with data that are as close to the sensor measurements as possible, making the 

conversion of the remotely sensed surface soil moisture measurements to profile 

estimates themselves. 

3. When merging datasets coming from different sensors and satellites the highest 

possible degree of physical consistency shall be pursued. 

4. Due to the long autocorrelation length of the atmosphere-driven soil moisture field 

(Entin, Robock et al. 2000) a spatial resolution of ≤50 km is sufficient for climate 

studies. 

5. The temporal sampling interval depends on the chosen soil layer. For deeper soil layers 

(1 m) a sampling rate of 1 week is in general enough, but for the thin remotely sensed 

soil layer it is ≤1 day. 

6. Having a good quantitative understanding of the spatio-temporal error field is more 

important than working under the assumption of arbitrarily selected accuracy 

thresholds (e.g. like the often cited 0.04 m3m-3). 

7. Some soil moisture applications require a good accuracy (low bias), but for most 

applications it is in fact more important to achieve a good precision (Koster, Guo et al. 

2009, Entekhabi, Reichle et al. 2010). 

8. For climate change studies the drift in the bias and dynamic range of the soil moisture 

retrievals should be as small as possible. 
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4.3.2 System Requirements 

The generation of an ESA CCI SM data set is not a one-off activity, but should in fact be a long-

term process where the ESA CCI SM product shall be continued and improved step by step 

with the active involvement of a broad scientific community. From a system point of view this 

requires that the ESA CCI SM Production System is modular so that 

 the system supports algorithm development and is most open to broad scientific 

participatory inputs 

 algorithms can be improved while minimising reprocessing costs 

 upgrades of any of its parts are facilitated without repercussions elsewhere 

 the system can be moved to different operators if required, i.e. it allows adaptations 

to different data processing framework solutions 

But not only modularity is a major requirement. The design and operations of the system 

should also be as lightweight as possible in order to be able to 

 re-process ESA CCI SM data records on a frequent basis to account for Level 1 

calibration- and Level 2 algorithmic updates 

 update the ESA CCI SM datasets rapidly in case new Level 2 data sets become available 

 test alternative error characterisation, matching and merging approaches 

 keep operations and maintenance costs low  

Please consult [RD-11] for further details on the soil moisture ESA CCI SM production system, 

detailing its components, their functions, and interfaces. 
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5 ESA CCI SM Production Approach 

This Section is partly based on [RD-4]. 

5.1 Potential and drawbacks of merging Level 1 Microwave Observations 

Probably the most straight-forward approach to generating an ESA CCI soil moisture data set 

would be to feed the Level 1 backscatter- and brightness temperature observations of all 

different active and passive microwave remote sensing instruments into one Level 2 soil 

moisture retrieval system, delivering as direct output a harmonised and consistent active-

passive based ESA CCI surface soil moisture data set covering the complete period from 1978 

to the present. As ideal as this approach may seem from a scientific point of view, there are 

some major practical problems: 

 The technical specifications of the diverse active and passive microwave sensors 

suitable to soil moisture retrieval (ASCAT, AMSR-E, SMOS, SMAP, etc.) are so different 

that it appears hardly feasible to design one-can-do-it-all physical retrieval algorithm. 

 The complexity of the retrieval algorithm and the requirements for high-quality 

ancillary data to constrain the retrieval process can be expected to increase drastically 

for a multi-senor compared to a single-sensor Level 2 retrieval approach. This bears a 

certain risk of errors becoming less easily traceable. Also, the overall software system 

may not be scalable in terms of processing time and disk space. 

 For much of the historic time period (1978-2007) the spatio-temporal overlap of 

suitable active and passive microwave measurements is minimal. 

 Because the surface soil moisture content may vary within minutes to hours, combing 

measurements taken at different times of the day in multi-sensor approach may 

produce large errors. It can e.g. be noted that the measurements of ASCAT (9:30 and 

21:30 local time), AMSR-E (1:30 and 13:30) and SMOS (6:00 and 18:00) are currently 

well spread over the complete day. 

Each of these problems is serious enough to not consider an ESA CCI SM Production System 

based on the fusion of Level 1 microwave observations. Considered together one can conclude 

that such an ESA CCI SM Production system would neither be modular nor lightweight, which 

makes this approach technically intractable. Therefore, in the next section the fusion of Level 

2 soil moisture retrievals is discussed 

5.2 Fusion of Level 2 Soil Moisture Retrievals 

The possibility of generating a long-term (30+ years) soil moisture data set based on Level 2 

soil moisture retrievals was already demonstrated within the WACMOS project funded by the 
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European Space Agency (Su, Dorigo et al. 2010). The Level 2 fusion process involves the 

following steps (Figure 2): 

1. Level 2 soil moisture retrieval is done for each satellite data set separately 

2. Fusion of the active Level 2 data sets 

3. Fusion of the passive Level 2 data sets 

4. Fusion of the merged active and passive data sets from steps 2 and 3 

In this approach the three important steps in the fusion process are: 1) error characterisation 

(Dorigo, Scipal et al. 2010), 2) matching to account for data set specific biases  

(Reichle, Koster et al. 2004, Drusch, Wood et al. 2005), and 3) merging (Liu, Parinussa et al. 

2011). The major advantage of this approach is that it allows combining surface soil moisture 

data derived from different microwave remote sensing instruments with substantially 

different instrument characteristics. It is only required that the retrieved Level 2 surface soil 

moisture data pass pre-defined quality criteria. In this way it is guaranteed that no sensor is a 

priori excluded by this approach. It is thus straight forward to further enrich the ESA CCI SM 

data set with Level 2 data from other existing and forthcoming sensors (e.g. SMAP, radar 

altimeters, Aquarius). 

 

 

Figure 2: Flow chart of the ECV Production System as first proposed in the ESA funded WACMOS project 
(Dorigo, Scipal et al. 2010, Liu, Parinussa et al. 2011). 

In this approach the ESA CCI SM Production System does, per se, not need to include the 

different Level 2 processors. In other words, the different Level 2 baseline data can be 
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provided by the expert teams for the different sensor types (scatterometers, multi-frequency 

radiometers, SMOS, SMAP, etc.) and the ESA CCI SM Production System itself has to deal with 

the fusion process only, as described above. This design is modular and lightweight, meeting 

the requirements as discussed in Section 4.3.2. 

 

A simplification of the ESA CCI SM Production System as shown in Figure 2 can be achieved if 

the existing Level 1 inter-calibration biases of the different microwave instruments can be 

quantified and hence be removed. For example, the current Level 1 bias between ERS AMI-

WS and MetOp-ASCAT is in the order of about 0.1-0.3 dB and variable over the incidence angle 

range (Bartalis, Wagner et al. 2010). Such a bias may cause differences in the soil moisture 

estimates of more than 10 % (over areas with a low sensitivity to soil moisture). Work is 

underway to quantify the bias between the latest version of the ASCAT calibration (Wilson, 

Anderson et al. 2010) and the one of the ERS Level 1 archive reprocessed with an advanced 

scatterometer software (Crapolicchio, Lecomte et al. 2004). It is expected that the updated 

bias-correction tables will become available within the next years, after which it will be 

possible to feed the Level 1 backscatter data of both ERS AMI-WS and MetOp ASCAT into a 

Level 2 processor to produce directly a harmonized active ESA CCI SM data set (Figure 3). A 

similar simplification may in principle be possible also for the passive multi-frequency 

radiometers, but due to much more significant differences in design and operations of the 

instruments, this appears unrealistic within the near future. 
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Figure 3: Flow chart of the ESA CCI SM Production System in case that the current Level 1 inter-
calibration biases between ERS AMI-WS and MetOp ASCAT can be quantified and removed. 

The most serious concern related to this fusion approach is that Level 1 data processed with 

different Level 2 algorithms may not represent the same physical quantity. Fortunately, as an 

increasing number of validation and inter-comparison studies show  

(Rüdiger, Holmes et al. 2009, Gruhier, de Rosnay et al. 2010, Brocca, Hasenauer et al. 2011, 

Albergel, de Rosnay et al. 2012), the temporal soil moisture retrieval skills of SMOS, ASCAT 

and AMSR-E are often well comparable and of good quality in regions with sparse to moderate 

vegetation cover. Therefore, after bias correction and, if necessary, a conversion of units, the 

different Level 2 soil moisture data sets can be merged. Nevertheless, to maximise physical 

consistency it is advisable to process all active microwave data sets as shown in Figure 3 with 

one algorithm, and all passive microwave data with another algorithm. In other words, for 

groups of sensors with comparable sensor characteristics (scatterometers, multi-frequency 

radiometers) one should select only one algorithm. As a result, the combined active 

(scatterometer) and passive (multi-frequency radiometer) data sets may not always be 

directly comparable. Therefore, as illustrated in Figure 2 and Figure 3, the ESA CCI SM 

Production System delivers, besides the fused and thus most complete active + passive 

(COMBINED) ESA CCI SM data set, the two active-only (ACTIVE) and passive-only (PASSIVE) 

ESA CCI SM data sets. It will be thus up to the user to decide, which of these merged soil 

moisture data sets is best suited for his or her analyses. Please see [RD-10] for further details 

of the key principles of the algorithms used to generate the ESA CCI Soil Moisture product. 
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6 Description of soil moisture retrieval from active microwave sensors 

Details are provided in [RD-8] 

6.1 Principles of the product 

The TU Wien change detection method (Wagner, Lemoine et al. 1999, Bartalis, Wagner et al. 

2007) is applied to level 1 calibrated backscatter measurements from the ERS-1/2 and MetOp 

scatterometers to retrieve surface soil moisture. The soil moisture retrieval algorithm is 

implemented within a software package called the Soil Water Retrieval Package (WARP) and 

includes several processing steps. These include resampling the scatterometer measurements 

in orbit geometry to a fixed Discrete Global Grid (DGG), an azimuthal and incidence angle 

normalisation, an estimation of the backscatter noise and a correction for vegetation effects. 

Following these steps, dry and wet backscatter reference curves are determined and surface 

soil moisture is calculated as a degree of saturation between the historically wettest (highest) 

and driest (lowest) reference values. Finally, an estimate of the retrieval error is calculated by 

an error propagation scheme. 

6.2 Known limitations & Scientific Advances under Investigation 

The following list identifies the areas in which improvements are currently being made in the 

scatterometer retrieval algorithm. Further details are provided in [RD-8]. 

 Inter-calibration of Backscatter Data Records 

Scatterometer measurements must be consistent between antennas and over the 

range of incidence and azimuth angles of observations. Calibration errors cause 

inconstancies in radar backscatter measurements and degrade the accuracy of 

deduced geophysical parameters. The measurement model and inter-beam calibration 

strategy formulated by (Long and Skouson 1996) is being adopted to model calibration 

related errors using extended area Land-Targets for ERS 1/2 AMI-WS and ASCAT. A 

radiometric calibration methodology for European C-band scatterometer missions was 

developed at TU Wien to ensure consistent backscatter observations of these 

scatterometer missions (Reimer 2014). Sensor intra-calibration aims to support 

already established calibration efforts, undertaken by the operating Space Agency, 

with the objective to monitor and correct for residual scatterometer performance 

anomalies. 
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 Estimation of Diurnal Variability 

Backscatter measurements in some regions display a difference between morning and 

evening acquisitions. In WP 2-9-2-0 of CCI soil moisture Phase 1 [RD-2], efforts are 

being made to identify the underlying reasons for diurnal differences by comparing 

satellite ascending and descending orbit soil moisture retrievals. (Griesfeller, Lahoz et 

al. 2013) details the diurnal variability of ASCAT soil moisture measurements over 

Norway and preliminary results suggest an underestimation of ASCAT day retrievals 

over very wet soils. The approach is being applied to other international areas of 

interest. 

 

 Improved Modelling of Volume Scattering in Soils 

Backscatter measurements over desert and semi-arid areas exhibit an unusual 

behaviour that may lead to a situation where soil moisture derived from 

scatterometers is often less accurate than radiometer retrievals (Wagner, Naeimi et 

al. 2007, Gruhier, de Rosnay et al. 2009). Due to the lack of high quality reference data 

in arid and semi-arid environments, it has not yet been possible to determine the 

physical reasons for this phenomenon. For example, the estimation of the wet 

reference is problematic due to the fact that saturated soil conditions cannot always 

be captured. Although this problem is addressed by using a wet correction based upon 

a climate classification map (Kottek, Grieser et al. 2006), the approach is not fully 

perfect and improvements are still required. Improving the estimation of the dry and 

wet reference will in turn increase the accuracy of the final surface soil moisture 

estimates. 

 

 Better Vegetation Modelling 

In the WARP model, it is assumed that the vegetation state is constant at the same day 

of the year, i.e. it does not change inter-annually, and is thus a function of the day-of-

year. Accordingly, there are 366 vegetation curves for each grid point location, with 

each curve determined by a slope and curvature. First research results suggest that 

soil moisture retrievals may benefit from a vegetation correction that varies from year 

to year according to the actual vegetation conditions (i.e. by not taking the vegetation 

as a climatology (Vreugdenhil, Dorigo et al. 2016). At present, the implementation of 

such an inter-annually dynamic slope and curvature computation suffers from several 

issues, foremost the use of Monte Carlo to effectively integrate estimates over 

different time window lengths. Several different approaches are being tested and the 

optimum approach will be incorporated into WARP 6.0. 
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 Masking of Snow and Frost Conditions 

Two different approaches were tested to improve the masking of snow and frost 

conditions. The first called SSFv2 is based on the SFF developed and already described 

in the ATBD v2.2 [RD-7]. The second called HMM FT is based on the probabilistic fusion 

approach developed by (Zwieback 2012). Using temperature as a proxy for the 

freeze/thaw state of the soil, validation of the approaches was performed with WMO 

air temperature, GLDAS Surface Temperature and in situ soil temperature 

measurements obtained from the ISMN (Dorigo, Wagner et al. 2011). Generally, HMM 

FT is the preferred method since it delivers probabilistic information and not only flags. 

It is planned to implement this method in the current WARP processing package. 
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7 Description of soil moisture retrieval from passive microwave sensors 

Details can be found in [RD-9]. 

7.1 Principles of the product 

The VUA-NASA Land Parameter Retrieval Method (LPRM) (Owe, de Jeu et al. 2008) is used for 

estimating surface soil moisture from passive microwave sensors. LPRM can be applied to all 

frequencies in the microwave domain and, hence, within the Soil Moisture CCI, it can be 

applied to measurements made by the Nimbus SMMR, DMSP-SSM/I, TRMM-TMI, Aqua-

AMSR-E, WindSat, SMOS, and AMSR2 radiometers which observe at different wavelengths. 

The model is based on a microwave radiative transfer model that links soil moisture to the 

observed brightness temperatures. First, Ka-band (37 GHz) observations are used to estimate 

surface brightness temperatures. Subsequently, the vegetation optical depth and soil 

dielectric constants are derived simultaneously. Finally, the soil moisture content (m3m-3) is 

solved from the dielectric constant using the Wang-Schmugge dielectric mixing model. An 

analytical method is used to propagate errors of model and input variables through the 

retrieval scheme. 

7.2 Known Limitations & Scientific Advances under Investigation 

The following areas have been identified where improvements can be made in the radiometer 

retrieval algorithm and are detailed further in [RD-9]: 

 Inter-calibration of Brightness Temperature Records 

 Small differences in brightness temperature observations occur because of small 

differences in sensor specifications and differences in their respective calibration 

procedures. Some differences (frequency and incidence angle) are accounted for in the 

soil moisture retrieval algorithm but others (artefacts of their individual calibration 

procedure) result in inconsistencies between the soil moisture retrievals from different 

sensors. Consequently, the brightness temperatures of different sensors need to be 

synchronised to develop a consistent CCI soil moisture product. (Parinussa, Holmes et 

al. 2012) demonstrated a successful technique to inter-calibrate Windsat observations 

with AMSR-E to retrieve soil moisture. A similar approach has been performed for TMI 

and AMSR-2 using AMSR-E as the reference to which the sensor measurements are 

calibrated. Inter-calibration activities with the GCOM-W1 AMSR2 and the Chinese 

satellite FengYun 3B have also been made but still need to be refined (see  (Parinussa, 

Holmes et al. 2015)). 
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 Better Vegetation Modelling for Radiometers 

Vegetation has a strong impact on the quality of the soil moisture retrievals and 

increases with decreasing observation wavelength. The influence of vegetation 

temperature on the vegetation optical depth and consequently the impact of 

vegetation temperature on the quality of soil moisture retrievals is not yet well 

understood. Thorough quality assessment using the Triple Collocation and the Rvalue 

verification techniques can be applied to day- and night-time soil moisture retrievals 

(i.e. different observation times). These results will be combined with a thorough 

theoretical analysis on the vegetation model. Such an analysis will improve our 

understanding of the influence of vegetation, and its associated errors, and give us 

more information about the optimum observation time for soil moisture retrieval. 

 Improved Soil Moisture Product after the Application of the SFIM technique 

A major drawback of the use of passive microwave satellite observations for the 

derivation of soil moisture is the relatively coarse spatial resolution (~502 km2). In order 

to increase their use in regional-scale studies, a method to enhance the spatial 

resolution of surface soil moisture retrievals from these passive microwave 

observations was developed. The Smoothing Filter-based Intensity Modulation (SFIM) 

technique was applied to multi-frequency observations of the AMSR-E (Santi 2010). 

This technique transfers the spatial heterogeneity obtained at a higher microwave 

frequency to downscale the lowest microwave frequency before running the retrieval 

algorithm. Comparisons of the passive soil moisture products with and without 

applying the SFIM technique with active (ASCAT) and thermal infrared (ALEXI) soil 

moisture products over an area in the Iberian Peninsula show a generally improved 

agreement between products after application of the SFIM technique. 

 Development of a solely satellite-based soil moisture data record 

Within the climate community there is a strong preference for climate records that are 

solely satellite based. Any additional dataset that is used in a soil moisture retrieval 

algorithm could potentially lead to a dependency between a model and an 

observation. Within CCI phase II, a study will be set up to derive soil moisture from the 

dielectric constant records without making use of any ancillary datasets, with such an 

approach you will create an independent dataset that could be used as a benchmark 

for different modelled soil moisture datasets.  
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8 Description of the merging of active and passive soil moisture retrievals 

8.1 Principles of the product 

The ESA CCI SM production system [RD-10] involves three steps: 1) merging the original active 

microwave soil moisture products into an ACTIVE dataset (from 1991 – present), 2) merging 

the original passive microwave soil moisture products into a PASSIVE product (from 1978 – 

present), and 3) merging the original active microwave and passive microwave soil moisture 

products into a COMBINED dataset (from 1978 – present). Before merging can take place all 

input datasets are resampled to a common grid and reference time stamp. As the input 

datasets have different dynamic ranges (e.g. due to differences in unit or sensor specifications) 

they need to be rescaled into a common climatology. This is done by CDF-matching. As a result, 

PASSIVE is expressed in the dynamic range of the AMSR-E product and ACTIVE in that of 

MetOp-A ASCAT. As no observational dataset has a global long-term coverage, GLDAS-Noah 

land surface model soil moisture estimates serve as a reference for scaling active and passive 

products into a common climatology. Finally, merging the rescaled active and passive datasets 

into COMBINED follows the same scheme used to generate ACTIVE and PASSIVE: The error 

properties of the involved data sets are obtained through triple collocation analysis (error 

characterisation). These error properties are then used to derive the weights of each 

observation to allow for a dynamic weighted average. The data merging is performed by 

applying a weighted average on the selected observations. This so called SNR (Signal to noise 

Ratio) merging scheme enables the merging of more than two retrievals available at the same 

time. The homogenised and merged product presents surface soil moisture with a global 

coverage and a spatial resolution of 0.25°. The time period spans the entire period covered by 

the individual sensors, i.e. 1978 –2016, while measurements are provided at a 1-day sampling.  

Further details on merging of soil moisture retrievals can be found in (Gruber, Dorigo et al. 

2017). 

8.2 Known Limitations & Scientific Advances under Investigation 

PASSIVE Product 

Only descending overpasses, corresponding to night-time / early morning observations were 

considered in the current version of the merged passive product. This is because near surface 

land surface temperature gradients are regarded to be reduced at night leading to more 

robust retrievals (Owe, de Jeu et al. 2008). However, recent studies (Brocca, Hasenauer et al. 

2011) suggest that for specific land cover types day-time observations may provide more 

robust retrievals than night-time observations, although the exact causes are still unknown. 

Based on extensive product validation and triple collocation analysis, the uncertainty of both 

modes has been addressed and. This information has been used by (Parinussa, de Jeu et al. 
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2016) to improve the retrieval schemes for day-time observations. Based on these results, it 

will be decided how both observations modes can be considered in the generation of a single 

merged passive product, potentially leading to improved observation frequency with respect 

to the exclusively night-time observations used in the ESA CCI SM v04.2 product.  

 

ACTIVE Product 

As mentioned in Section 5.2 and discussed in detail in [RD-8], the quality of the merged ERS 

and ASCAT data could significantly benefit from an appropriate Level 1 intercalibration. Apart 

from improving the quality of the individual measurements, this would also improve the 

robustness of the calculation of the dry and wet references. It is currently being investigated 

how ERS and ASCAT backscatter values can be reliably intercalibrated and if gaps in the ASCAT 

time series can be potentially filled with ERS data. 

 

COMBINED Product 

Currently the SNR-based merging scheme applies a relative weighting of data sets based on 

their relative error characteristics. However, studies have shown that different spectral 

components may be subject to different error magnitudes (Draper and Reichle 2015, Su and 

Ryu 2015). Therefore, we will investigate the feasibility of blending the climatologies and the 

anomalies of the data sets separately.  

 

ALL products 

The rescaling against GLDAS-Noah induces a certain model-dependency, which might bias 

comparisons of the ESA CCI SM data set with other LSM data sets. In the future, methods for 

generating an observation-only based data set will be investigated. 
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