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The State of Science Brief was produced as an output from an India-UK
Water Centre supported Pump Priming Project on Synergistic utilisation of
EO-based soil moisture observations: Applications in the UK and India

o 9R d&u &1 g8 fRUfd URd g oIa dx walid v usfi giasn
"S- e et Bt TH & THA&UN o1 SRR dread o SUART : YRd U9 b
T SVART" BT Ufdhd ATl |



estimates
available|m portant

spatial agricultural

condition
highl
chanshly & management
i, & T drougnt 25
interactions E | bene{lt weather
)
w SO wil 53
av E.1I|ahl|lt; l_ N E— - gh: bal E
evaluation U} a ""fE.‘ld'_
e [ stress ‘g
beneﬂs accuracy acv;urata Crop 522?59 ik
a er —appllcattons
|mpr0ve O products
id
assessment modelsmodel e

much alloc atlon

suayins@SSIMIlALION flood orecasting

landatmosphere rag O I ut|0n studies

estimation.  research
monitoring using

Figure 1: Word cloud generated from the responses to the question ‘How might satellite-based soil moisture data benefit
you and your discipline in the future?’



1. Background

Soil moisture is vitally important due to its fundamental role in the partitioning of water and energy between the
land surface and lower atmosphere. It is also a key variable influencing plant growth and driving many water-
related hazards. Knowledge of the spatial pattern of surface soil moisture, and its change over time, is critical
for understanding the Earth’s climate and hydrological cycles.

Ground-based observations of soil moisture are sparsely distributed and so do not adequately capture spatial
variability. To counter this, soil moisture dynamics can be monitored using satellite Earth Observation (EO),
which provides more complete spatial coverage.

The last decade has seen a huge increase in the number of satellite sensors capable of measuring soil moisture,
and considerable improvements in EO-based soil moisture products (Brocca et al., 2017a). These advancements
have created substantial opportunities for the wider application of satellite soil moisture products across a
range of disciplines.

To investigate the challenges and opportunities of using satellite soil moisture data, the India-UK Water
Centre supported a Pump Priming Activity on ‘Synergistic utilisation of EO-based soil moisture observations:
Applications in the UK and India’ from January to November 2018.

A systematic literature review and user survey were carried out to identify current and potential future applications
of satellite soil moisture data, and to investigate the barriers preventing the more widespread application of
these products.

A pilot demonstration of low-cost sensors was conducted to show their potential as a source of data for
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validating EO products.

This State of the Science brief summarises the main findings of the
Pump Priming Activity. The full report, outlining the research activities
undertaken, can be found at www.iukwc.org.

2. Key Findings

2.1. Advancements in Satellite Soil Moisture Products.

The last decade has seen a proliferation of EO-based soil moisture
products, largely due to advancements in methods and a rise in the
number and capabilities of satellite sensors (Wigneron et al., 2017).

The accuracies of satellite products have improved and are now
comparable to soil moisture estimates from land surface models.

Much of this has been facilitated by improvements in active and passive
microwave sensors, which have advantages over optical sensors including
the ability to penetrate through cloud, the ability to make observations
outside of daylight hours, and a degree of vegetation penetration (Kerr et
al., 2016).

Key satellite sensors include ESA’'s Soil Moisture and Ocean Salinity
(SMOS) mission launched in 2009 and NASA's Soil Moisture Active
Passive (SMAP) mission launched in 2015.
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Some difficulties remain in accurately estimating soil moisture from satellites, including the influence of factors
such as radio frequency interference, soil texture or dense vegetation (Mufioz-Sabater et al., 2016).

To overcome the limitations of individual datasets, merged satellite products have been developed such as the
ESA Climate Change Initiative (CCI) soil moisture product, the first global, multi-decadal soil moisture dataset,
released in 2012.

Synergies between satellite and modelled soil moisture have been explored to improve accuracies and to
manipulate the spatial and temporal resolution of soil moisture datasets (Al-Shrafany et al., 2014; Brocca,
2017b).

Additionally, satellite soil moisture products are increasingly being incorporated into models through the
process of data assimilation - a mathematical technique which is used to integrate observations (including
satellite data) into numerical models to improve model predictions.

2.2. Applications of Satellite Soil Moisture Products
EO-based soil moisture observations offer huge societal and economic benefits in both India and the UK.

Key operational applications include the enhancement of regional weather forecasting, flood and drought
prediction, and agricultural management.

One of the most scientifically ‘mature’ applications of satellite soil moisture data is for weather forecasting
(Wagner et al., 2013). Satellite soil moisture observations are incorporated into a number of Numerical Weather
Prediction models including two models used operationally in the UK: The Met Office’s Unified Model and the
European Centre of Medium-Range Weather Forecasts (ECMWF) model. The use of satellite soil moisture for
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improving predictions of the Indian monsoon is being explored, and this
work is supported by strong India-UK collaborations. This work is likely to
lead to substantial benefits, given the importance of soil moisture in the
regional weather processes in India.

Satellite soil moisture data are also used for monitoring of water-related
hazard, such as regional droughts and flood forecasting.

EO data are widely used to quantify drought severity often using purely
meteorologically-based drought indices (Nicolai-Shaw et al., 2016);
however, this can result in the incorrect parameterization of drought
(Halwatura et al., 2017). The use of satellite soil moisture products can
improve the detection of agricultural drought. Additionally, multidecadal
products, such as ESA CCI Soil Moisture, are advancing our understanding
of long-term trends in drought (Nicolai-Shaw et al., 2017).

Flood forecasting is a well explored application for satellite soil moisture
products. However, significant challenges remain for the assimilation of
such data into flood models, including the mismatch in spatial resolution
and soil depth between models and satellite products (Brocca et al.,
2017b).

The use of satellite soil moisture products for flood forecasting in India
is rare, due to the coarse spatial resolution of satellite products. For this
reason, studies have focused on developing downscaling methods to
improve the spatial resolution of soil moisture data (Singh et al., 2016).
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Nonetheless, India stands to benefit substantially from the application of satellite soil moisture products for
flood and drought forecasting due to the severity of drought and flood events it experiences.

In the UK, the possibility of assimilating satellite soil moisture data into the JULES (Joint UK Land Environment
Simulator) land surface model to improve flood prediction is being explored (e.g. the SINATRA and Hydro-
JULES projects).

Agricultural applications of EO-based soil moisture include assessing crop condition, predicting yields and
monitoring irrigation. These applications have potential to be developed into commercial agricultural services
or used operationally to support government decision-making. However, there are challenges that must be
addressed before the use of satellite soil moisture products becomes operational, including spatial and temporal
resolution and penetration depth (Petropoulos et al., 2018). New satellite products provided in near-real-time
and with finer (less than 10 km) spatial resolution will help to address some of these issues (for example, the
SMAP passive enhanced and SMOS near-real-time products).

10



ot & Tt & Il & AN ¥ 916 Ud TR & YaigHH & ol H1%! 8¢ dd arHIi-ad gial g

g T, 91¢ Pt Hiasgaroh § GUR &3 & o I @< g o' Tars< Rmgaex) Yff Idg Hlsmﬁﬂcmlsc
aﬂ%ﬁﬂﬁgﬁ%ﬂtﬁ%@maﬁaﬁ:ﬁﬁﬂwmwwww% (I<TERUT & forg RAET 3R 815g)- o™

PISES]

sofl ot gl &1 7t & HiY o & wad ! UMY &7 STeha BT, IuS &1 Higwarolt e 3R KT o
IR 53T A 21 78 SHTEN aaid H1Y Jarsh & Refid 8 G & a1 37961 TR & g a3 3 g
afEre § ST fahar o e B

gTaifer, T I 8, e Jeamge syl firgh & =1+t & Il & SuaT I ugd Jafard fapan S =nfey, o
R et R St RelfegR 3R T o1 TeRTs AT § @euer Ue 3fd, 2018)|

11



3. Future Directions and Opportunities

Arguably, EO-based soil moisture products are currently under-utilised in
India and the UK. There is huge potential to extend the use of satellite soil
moisture data in a range of different disciplines.

3.1.  User Identified Future Applications of Satellite Soil Moisture
Products

The applications identified by users as having the most potential to
benefit from satellite soil moisture data in future were:

* drought monitoring and forecasting
* hydrological modelling

* water management

* agricultural management

* land surface modelling

flood monitoring and forecasting

A wide range of other potential applications were mentioned by users
including climate change studies, land management, crop productivity,
vegetation stress, geohazards and land-atmosphere interactions.

12
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3.2. Key Future Opportunities of Satellite Soil Moisture Products

The further incorporation of products into existing models (for example hydrological models and land surface
models) to improve the accuracy of model predictions is the key future opportunity that was identified.

There is also potential for incorporating soil moisture into national drought monitoring, for example by integrating
with existing satellite-derived meteorological drought indices that are currently used in India. However, the
diversity of land cover and climate zones in India presents significant challenges for national-scale application.

One potential solution would be the use of merged products (e.g. the ESA CCI product), which are well suited
to application in areas with high regional diversity (Mohanty et al., 2017).

4. Challenges

The review of the literature and survey of current and potential users identified the main barriers preventing the
uptake of satellite soil moisture observations as:

* Limited ground-based soil moisture observations for validating satellite products;
» Alack of training and awareness on available products and how to access them; and

* Insufficient spatial and temporal resolution of existing satellite products.

4.1. Insufficient Ground-Based Observation Data

The lack of ground-truth data for validation is a significant barrier to the uptake of satellite products, particularly
in India. Ground-truth data is required across different climate zones and land-cover types in order to assess

14
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the accuracy of satellite products.

In the UK, a network of cosmic ray soil moisture sensors (COSMOS-UK,
https://cosmos.ceh.ac.uk/) provides ground-based observations, and
the COSMOS-India project is improving the availability of ground-based
soil moisture data for India.

However, these systems are highly expensive so the number of sensors
that can be deployed is limited.

Low-cost sensor networks, using open-source technologies (e.g.
FreeStation, http://www.freestation.org/), offer a promising solution for
filing data gaps. Developing a low-cost sensor network would be a
recommended next step to review the potential for validating EO-based
products (see recommendations section 5).

4.2. Lack of Training and Awareness

There was clear a lack of awareness of available satellite sensors amongst
potential users and a desire for more knowledge and training.

While current users were happy with data accessibility, interestingly
potential users identified data cost and accessibility as discouraging. This
highlights the need to raise awareness amongst potential future users of
freely-available satellite soil moisture products and how to access them.
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4.3. Insufficient Spatial and Temporal Resolution of Existing Satellite Products

The current spatial resolutions of products are insufficient for some applications, particularly for flood modelling
and irrigation planning. Spatial resolutions can be improved using downscaling techniques, and continued
improvements in satellite sensor technology will likely lead to finer spatial resolutions in future.

4.4. Other Challenges

Data accuracy and the availability of near-real-time data were also important aspects for users. Additionally,
there was demand for improved information on product characteristics including quantitative uncertainty
estimates. Other improvements required by users included an ability to retrieve soil moisture under dense
vegetation and to sample soil moisture in deeper soil layers.

5. Recommendations

Satellite soil moisture products have enormous potential to contribute to monitoring and forecasting in the
UK and India. Facilitating the uptake of EO-based soil moisture products in operational applications will have
substantial social and economic benefits.

To increase use of satellite SM data, and take advantages of the benefits and opportunities it offers, the
following actions are recommended:

5.1. Data Access

Satellite SM data should be easily accessible. It should be open source and made available through a user-
friendly web interface in a range of formats.

18
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5.2. Awareness

There is a need to raise awareness of available satellite SM products
amongst potential users. Importantly, information is required on how users
can access freely available satellite soil moisture data and which sensors
and products are best for particular applications. This information should
be provided in a format that can be easily understood by someone with
limited knowledge of remote sensing.

5.3. Training

Training opportunities in the use of satellite-based soil moisture products
are required. The user survey highlighted the huge demand for training
workshops covering practical and theoretical aspects including data
access, data processing and software, understanding uncertainty, data
assimilation and applications. Online training materials, such as online
guides and webinars, would also be highly valuable to end users.

5.4. Product Characteristics

Future advancements in sensors and methods will increase the
usefulness of satellite soil moisture products. In particular, the low spatial
resolution of current satellite products is still a significant limitation for
some applications. To help address this, downscaled products should be
developed, with well characterised uncertainties, and made available to
the user community.



52. VIMR=chdr:

IR SETel 3 e SudE GeeTge oa gl o i S B

IR H STReohdl ¢ B aRIhdl 8 | Agayyf U T, 39 §1d DI SHHRI

3T ¢ b IuANTel [y U & Iuersy smeia A T

& ST DI HY THRY R Jhd & 3IR AT Sy & fo oI F AR 3R
I 9§ & | U8 PRI Uh T URSY & UeH &I o aniey fory fareht
Hfad gRT Rere IR & WEd IM T 3T S TG0 o 9 |

53. TfRreo

Heemse YR gl &1 T & Il & IudT H URIAv & Sfaa’l B »

3TaRAD AT B 5 JUIRTHAT v & SeT TRH(@! UT), STeT YRR
(ST ST TTEA) 3R WU, ST Bt GHS , STl S a1 SITyarT
Ifgd eI Ud Vgifad Tgqslt &) HaR(3MesIied) R arel JiRIem

IHYNY B YR AT BT IR BT &1 TS UfRIemr el o & e .
TR MRS 3R AfeAR, +ft sifow Suaewdtsft & fou srafde Agayof -

B

5.4, 3dlq [ARNAd

JWR(Eded)) R ugfadl # Hrdl wifq Jearse onufid ) ot 7+ &
wgﬁmmvﬁmgﬁﬁwwﬁ . %mﬁzaﬂwﬁaw?
DI I ECIRNE TegRT 3 Giﬂﬂ?jl‘ T 30 FPHlAC ¢
sﬁﬂaﬁfﬂam%ﬁuqqm%%iﬁ?m‘a(mﬁmmwm
%! [apRya foear ST afew, Iy & 1y SifFfadarsii &1 st aie 9 fifed

21



5.5. Ground Data

Ways to increase the availability and spatial coverage of ground-based soil moisture observations should be
explored to provide the data needed for the calibration and validation of satellite products. Low-cost sensor
networks have the potential to improve the availability of soil moisture data and fulfil the need for validation
data. A pilot demonstration showed the potential benefits and pitfalls of using low-cost sensors for EO-data
validation in India (Box 2; see Activity Report for more details). A future study investigating this possibility in
more depth would be highly valuable, particularly in India where there are significant gaps in availability of
ground-based soil moisture data.

5.6. Collaboration

A user community should be established to enhance communication across disciplines for the application of
satellite soil moisture products. Knowledge sharing amongst the remote sensing and user communities should
be encouraged to ensure future products are developed with end-user applications in mind. Cross-disciplinary
workshops, including remote sensing scientists, modellers, hydrologists etc., would facilitate collaboration and
improve the compatibility between satellite products and models. A future knowledge-transfer project, focusing
on the use of satellite soil moisture data for commercial applications or by public organisations would also be
beneficial.
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BOX 1: TRAINING POTENTIAL USERS
e 84% of potential users surveyed said they were likely to use satellite soil moisture data in future.
* 91% said that future training on satellite soil moisture products would be useful to them

BOX 2: LOW-COST OPEN SOURCE SENSORS FOR EO DATA VALIDATION
Low-cost weather stations and soil moisture sensors were constructed and deployed in India. These experiences
highlighted the advantages of low-cost sensors in terms of their affordability and versatility. It also demonstrated
some of the limitations such as the significant time investment required to learn how to build the sensors and de-
velop robust designs. In future, there is potential for a larger study to establish a network of low-cost soil moisture
probes and investigate their use for validating downscaled satellite products.
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