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Advancing global live fuel moisture mapping through multi-sensor data assimilation L ECMWF

Abstract

This deliverable outlines the methodology and results of Task 2 of Fuelity project, which
focused on integrating Earth Observation data into the ECMWF land data assimilation
system (LDAS) to constrain live fuel moisture content (LFMC) estimates. The aim is to
support a high-resolution, observation-informed global LFMC reanalysis. Enhancements
to ECMWF’s ecLand system include targeted modifications to the Simplified Extended
Kalman Filter to assimilate L-band Vegetation Optical Depth, Solar-Induced Fluorescence,
and ASCAT backscatter data, thereby improving estimates of Leaf Area Index and soil mois-
ture, which underpin LFMC. A machine learning-based post-assimilation bias correction
further refines the LAI inputs. Evaluation shows improved seasonal vegetation dynamics
and realistic LFMC spatial and temporal patterns. The system successfully captured canopy
loss during the 2021 Evia wildfire, demonstrating its potential for operational fire monitoring
and risk assessment.

Plain language summary

Satellite data can enhance fire forecasting by providing information about the dryness of
vegetation; this is known as live fuel moisture content (LFMC). When vegetation is dry, it
catches fire more easily. Accurately estimating LEMC is therefore essential for predicting
wildfire risk.

As part of the Fuelity project, this report explains how satellite observations were used to
improve LFMC estimates in the European Centre for Medium-Range Weather Forecasts
(ECMWEF)’s land surface model, called ecLand. LFMC mainly depends on two factors:

¢ Leaf Area Index: a measure of the amount of leaf cover in an area
* Soil moisture: the amount of water stored in the ground

To enhance both of these, the ecLand model was updated to include new types of satellite
data:

* L-band Vegetation Optical Depth from the SMOS satellite and Solar-Induced Fluores-
cence from Sentinel-5P help estimate LAI

* ASCAT (a satellite radar instrument) provides measurements of soil moisture

These updates allowed the model to track seasonal changes in vegetation more accurately,
particularly in forested areas. A machine learning method was also added to correct any
remaining errors in the model’s output by combining multiple data sources.

The improved system successfully detected vegetation loss during the 2021 wildfire in Evia,
Greece. This demonstrates its potential to support fire risk monitoring worldwide and en-
hance early warning systems.
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Executive summary

This deliverable presents the methodology and outcomes of Task 2, which aims to implement the techni-
cal components required to integrate Earth Observation (EO) data into the ECMWF forecasting system,
using the European Centre for Medium-Range Weather Forecasts (ECMWF)’s land data assimilation
system (LDAS) to constrain live fuel moisture content (LFMC) estimates. The overarching objective is
to support the development of a high-resolution, observation-informed global LFMC reanalysis dataset.

The ECMWF land data assimilation framework is designed to be extensible to fuel load variables once the
SPARKY fire module is coupled to the Integrated Forecasting System (IFS) and can also ingest additional
EO data. The implementation of LFMC data assimilation is based on the formulation of LFMC within
the SPARKY model, where improvements in LEMC rely on better estimates of both Leaf Area Index
(LAI) and soil moisture (SM). Targeted modifications were made to ecLand’s offline Simplified Extended
Kalman Filter (SEKF) infrastructure. New routines and model variables were introduced in ecLand to
explicitly represent fuel moisture. For instance, the SEKF system was extended to assimilate L-band
Vegetation Optical Depth (L-VOD) from Soil Moisture and Ocean Salinity (SMOS) and Solar-Induced
Fluorescence (SIF) from Sentinel-5P to improve LAI, as well as Advanced Scatterometer (ASCAT)
backscatter data to enhance SM estimates. These developments allow the model to update fuel moisture
states more accurately while accounting for associated uncertainties.

Evaluation of the system demonstrated that assimilating L-VOD and SIF to analyse LAI improved the
representation of seasonal vegetation dynamics, particularly in temperate and boreal regions. However,
assimilation performance varied regionally due to observational gaps and structural limitations. A post-
assimilation bias correction was introduced to overcome these challenges.

The bias correction employs a machine learning (ML)-based approach that integrates leaf onset timing,
recent Copernicus Global Land Service (CGLS) LAI observations, and increments from both VOD and
SIF assimilation experiments. This process generates bias-corrected LAI inputs for LFMC estimation.

The diagnostic LFMC, computed from assimilated soil moisture and corrected LAI, captured realistic
spatial patterns and seasonal variation. The August 2021 wildfire in northern Evia (Greece) demonstrated
that the system effectively captured rapid canopy loss following fire events, closely tracking independent
moderate resolution imaging spectroradiometer (MODIS) fire detections and CGLS LAI observations.
These results confirm the system’s capability to represent both gradual phenological changes and sudden
disturbances, providing a valuable foundation for future operational fire monitoring and risk prediction.
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1 Introduction

Live fuel moisture content (LFMC)—the ratio of water content to dry biomass in living vegetation—is
a fundamental biophysical variable controlling vegetation flammability and wildfire behaviour [31]. It
influences ignition probability, fire intensity, and rate of spread, making LFMC a central determinant in
fire risk assessment frameworks and operational early warning systems. Critically, as climate change
drives more frequent and severe droughts, ecosystems are increasingly vulnerable to transitioning into
fire-prone states, with LFMC acting as a key threshold variable modulating this shift [23].

Despite its importance, monitoring LFMC globally and in near real-time remains a significant challenge.
In situ measurements require destructive sampling and oven-drying of plant material, which is logistically
intensive and geographically sparse. Furthermore, LFMC is inherently complex; it is governed not only
by soil moisture availability and plant water uptake but also by species-specific physiological traits,
canopy structure, and atmospheric demand. This complexity makes it difficult to generalise globally
across ecosystems without dynamic, observation-informed estimates.

Several methods have been proposed in the literature to estimate LFMC from space. One widely used
approach exploits optical reflectance, particularly in the shortwave infrared (SWIR) and near-infrared
(NIR) spectral regions, where water strongly modulates leaf and canopy reflectance. Indices such as the
Normalized Difference Water Index (NDWI) or the Global Vegetation Moisture Index (GVMI) are typ-
ically calibrated against field LFMC observations using empirical or machine learning models [27, 33].
Optical methods offer relatively high spatial resolution (e.g., S00 metres from the Moderate Resolution
Imaging Spectroradiometer (MODIS)), but they suffer from cloud contamination and signal saturation
in dense canopies. Moreover, they are largely passive and may lag physiological changes in vegetation
under stress.

An alternative class of methods relies on microwave remote sensing. In particular, vegetation optical
depth (VOD), retrieved from passive microwave sensors at L-, C-, and X-band frequencies, provides
a proxy for vegetation water content, integrating both biomass and internal moisture signals. Because
microwave signals can penetrate clouds and are sensitive to vegetation water status even under dense
canopies, they offer complementary information to optical sensors. Forkel et al. [18] produced a global
LEMC dataset based on VOD, demonstrating its potential for large-scale, all-weather monitoring. How-
ever, such products are typically coarse in resolution (e.g., 0.25°) and require careful interpretation, as
VOD is influenced by both water content and vegetation structure.

A third category integrates remote sensing with land surface modelling. For example, Joe et al. [25] de-
veloped a semi-empirical global LEFMC estimation system in which LFMC is modelled as an asymptotic
function of leaf area index (LAI)—one half of the total leaf area per unit surface area—and soil mois-
ture, using biome-specific parameterisations. Their system is used to provide daily global LEFMC fields
at approximately 9 km resolution for 2010-2019. This represents a major step towards near-real-time
fuel condition monitoring within numerical weather prediction systems.

Recent advances in Earth observation provide new opportunities to improve LFMC estimation through
multi-sensor data assimilation. For vegetation structure and function, VOD and solar-induced chloro-
phyll fluorescence (SIF) [19] offer independent and complementary constraints on LAI. As shown in
the Shapley analysis presented in D1 [17], LAI was found to be a key driver for both SIF and VOD-L,
with some seasonal variations sensitive to soil moisture. Weston et al. [22] demonstrated the use of
VOD at multiple frequencies (L-, X-, and C-band) to estimate LAI via cumulative distribution function
(CDF) matching. This technique enables LAI to be inferred even under cloud cover and provides con-
sistent temporal dynamics. Complementarily, de Rosnay et al. [10] explored the use of SIF to constrain
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LAI evolution, leveraging SIF’s sensitivity to photosynthetic activity. Unlike traditional reflectance in-
dices, SIF can decline rapidly in response to water stress, potentially anticipating structural changes and
enabling earlier detection of fuel drying.

For soil moisture (SM), Scipal et al. [24] used the Advanced SCATterometer (ASCAT) radar and pseudo-
observations to improve root-zone moisture estimates within land surface models. ASCAT provides
frequent, weather-independent observations of surface wetness, which, when assimilated, improve the
realism of plant water supply estimates—a key driver of LEFMC. Subsequent studies confirmed and ex-
tended these benefits. Draper et al. [15] demonstrated that assimilating ASCAT-derived surface soil
moisture into a hydrological model significantly reduced root-zone dry bias and improved hydrological
consistency over multi-year periods, outperforming traditional vegetation-based metrics.

This deliverable presents the methodology and outcomes of Task 2, which aims to implement the techni-
cal components required to integrate Earth Observation (EO) data into the ECMWF forecasting system,
using LDAS, for the purpose of constraining fuel moisture content estimates. The overarching objec-
tive is to support the development of a high-resolution, observation-informed global LFMC reanalysis
dataset.

Although the project centres on fuel reanalysis generation, which could, to some extent, be informed
directly by satellite observations (for instance, using LAI CGLS for LAI estimates), integrating EO data
with a physical model offers significant advantages. This data assimilation-based approach enables:

* the assessment of the added value of satellite-derived products in updating fuel variables,
* the generation of daily (instead of 10-daily) LAI products,

* enhanced real-time fire risk monitoring capabilities,

* accounting for balanced observations and model uncertainties,

* consistently improving vegetation and soil moisture estimates.

Building on the observation operators for VOD at L-band (VOD-L) and SIF established in Task 1, we
use decision tree-based ML algorithms, specifically Extreme Gradient Boosting (XGBoost), as an obser-
vation operator to characterise the nonlinear relationships between satellite-derived variables and LFMC.
These methods and their validation are detailed in Deliverable D1 ("Towards enhanced fire fuel estima-
tion with satellite-derived predictive models," December 2024) [17], where feature importance analysis
identified SIF and VOD-L as the most informative predictors of LEFMC across diverse biomes.

Informed by these findings, we propose a novel data assimilation framework that dynamically integrates
VOD-L and SIF to LAI, alongside ASCAT-derived surface SM to constrain modelled soil moisture. By
jointly assimilating these independent and complementary EO datasets, the framework aims to improve
both the accuracy and temporal responsiveness of LFMC estimation at the global scale. This integration
enables the system to ingest near-real-time information on vegetation structure, physiological stress, and
surface moisture dynamics. We hypothesise that this multi-sensor fusion will enhance our ability to
capture the spatio-temporal variability of LEMC, particularly during transitional periods such as rapid
vegetation drying, post-disturbance recovery, or heightened fire risk.
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Figure 1: Schematic of the data assimilation system for LAI analysis: Satellite observations of VOD-
L and SIF are assimilated using SEKF to update LAI, from which LFMC is diagnosed. A machine
learning-based observation operator is used to map model variables to observation space.

2 Data and methodology

2.1 Overview of proposed framework

The goal of this study is to improve estimates of LFMC by correcting its key drivers: SM and LAI
To achieve this, we assimilate ASCAT soil moisture observations to update the SM state, and satellite-
derived SIF and VOD-L observations to constrain LAI (Figure 1). The relationship between the vege-
tation observations and LAI is captured using machine learning—based observation operators developed
in Deliverable D1 [17]. These operators simulate the model equivalent of the observation (i.e., what
the satellite should have observed given the background state). For SIF assimilation, for example, the
background is the LAI climatology, and the observation operator computes the expected SIF value from
that LAI background. The innovation is the difference between the actual satellite observation and the
simulated observation from the operator. Corrections are applied using the SEKF [12], which combines
information from the background (e.g., LAI climatology or IFS soil moisture) and the observations,
weighted by their respective uncertainties. The result is an updated (analysis) estimate that reflects the
optimal combination of model and observation information. This correction is then applied to improve
the estimates of the parameters, LAI and SM, thereby updating the LFMC.

An offline implementation of LDAS is used [28]. This setup is uncoupled, meaning it ingests ERAS
reanalysis data [20], specifically atmospheric forcing, without feedback to the atmosphere. While the
one-way coupling limits interaction between the land and atmosphere, it allows for efficient, low-cost
testing of developments over multi-year periods prior to integration into the coupled IFS LDAS [3].

Data assimilation was run for 2021, a year not seen by the machine learning observation operator. A
coarse-resolution grid (TCo319, ~36 km) was used to verify that the system setup works as expected.
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Daily land surface analyses were produced at 00 UTC.

2.2 Data

2.2.1 Description of input datasets

Live fuel moisture content [25]: The initial dataset used to develop and calibrate the LFMC model
was derived from Globe-LFMC [32], which compiles destructive sampling measurements collected be-
tween 2010 and 2018 across 1,383 sites in 11 countries. In total, 161,717 individual destructive sampling
records were collected. These in situ measurements encompass a range of vegetation types and involve
physically weighing live plant material before and after oven drying to calculate gravimetric water con-
tent. Given the substantial variability in LFMC across space and time, site-level observations were
aggregated into monthly means to reduce sampling noise, resulting in 25,410 aggregated samples. These
samples were used to train and constrain a semi-empirical model to estimate LFMC globally at a daily
resolution of approximately 9 km from 2010 to 2019. The model assumes that LFMC responds asymp-
totically to SM and LAI, both of which serve as proxies for water availability and vegetation status.
Parameters were optimised using a trust-region reflective algorithm, fitting the following equation:

LFMC = LFMCmax —A- e—(OC'LAI-‘rﬁ‘SM-i-Y'LAI‘SM) (1)

Here, LFMC,,x represents the maximum attainable moisture content for a given vegetation type, and A
denotes the range between the minimum and maximum LFMC. The coefficients «, 3, and y describe
vegetation-specific sensitivity to LAI, SM, and their interaction, respectively—interpreted as proxies for
dormancy, drought resistance, and active growth response.

Seven parameter sets were derived for major vegetation functional types (crops, short grass, evergreen
needleleaf, deciduous broadleaf, mixed crops/grassland, deciduous shrubs, and broadleaf savannah), us-
ing subsamples of the Globe-LFMC data. Other types were assigned parameters from the closest ana-
logue. LAI was sourced from the CONFESS dataset [7] at a monthly resolution of approximately 9 km,
while SM was extracted from ERAS5-Land [26], with values aggregated by rooting-depth distributions
from ecLand [8].

Vegetation optical depth at L-band [1]: It provides information on vegetation water content and
biomass by measuring the attenuation of microwave radiation as it passes through vegetation canopies.
This is based on L-band (1.4 GHz; ~21 cm wavelength) passive microwave observations from the SMOS
satellite, which was launched by the European Space Agency in 2009. The L-band frequency is partic-
ularly well-suited for penetrating dense canopies and capturing signals from both vegetation and upper
soil layers, making VOD-L especially valuable for monitoring woody biomass and structural changes in
vegetation. The dataset has a spatial resolution of approximately 25 km and is available at a daily tempo-
ral resolution, allowing for consistent and frequent monitoring of vegetation dynamics on a global scale.
Unlike optical sensors, L-band microwaves are largely unaffected by cloud cover or solar illumination,
enabling consistent global coverage.

Solar-induced fluorescence [19] We use the TROPOSIF dataset, a global gridded solar-induced chloro-
phyll fluorescence (SIF) product derived from the TROPOMI instrument onboard the Sentinel-5 Pre-
cursor satellite. The TROPOSIF product is generated by ESA’s pre-operational PAL framework and
provides 8-day composites at 0.1° spatial resolution, which differs from TROPOMI’s native pixel res-
olution (~3.5 x 5.5 km). TROPOSIF is based on TROPOMI observations but aggregated tempo-
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rally and spatially to improve signal stability and reduce noise. The dataset is publicly available at:
https://data-portal.sb5p-pal.com/products/troposif.html.

SIF is emitted by chlorophyll a during the de-excitation of absorbed light energy and is primarily ob-
served in the red (~687 nm) and far-red (~740 nm) spectral regions. It serves as a direct proxy for
photosynthetic activity, offering physiological insights into vegetation status that cannot be captured by
traditional reflectance-based indices. The satellite-derived SIF signal—particularly at the coarse spatial
and temporal resolution of TROPOSIF—is largely driven by vegetation structural properties such as LAL

Soil moisture derived from the advanced scatterometer [12]: It represents the relative soil moisture
index in the top approximately 2 cm of the soil surface and is derived from C-band (5.255 GHz) radar
backscatter measurements. As an active microwave sensor, ASCAT transmits its own radar pulses and
measures the signal reflected back from the Earth’s surface. The strength of this backscatter is sensitive
to the dielectric properties of the soil, which vary significantly with moisture content. The more water
present in the soil, the higher the dielectric constant, resulting in a stronger return signal. ASCAT pro-
vides global soil moisture data with a spatial resolution of about 25 km and daily to sub-daily temporal
coverage, depending on latitude. The product is distributed as a relative soil moisture index (in %), scaled
between the historically driest and wettest conditions observed at each location, rather than representing
absolute volumetric soil moisture.

2.2.2  Quality control

Prior to assimilation, VOD-L and SIF observations were filtered to exclude cases where data values fell
outside their physical bounds, such as values below zero. Frozen surfaces were also screened out using
a surface temperature threshold of 273 K, along with flags indicating the presence of snow or ice. Data
were removed over unfavourable surface conditions, including snow cover, steep or complex terrain, and
water bodies. Within the assimilation system, additional quality control procedures were implemented
to reject observations that deviated excessively from the model background.

2.2.3 Validation data

The evaluation conducted in this study focuses on the year 2021. For vegetation, we use the CGLS
LAI 300 m product [30], which provides 10-day composites at a 300 m resolution. The LAI product
used in this study was developed within the framework of the Copernicus High-Resolution Vegetation
Biophysical Variables for the Copernicus Global Land Service (CORSO) project, which aims to enhance
the quality, timeliness, and consistency of biophysical vegetation products for near-real-time monitoring.
In the CORSO project, the consolidated RT6 version—refined after six dekads—was produced and re-
sampled to an 8-day frequency to align with the temporal resolution of SIF observations. This version
was also used in the present study.

Since July 2020, imagery from Sentinel-3 OLCI has replaced PROBA-V. The CONFESS project’s
LAI climatology [7] relied on GEOV?2 [5], which combines SPOT-VGT (1999-2014) and PROBA-V
(2014-2019). Thus, the 2021 observations explored here differ from the CONFESS climatology due to
both interannual variability and the change in the observing system (Sentinel-3 vs PROBA-V).

For soil moisture, we used in situ observations from the International Soil Moisture Network (ISMN;
[14]) presented in Figure 2, which compiles quality-controlled point measurements from multiple re-
gional and national monitoring networks. These ground-based observations serve as a reference standard
for assessing the accuracy of satellite- and model-derived surface soil moisture estimates.
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Figure 2: Locations of ISMN networks (status in July 2021), from [14].

2.3 Methodology

2.3.1 ECMWEF land surface model - ecLand

The ECMWF land-surface modelling system, ecLand, is based on the HTESSEL (Hydrology Tiled
ECMWF Scheme for Surface Exchanges over Land) model [3, 8] which represents vertical movements
of soil moisture using the equations of Richards (1931). The soil column is discretised into four layers
with thicknesses of 0.07, 0.21, 0.72 and 1.89m from top to bottom. The vegetation representation in
ecLand relies on a tile approach that accounts for dominant low (grassland, crop, shrubland) and high
(forest) vegetation. In the current version of ecLand used in the IFS, vegetation parameters such as
LALI are specified as seasonally varying climatological monthly mean maps in the ECMWF Numerical
Weather Prediction (NWP) system. This climatology uses the latest CGLS LAI dataset (1993-2019)
from the CONFESS project [7] and has been shown to have a significant impact on quality.

One of the main weaknesses of the current approach is that inter-annual variability in vegetation is not
taken into account. Year-to-year differences in vegetation can be significant, driven most notably by land
use change, as well as by fire events, meteorological extremes such as droughts or above-average rainfall,
and fluctuations in 2-metre air temperature. These variations have become even more pronounced in
recent years due to the effects of climate change.

Soil moisture estimates could benefit from incorporating dynamic vegetation indicators like LAI, which
can help update soil moisture by providing more accurate, seasonally relevant vegetation states. These
differences tend to be especially large during the transition seasons—spring and autumn—when vege-
tation characteristics change most rapidly as part of the annual cycle. This is particularly true in mid-
latitude regions, where seasonal conditions vary the most.
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2.3.2  Simplified extended Kalman filter

The Kalman Filter and its extended version (EKF) are sequential DA methods based on least-squares
estimation. In this framework, the background is a short-range forecast generated by propagating the
previous analysis forward in time using the forecast model .#. As new observations become available,
they are sequentially incorporated to correct the background and produce an improved estimate known
as the analysis. This makes the Kalman framework particularly well suited for real-time assimilation.

The SEKF implemented at ECMWF and initially developed for soil moisture analysis, operates as a
point-wise data assimilation scheme. Following the notation of [21], the analysed soil moisture state
vector x? is computed at time ¢; for each grid point as:

x*(1r) = x" (1) + Kily’ (1) — H(x")] 2)

with superscripts a, b, o standing for analysis, background and observations, respectively. x is the model
state vector, y is the observation vector and .77 the nonlinear observation operator.

The increment in data assimilation is defined as the difference between the analysis and the background:

Sx=x"—x" 3)

This increment represents the adjustment applied to the background, based on the innovation (i.e., the
difference between observations and their model equivalents), weighted by the respective uncertainties
of the model and observations.

The Kalman gain matrix K; is computed at time ¢; as:
K;=[B~'+H/R'H] 'H/R™' )

where H; is the linearised observation operator, B is the approximate background error covariance matrix
associated with x and R is the observation errors covariance matrix.

The linearisation of the observation operator is approximated using finite differences, by applying a small
perturbation 8x,, to the n” component of the model state vector and evaluating the resulting change in the
observation space. One perturbed simulation is required for each element of the control state vector. For
each perturbed simulation, the initial background state vector is perturbed by a vector §x2 that contains
dx,, for the perturbed n'* element and zero for all the other elements. Using index m to represent the m'"
element of the observations vector, the Jacobian elements H,,,; of the observation operator at time #; can

be expressed as:
(xb by _ (xP
H,y,; = 2O %) = i) (5)
: )

The model state vector evolution from time #; to time ¢, is then defined as:
b
X (tiy1) = AGX(1)] (6)

with .# the nonlinear forecast model.

2.3.3 Experiment description

In the system implemented for this study, we use an offline DA setup, meaning that the analysis correc-
tions do not feed back into the atmospheric forcing [11]. The state vector includes soil moisture from the
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top three soil layers (SM;;.3) and LAIL For the computation of the LFMC analysis, increments of LAI
and the three top layers were applied; no increment was applied to the deepest soil layer (SMy4).

The observation vector, background state vector, and observation operator are structured as follows:

y’ = xb = jf(xb) = @)
VOD; VODp
SIF LAl SIF,,

We use the notation VOD; instead of "VOD-L" in mathematical formulations to avoid confusion with a
minus sign.

In Equation 7, variables highlighted in represent the existing observations and model states al-
ready assimilated in the system. Specifically, 2-metre temperature (2mT) and 2-metre relative humidity
(2mRH) pseudo-observations, as well as ASCAT soil moisture observations, were assimilated to im-
prove soil moisture estimates in the top three model layers. Variables highlighted in purple correspond
to the newly assimilated datasets introduced in this study, specifically VOD-L and SIF, to improve the
representation of LAIL

As described in [16], the background error covariance matrix (B) and the observation error covariance
matrix (R) were assumed to be static and diagonal, with diagonal terms defined by error variances (0',3
for background errors and o for observation errors). The values in Table 1 represent the final configura-
tion retained for the assimilation system. They were selected based on sensitivity experiments in which
background and observation standard deviations were systematically varied to assess their impact on as-
similation performance. The tested values are provided in Table A.1 in the annex, and the corresponding
analysis increments, zoomed over Europe, are shown in Figure A.1.

A larger observation error (0,) results in smaller analysis increments, giving more weight to the back-
ground, while smaller observation errors increase the influence of observations. Similarly, larger back-
ground errors (0}) increase the weight of observations in the analysis.

Table 1: Standard deviation values (o}, for background errors and o, for observation errors) retained for
this study. These values define the diagonal terms of the background error covariance matrix (B) and the
observation error covariance matrix (R).

Variable Standard Deviation Unit

Background variables (o)

Soil moisture (top three layers) 0.01 m’ m3
Leaf area index (LAI) 1 m? m—2

Observation variables (c,)

2-metre temperature 1 K

2-metre relative humidity 4 %

ASCAT soil moisture 0.05 m’ m~3
VOD-L 0.16 unitless

SIF 0.12 mW m~2 st~ ! nm™!

Background errors for soil moisture, 2-metre temperature, 2-metre relative humidity, and ASCAT soil
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moisture follow the statistics reported in [24, 12]. The LAI background error standard deviation was set
to a static value of 1 m?> m~2 based on sensitivity analysis (see Annex section A) and is consistent with
literature reporting typical static LAI errors in the 0.4—1.2 m?> m~2 range [29, 2, 4, 10].

LAI was assimilated against a climatological background representing the mean seasonal cycle, which
does not capture interannual or synoptic variability. Its associated uncertainty was intentionally inflated
toward the upper range of literature values to reflect spatial heterogeneity, model structural limitations,
and observation—model mismatches. Assigning a larger background error allows the analysis to place
greater weight on observational information.

Increment LAI

80°N
60°N
40°N
20°N
00
min: -0.54
20°S max: 1.58
mean: 0.04
o std: 0.14
40°S std/mean: 3.75
180° 120°W 60°W 0° 60°E 120°E 180°

I I
-0.4 -0.2 0.0 0.2 0.4

Figure 3: Spatial distribution of LAI analysis increments for August 2021, derived from the data assim-
ilation system using climatological background LAI. Positive values (green) indicate regions where the
assimilation increased LAI relative to the background, while negative values (brown) show where LAI
was reduced. Increments are derived from the assimilation of satellite-based SIF and VOD-L observa-
tions. White areas correspond to locations with no overlapping SIF and VOD-L observations during this
period. The inset box provides global statistics: minimum, maximum, mean, standard deviation, and the
ratio of standard deviation to mean of the increments.

Observation error standard deviations for SIF and VOD-L were derived from O-B statistics over the year
2021. Desroziers diagnostics [13] applied to single-observation-type assimilation experiments indicated
similar error magnitudes despite imperfect convergence.

The Jacobian matrix H was computed via finite differences as follows:

B T2m7pertl —Ton TmepertZ —Tom T2m7per73 —Tom T2m7pen‘4 —Tom T
OSM;, OSM)» SSM)3 SLAI
RHerLpertl —RHyyy, RHZm?pertZ —RHyy RH2m7p6r13 —RHom RHerLpertét —RHyyy,
oMy o5Mp SSMj; SLAT
H-— SMi1_pern1 —SMiiascar SMi_perz—SMpascat SMi1_peri3—SMi1 ascat SMi_pera—SM ascar
- OSM;, 0SM), OSM)3 OLAI
VODL?pen 1 7V0DL VODprertZ *VODL VODLJ)Erl} 7V0DL VODL?perM*VODL
OSM;, 0SM), OSM)3 OLAI
SIF pers1 —SIF SIF per2—SIF SIF pers3—SIF SIF peria—SIF
L 0SM;, 0SM), OSM)3 OLAI B
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Following [16], the soil moisture perturbations (6SM;;.3) were set to 0.01 m’m3. Similarly, the LAI
perturbation (8LAI) was set to 0.01 m?>m~2 based on sensitivity analysis.

In this study, the assimilation of VOD-L and SIF was intentionally restricted to updating only the LAI
component of the state vector, with their sensitivities (Jacobians) with respect to soil moisture set to zero.
Furthermore, increments were applied only when both VOD-L and SIF observations were simultaneously
available. This approach ensures that vegetation updates are based on coherent multi-sensor information,
thereby minimising the risk of assimilating inconsistent or insufficiently constrained data.

3 Results

3.1 Multi-sensor data assimilation

In the experiment shown in Figure 3, SIF and VOD-L were jointly assimilated to constrain LAI, with
increments applied only when both observations were simultaneously available to ensure consistent,
co-located vegetation updates. In parallel, ASCAT soil moisture, 2-metre air temperature, and relative
humidity pseudo-observations were assimilated to inform the soil moisture state, following the error
specifications presented in Table 1.

Green areas indicate increases in LAI driven by the observational signal, while brown areas reflect re-
ductions. Regions shaded white correspond to areas where no simultaneous SIF and VOD-L data were
available during the month, and therefore no update was applied. The inset box provides summary
statistics: a global mean increment close to zero (0.04 m> m~?), with values ranging from -0.54 to 1.58
m? m~2, and a relatively high ratio of standard deviation to the mean (3.75), highlighting the spatially
heterogeneous nature of the corrections. The corrections introduced by data assimilation are not uni-
form. In northern temperate regions, such as western Russia, parts of central and eastern Europe, and
the eastern United States, LAI was consistently adjusted upwards, suggesting that vegetation activity
during August 2021 exceeded what was captured in the long-term climatological baseline. In contrast,
significant reductions in LAI were noted over parts of South America and Australia, regions known to
have experienced dry anomalies during the same period [6]. However, large swathes of the globe re-
main observationally unconstrained, particularly in arid and high-latitude regions where either SIF or
VOD-L—or both—are missing or filtered (see section 2.2.2).

The effectiveness of the LAI assimilation system was evaluated by comparing analysis increments against
the CGLS 300 m LAI product. Figure 4 shows the spatial distribution of changes in RMSE (ARMSE)
between the climatological background and assimilation analysis, computed over two months: May and
August 2021. Across both months, large areas exhibit reduced RMSE (shaded red), indicating that
the assimilation consistently improved the agreement with the independent reference dataset. These
improvements are particularly notable over temperate regions such as central and eastern Europe, parts
of eastern North America, and southeastern South America. In contrast, some regions—particularly in
the tropics and parts of Australia—show small, localised increases in RMSE (shaded red), which may
reflect unresolved surface heterogeneity, limitations in the observation operator in those regions, or the
need for further tuning of the assimilation system.

Assimilating ASCAT-derived surface soil moisture along with 2 m temperature and relative humidity
had a limited impact on modelled soil moisture. The spatial evaluation (Figure 5, top panel) reveals
that, for most stations, changes in correlation between the model and observations were not statistically
significant. Improvements and degradations were largely balanced, with only a few stations showing
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ARMSE: Climatology - Analysis vs Observations Mean in 05-2021
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ARMSE: Climatology - Analysis vs Observations Mean in 08-2021

180°W 1200W 60°W 0° 60°E 120°E 180°E
-1.0 -09 -0.8 -0.7 -06 -0.5 -04 -03 -0.2 -0.1 0.0 0. 02 03 04 05 06 07 08 09 10
ARMSE (m?/m?)

Figure 4: Spatial distribution of the change in root-mean-square error (ARMSE) between model estimates
and satellite observations of LAI for May (top) and August (bottom) 2021. ARMSE is calculated as
RMSE(climatology, observations) minus RMSE(analysis, observations), where observations refer to the
Copernicus Global Land Service 300 m LAI product. Positive values (blue) indicate improved agreement
with observations due to assimilation, while negative values (red) reflect degraded performance. The
analysis is limited to grid cells where assimilation increments were applied and valid CGLS data were
available.
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Figure 5: Evaluation of surface soil moisture against ISMN in situ measurements across the continental
United States in 2021. The top panel shows the spatial distribution of changes in Pearson correlation
(R) between the model and in situ observations when ASCAT surface soil moisture, 2 m air temperature,
and 2 m relative humidity were assimilated (analysis) compared to an open-loop control experiment
without data assimilation. Stations from the USCRN, SNOTEL, and SCAN networks are included.
Colours indicate whether the change in correlation is significant and in which direction: significant
degradation (dark blue), non-significant degradation (light blue), non-significant improvement (yellow),
and significant improvement (brown). The bottom panel presents time series of daily soil moisture at an
example SCAN site in lowa (Midwestern region of the United States) comparing the analysis (green),
control (red), and in situ observations (blue points).
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significant changes—either positive or negative. This suggests that the assimilation configuration, while
stable, did not systematically enhance skill relative to the open-loop simulation.

The time series at a representative site in lowa (Figure 5, bottom panel) highlights a typical scale mis-
match issue when comparing local in situ soil moisture measurements to grid-scale model estimates.
This example illustrates that part of the assimilation performance assessment is inherently influenced by
representativeness errors, as the model integrates soil moisture over much larger spatial domains than the
point-scale sensors capture. The persistent bias observed at this site is consistent with this known issue
and demonstrates the challenge of directly validating coarse-resolution soil moisture simulations with
point-based observations.

Despite the potential value of simultaneously assimilating both VOD-L and SIF, the current setup dis-
regards potentially informative signals due to inconsistencies in data availability within a single assim-
ilation cycle. The lack of synergy between the datasets likely contributes to the observed degradations
in performance, as indicated by the positive RMSE differences in Figure 4, where red regions indicate
areas where the LAI analysis performed worse than the climatology when compared to the observations.
To address these shortcomings, a post-processing strategy was implemented to correct biases in the LAI
increments.

3.2 LAI post-processing

The LAI post-processing step was introduced to correct systematic biases in the LAI analysis increments
generated by the assimilation system. In its current configuration, the system applies increments only in
areas where both VOD-L and SIF observations are simultaneously available within the same assimilation
cycle. This conservative choice was made to ensure that LAI updates are supported by co-located, multi-
sensor evidence. However, this constraint limits the spatial and temporal extent of the updates, leading
to spatial inconsistencies, particularly in regions with sparse satellite coverage.

To address this issue, a post-processing correction was implemented to produce more consistent and
unbiased LAI increments across space and time.

Although one alternative would be to pre-fill satellite data gaps prior to assimilation—through tem-
poral interpolation, collocation analysis, or model-based gap-filling—this approach risks smoothing or
distorting true dynamics, particularly under extreme conditions or in data-sparse regions. Given these
trade-offs, the post-assimilation correction offers a conservative solution. It preserves the raw assimila-
tion structure while addressing systematic deviations, ultimately enhancing the realism and usability of
the reanalysis product.

3.2.1 Correction of LAl increments

The correction combines predictors from the standalone assimilation experiments—specifically, the raw
increments from the VOD-L-only and SIF-only experiments—alongside phenological and observational
information. This includes leaf onset timing [9], which governs the seasonal trajectory of LAI, as well
as the most recent valid LAI observation from the CGLS 300 m product.

Leaf onset is particularly valuable as it captures the timing of vegetation green-up, a key phenological
transition that strongly influences LAI evolution throughout the season. An ML model was trained to
predict corrected, observation-consistent LAI increments using these predictors, thereby improving the
overall coherence of the LAI analysis.
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LAl amplitude (LAI_max - LAl_min)
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Figure 6: LAI seasonal amplitude, derived from CGLS observations, computed as the difference be-
tween the maximum and minimum LAI values over the 2021 growing season. Higher amplitude values
(dark green) indicate ecosystems with strong seasonal variability, typically found in temperate and boreal
forests, croplands, and semi-arid regions. Areas with low amplitude (yellow) correspond to evergreen
tropical forests or sparsely vegetated regions with minimal seasonal LAI change.

Leaf onset (Day of year) in 2021 Derived from observed CGLS LAl (8-day product)
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Figure 7: Leaf onset timing in 2021, expressed as the day of year (DOY) when the most significant sea-
sonal increase in LAl occurred. This product is derived from the smoothed daily CGLS LAI dataset using
the curvature-based method of Brut et al. (2009) [9]. Areas with no meaningful seasonal signal—defined
as locations where the LAT amplitude was below 0.2 m?> m—2>—were masked.
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The seasonal amplitude of LAI (Figure 6) provides an essential diagnostic of vegetation phenology and
productivity. High-amplitude regions, such as parts of central North America, eastern Europe, and
northeastern China, reflect ecosystems with strong seasonal leaf development and senescence, where
accurate timing of LAI onset is critical for capturing vegetation dynamics. Conversely, low-amplitude
areas—such as the tropics and high-latitude tundra—exhibit minimal intra-annual variation, suggesting
that LAI remains relatively stable year-round or that seasonal changes are less pronounced in the satellite
record.

Building on this, the derived leaf onset map (Figure 7) identifies the timing of spring green-up using the
method of Brut et al. (2009) [9], which detects the inflection point of the LAI time series by analysing
the second derivative of a fitted seasonal curve. Only locations with meaningful seasonal variability (am-
plitude > 0.2 m?> m~2) were retained, as changes below this threshold were considered indistinguishable
from noise or climatologically stable. In such cases, the background LAI is unlikely to require significant
correction, and assimilation-induced changes would have limited impact. The resulting onset map cap-
tures broad latitudinal gradients, with earlier onset in subtropical and temperate zones and later onset in
boreal regions. This phenological signal serves as a valuable input in our bias correction model, helping
to align assimilation increments with the expected seasonal trajectory of vegetation growth, as shown in
Figure 8.
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Seasonal LAl cycle comparison
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Figure 8: Seasonal cycles of LAI across different latitudinal zones in 2021 are compared. Observations
from the CGLS LAI 300 m product (black dots) are evaluated against the climatological LAI background
(blue line) and the bias-corrected analysis (bcAnalysis) produced through post-processing (red line; see
Section 3.2 for details). The panels present the global mean (a) and zonal averages for the Boreal (b),
Northern Temperate (c), Equatorial (d), Southern Equatorial (e), and Southern Temperate (f) regions.
The post-processing step enhances the seasonal agreement between the analysis and the observed LAI
cycle.
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3.2.2 Impact on LEFMC estimates
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=T TR U e
AT T e
N NP S
30°N \“% #\(}A H : ; iﬁﬁ? ?} - E{ﬁ;‘/}
- <L AN ‘
[ ¢ = P . W e
N (29 A |
e /} \ 7 if\)
s ;2
60°5 : )
L ey e
- R > e = |
180° 120°W 60°W 0 60°F 120°E 180
[ ] ! ] [ [
0 20 40 60 80 100 120 140 160 180

Live fuel moisture content (%)

Difference from climatology

1ao® 1207 BOEW o 60°E 120°E lao®

I ! —— ]

-2 -1 ] 1 2

Figure 9: Top: Analysed live fuel moisture content (LFMC) [%] for August 2021, derived from a diag-
nostic model (Equation 1) driven by assimilated surface soil moisture and bias-corrected LAI. Bottom:
Relative difference (%) between the analysed LFMC and a LAI-based climatology LFMC, highlighting
areas with anomalously dry (blue) or moist (red) vegetation conditions.

The LFMC was estimated using equation Eq. 1, which integrates two key variables from the land data
assimilation system: surface soil moisture from ASCAT assimilation and unbiased LAI derived through
post-processing of SIF- and VOD-L-based assimilation experiments. The top panel of Figure 9 presents
the global LFMC distribution for August 2021. Expected spatial patterns emerge, with high LFMC
values observed in tropical rainforests and moist temperate regions, where vegetation remains well-
hydrated year-round. In contrast, arid and semi-arid zones, such as southern Australia, southern Africa,
and parts of the western United States, display much lower LFMC values, consistent with their seasonal
dry periods and high fire potential at this time of year.

The bottom panel illustrates the impact of data assimilation on LEMC, expressed as the difference be-
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tween the diagnostic LFMC estimate based on analysed LAI and climatological LAI. These increments
represent how satellite observations (ASCAT, SIF, VOD-L, and CGLS LAI) adjust the vegetation mois-
ture state in the model. Negative increments dominate in key fire-prone regions, including the Brazilian
cerrado, southern Africa, eastern Australia, and parts of the western United States. The assimilation
reduced LEMC values by up to 2 percentage points, indicating that the control simulation likely over-
estimated vegetation moisture during the peak fire season. Smaller positive increments appear where
vegetation greening or moisture recovery was observed, such as in parts of eastern Europe and Central
Asia.

Although most adjustments fall within +2 percentage points, they are significant in fire-prone regions,
where even subtle changes can shift the system across ignition thresholds. The sensitivity of fire ignition
and spread to LFMC depends strongly on vegetation type. In fine, herbaceous fuels such as grasses and
savannas, LFMC is closely coupled to short-term drying and responds rapidly to atmospheric and soil
moisture conditions. In contrast, in woody fuels—such as Mediterranean shrublands, conifer forests,
or eucalyptus stands—small drops in LEMC can sharply increase flammability by affecting leaf com-
bustibility, volatility, and energy release. In these systems, a decrease of just 1-2 points can mark the
transition from low to extreme fire risk, particularly when combined with high temperatures and wind.
The spatial pattern of negative LEFMC increments aligns, to some extent, with regions that experienced
major wildfire activity in 2021.

3.3 Study case: Greece fires - August 2021

In August 2021, Greece experienced one of the most destructive wildfire seasons in recent history, with
the island of Evia (Euboea) being particularly hard hit. Northern Evia, a region dominated by dense pine
forest and shrubland, saw extensive fire activity between 3 and 11 August, resulting in a total burnt area of
over 500 km?, as captured by the MODIS Burnt Area product (Figure 10, a). The spatial concentration
of fire activity in this region was exceptionally high, making it one of the largest single fire events in
Europe during that summer.

The evolution of vegetation state over the affected area is illustrated in Figure (10, b). The assimi-
lated LAI analysis (black curve), which integrates satellite-derived VOD-L and SIF observations, closely
tracks the CGLS 300 m observational time series (red crosses) until the fire event. Prior to August,
the vegetation followed a typical Mediterranean seasonal trajectory, peaking in late spring to early sum-
mer, in line with climatological LAI. However, during and immediately after the active fire window
(highlighted in orange), the LAI dropped abruptly, reflecting the destruction of canopy structure due to
combustion and vegetation mortality. This drop is captured both in the assimilated analysis and in the
direct satellite observations, highlighting the system’s sensitivity to abrupt disturbance events. Climato-
logical values for low and high vegetation types (green and yellow dots) are also displayed. Post-fire LAI
falls well below the typical values for low vegetation, confirming that the magnitude of vegetation loss
was extreme. Figure (10, ¢) focuses on the temporal evolution of LAI during the critical two-week period
surrounding the fire. Here, the abrupt LAI decline in early August is clearly visible, closely aligned with
MODIS active fire detections. The rapid loss of LAI is an indicator of severe canopy disruption, consis-
tent with ground-based assessments of the area, which reported widespread deforestation and long-term
ecological damage.

Together, these results highlight the ability of data-assimilated LAI systems to capture both the slow
evolution of seasonal vegetation cycles and the rapid onset of extreme disturbances such as wildfire.
By integrating real-time satellite observations, such systems provide improved vegetation state estimates
and a timely, quantitative window into the ecological impacts of climate-driven events. This capacity is
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Figure 10: Wildfire impact on vegetation in northern Evia, Greece, during August 2021. (a) MODIS-
derived burnt area over Greece for August 2021, highlighting a major wildfire event in northern Evia
(Euboea), where over 500 km? of land was affected. (b) Seasonal evolution of the normalised LAI over
the red square in panel (a), which corresponds to northern Euboea, comparing the daily assimilated LAI
analysis (black line), CGLS LAI observations (red crosses), and low and high climatological LAI (light
and dark green dots, respectively). The timing of active fire detections (orange shaded region) is derived
from MODIS thermal anomalies. (c) A zoomed view of the LAI time series from July to August 2021,
illustrating the sharp decline in LAI that coincides with the fire period.
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critical for post-fire assessment, land surface reanalysis, and monitoring the pace of ecosystem recovery
in the aftermath of large disturbances.

The alignment between assimilated LAI, satellite observations, and MODIS fire detections highlights the
potential of integrated Earth observation systems to support both retrospective reanalysis and near-real-
time monitoring of landscape disturbances.

4 Conclusions and next steps

Both LEMC and fuel load are key controllers of fire activity, particularly relevant for predicting and char-
acterising extreme fires. LFMC influences vegetation flammability, with low moisture levels significantly
increasing the probability of ignition, fire intensity, and spread. In parallel, high fuel loads—resulting
from biomass accumulation over time—provide the combustible material needed to sustain large, severe
fires. These two factors are increasingly shaped by hydroclimatic whiplash, where alternating wet and
dry extremes promote rapid fuel build-up followed by intense drying. Wet periods lead to vigorous vege-
tation growth, while subsequent drought phases desiccate live fuels, lowering LFMC and creating highly
flammable conditions. This dynamic is especially evident in regions like California and the Pantanal,
where fire activity has become increasingly decoupled from traditional fire weather metrics. Incorporat-
ing LFMC, fuel load, and hydroclimatic variability into fire danger assessments is therefore essential to
improve predictive accuracy and guide preparedness for extreme fire behaviour.

In the SPARKY ECMWEF fire model, both LEFMC and fuel load currently depend on a climatological LAI,
which limits the model’s ability to capture rapid changes in fuel conditions. This includes modifications
driven by preceding fires, unusually wet or dry seasons, and land use changes such as crop harvesting
at varying times or deforestation. The use of a static LAI does not reflect the dynamic nature of vege-
tation and fuel availability. However, the increasing availability of satellite-derived observations offers
the potential to incorporate interannual variability and improve the model’s responsiveness to real-time
changes in land surface conditions.

Thus far, FUELITY has explored the use of VOD-L and SIF observations to inform LFMC by develop-
ing a comprehensive data assimilation system based on an extended ensemble Kalman filter. This system
employs machine learning to model the relationship between satellite observations and vegetation vari-
ables. It shows potential for improving the representation of vegetation temporal dynamics in the IFS
and has been successfully tested for LFMC estimation; it will be extended to include fuel load.

Initial results are promising:

1. The use of multiple sensors is advantageous, as they provide complementary information across
different biomes.

2. The assimilation increments move in the expected direction when validated against independent
observations.

3. The frequent updates allow the system to capture rapid shifts in fuel conditions, such as the sharp
onset of fire activity observed during the Greece event.

The next stage involves incorporating fuel load and running the system over a longer time period to
assess its impact on fire dynamics.

ESA Contract Report 23



L ECMWF Advancing global live fuel moisture mapping through multi-sensor data assimilation

While results are promising, better performance could be achieved by using a prognostic LAI as the
current approach resets the benefits at each time step. A prognostic LAI would provide the system
with memory, allowing it to retain and build on vegetation changes over time. This is a direction of
development that ECMWF is embracing.
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Annex: Sensitivity experiments

Table A.1: The standard deviation values listed here represent a selected subset of the sensitivity experi-
ments conducted in this study. These values were varied to evaluate their impact on the performance of
the data assimilation system. The corresponding analysis increments, focused over Europe, are presented
in Figure A.1, and the final configuration retained for the data assimilation system is provided in Table 1.

ID LAI SIF VOD-L
m?>m2) MmWm 2sr 'nm~!) (unitless)
igjg 1.2 0.10 0.10
igSr 0.4 0.10 0.10
igix 0.8 0.10 0.32
igjiz 0.8 0.10 0.65
ig5z 0.8 0.20 0.10
igijr 0.8 0.45 0.10

Sensitivity analysis of increments to
DA parameters (08/2021

0N

Figure A.1: Spatial patterns of LAI analysis increments for August 2021 from the sensitivity experiments
listed in Table A.1. Each panel represents one experiment where the standard deviation of background
LAI, satellite-based SIF, or VOD-L observations was varied to assess its influence. The increments
illustrate how different uncertainty configurations impact the LAI analysis across Europe. White areas
indicate regions where no simultaneous SIF and VOD-L observations were available during August 2021,
and thus no data assimilation was performed there.
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This annex provides details of the sensitivity experiments conducted to evaluate the influence of back-
ground and observation error standard deviations on assimilation performance. Table A.1 lists the tested
configurations, and Figure A.1 illustrates the resulting L AI analysis increments across Europe. The final
standard deviation values selected for the study (Table 1) were those that yielded the most robust and
realistic system performance.
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