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Abstract A recent study (Shan et al., 2024, https:/doi.org/10.1016/j.rse.2024.114167) showed that using
a Deep-Neural-Network (DNN)-based observation operator in land data assimilation (DA) does not guarantee
improvements in surface soil moisture (WG2). Here, we conduct a synthetic experiment to explain this
outcome by testing whether DNN-based operators reproduce physically consistent Jacobians (sensitivities)
required by DA. The ISBA-A-gs land surface model is perturbed to generate “synthetic true” WG2 and leaf
area index (LAI), and a Water Cloud Model (WCM) is used to generate synthetic backscatter. Two DNNs are
trained taking simulated states from the open loop run as input and the synthetic backscatter as output. The
first is trained on WG2 and LAI while the second uses LAI and soil moisture from multiple layers, that is
including redundant inputs. The synthetic observations are then assimilated using the two DNNs and the
WCM as observation operators. Results suggest that the assimilation using a DNN-based observation
operator improves the estimates of WG2. However, DNN Jacobians are no longer physically plausible when
the model simulations used as training inputs contain errors relative to the “true” data, or when redundant
input variables are included. This confirms that a strong predictive performance does not automatically reflect
accurate representation of underlying physical sensitivities which prove problematic in subsequent DA. This
study has important implications for deep-learning-based DA and Earth system models (ESM): DA or ESM
trained on reanalysis or simulations may learn inaccurate Jacobians if input contains errors and redundant
variables. This potential limitation could remain hidden when evaluation focuses primarily on predictive
performance.

Plain Language Summary Machine learning is increasingly used to help constraining land surface
models (LSMs) with satellite measurements. However, Shan et al. (2024, https://doi.org/10.1016/j.rse.2024.
114167) showed that using a Deep Neural Network (DNN) in a data assimilation (DA) system does not always
lead to better SSM estimates. Here we conduct a synthetic experiment where the true relationship between soil
moisture, vegetation, and microwave backscatter is known. This enables the evaluation of DNN-derived
Jacobians—something that is not feasible in real-world scenarios. We found that good prediction performance
alone was not enough: the DNN could match the observations well while still represent the underlying
relationships incorrectly, which limited how much DA improved SSM estimates. This is because DNN
“overfits” when model simulations used as training input have error compared to “true” data. This may raise
concerns for generalizability of deep-learning-based DA and ESMs trained on model simulations or reanalysis
data. We also show that including extra inputs such as deeper soil moisture can slightly improve prediction
performance but can also contaminate the sensitivities that are needed for assimilation. The results show that
machine learning in DA and ESM applications should be judged not only by prediction performance, but also by
whether they capture physically meaningful relationships.

1. Introduction

Land data assimilation schemes assimilate satellite observations into land surface models (LSMs) to constrain the
soil and vegetation dynamics (Kumar et al., 2022; Lannoy et al., 2022). Several studies show that the assimilation
of soil moisture products retrieved from active (Advanced SCATterometer (ASCAT) (Albergel et al., 2017;
Wagner et al.,, 1999), Sentinel-1 (Lievens, Reichle, et al., 2017)) and passive microwave remote sensing
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observations (Advanced Microwave Scanning Radiometer for Earth observation science (AMSR-E) (Draper
et al., 2012; Imaoka et al., 2010), the Soil Moisture Ocean Salinity (SMOS) mission (Kerr et al., 2010; Martens
et al., 2016) and Soil Moisture Active Passive (SMAP) mission (Entekhabi et al., 2010; Seo et al., 2021)) im-
proves the estimates of surface soil moisture (Aires et al., 2021; Albergel et al., 2012; Brocca et al., 2010; Seo
et al., 2021), runoff (Draper et al., 2011) and evapotranspiration (Albergel et al., 2017).

However, retrieved products might be physically inconsistent with the LSMs due to the use of radiative transfer or
empirical models with underlying assumptions of parameter, land surface, and climate characteristics that may
deviate from that of the LSMs (Kumar et al., 2022; Lannoy et al., 2022). Therefore, directly assimilating radar
backscatter (6°) or radiometer brightness temperature (7h) offers an alternative means to constrain the LSMs
(Balsamo et al., 2006; Crow & Wood, 2003; Han et al., 2014; Lievens, Martens, et al., 2017; Reichle et al., 2002).
This approach can mitigate the need for CDF-matching and bias correction (Fairbairn et al., 2017; Leroux
et al., 2018) and also avoids potential cross-correlated errors between retrievals and model simulations (De
Lannoy & Reichle, 2016; Lievens, Martens, et al., 2017). Additionally, radar observables contain information on
soil water dynamics and vegetation phenology (Steele-Dunne et al., 2019), allowing for the simultaneous updates
of multiple state variables (surface soil moisture and vegetation states).

The advanced Scatterometer (ASCAT) on the Metop series of satellite provides data in one polarization (VV).
ASCAT VYV backscatter provides valuable insights to vegetation dynamics across a wide range of cover types
(Frolking et al., 2005; Jarlan et al., 2002; Petchiappan et al., 2021; Schroeder et al., 2016; Steele-Dunne
et al., 2019). The assimilation of ¢” and Tb requires an observation operator which links the states simulated
by LSMs to the microwave remote sensing observables. Radiative transfer models (RTMs), like the water cloud
model (WCM, Attema and Ulaby (1978)), the 7 — @ model and the L-band Microwave Emission from the
Biosphere radiative transfer model (L-MEB, Wigneron et al. (2007)), are often used as the observation operator.
Lievens, Martens, et al. (2017) compared the assimilation of ASCAT normalized backscatter (¢3,) and SMOS Tb
into the Global Land Evaporation Amsterdam Model (GLEAM). They calibrated the WCM and L-MEB to
forward model ASCAT ¢” and SMOS Tb. The study demonstrated that assimilating ASCAT ¢}, improves the
model skill in estimating surface soil moisture and land evaporation. Baguis et al. (2022) assimilated ASCAT oy,
in the hydrological model SCHEME using the WCM as an observation operator. They showed that assimilation of
ASCAT o9, reduces the RMSE in the estimates of streamflow, compared to the assimilation of the retrieved H-
SAF HO7 Surface Soil Moisture (SSM) product. However, they also found that the performance was still limited
by bias in ensemble simulations. Modanesi et al. (2021) calibrated the WCM with simulations of SSM and LAI
from LSM Noah-MP and then assimilated Sentinel-1 backscatter into Noah-MP to improve the SSM and LAI
estimates (Modanesi et al., 2022).

In passive microwave remote sensing, De Lannoy and Reichle (2016) assimilated SMOS 75 into the GEOS-5
Catchment Land Surface Model using the 7 — @ model as the observation operator and compared the results
to those obtained by assimilating SMOS retrieval products. The assimilation of 76 showed larger innovations and
local differences in performance, which were attributed to differences in how the Tb and SM observations were
masked, and to the different assumptions made in the retrieval model versus the forward model. A similar DA
system is used for the SMAP Level 4 soil moisture product (Reichle et al., 2017, 2021).

However, RTMs require moisture content or dielectric properties of soil and vegetation cover, as well as de-
scriptions of size, shape, orientation, and distributions of scatterers in the canopy. Unfortunately, these parameters
are generally not simulated by LSM or available globally. Furthermore, despite their complexity, these models
still have a highly idealized and simplified representation of vegetation and the distribution of water within it
(Kumar et al., 2022; Lannoy et al., 2022). Therefore, many studies proposed the use of machine learning (ML)
algorithms as a surrogate model to forward model the ¢° and Th (de Roos et al., 2023; Shamambo et al., 2019;
Shan et al., 2022). ML can model the indirect relationships between LSM states and microwave observables more
efficiently, without explicitly parameterizing the complex interactions (Lannoy et al., 2022; Shan et al., 2022).
Aires et al. (2021) investigated applying a neural network (NN) for retrieval versus forward modeling to
assimilate ASCAT o9, into an LSM. Corchia et al. (2023) assimilated ASCAT o9, into ISBA-A-gs by using an
NN as the observation operator. In this study, the NN was trained on surface soil moisture and surface soil
temperature from ISBA-A-gs, and LAI observations from the PROBA-V satellite.
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Figure 1. (a) Location of the study region of interest; (b) the dominant vegetation types in each 0.25° x 0.25° GPI; (c) the
fraction of the dominant vegetation types in each GPI based on ECOCLIMAP II data.

A recent study demonstrated that the Jacobian terms of machine-learning-based observation operator might limit
the efficiency of the DA (Shan et al., 2024). In particular, inconsistencies among the terms of the Jacobian of
ASCAT observables to ISBA-A-gs land surface states led to the neutral impact of the DA of ASCAT normalized
backscatter and slope. This highlighted the value of examining the physical plausibility and consistency of the
machine-learning-based observation operator in terms of the sensitivities of microwave remote sensing ob-
servables to land surface states (Shan et al., 2024). The current study extends the work of Shan et al. (2024) by
running synthetic data assimilation experiments to improve our understanding of the influence of choices related
to the training of the DNN on its performance in the assimilation framework. ML approaches are frequently
careless with regards to the number/types of inputs considered. More is generally considered better. This study
considers the potential danger in that attitude with regard to observation operators, where more inputs could lead
to incorrect sensitivities.

Specifically, the two DNNs are trained with different input choices, to test the hypothesis that assimilating
synthetic backscatter using DNNs as the observation operator can lead to suboptimal performance if (a) the OL
data used to train the DNN is biased compared to synthetic truth, and/or (b) the presence of redundant input
variables introduces inconsistencies across the terms of the DNN-based Jacobians. In particular, introducing land
surface variables indirectly linked to the training target may improve the performances, but may also introduce
inconsistencies in the DNN-based Jacobian terms, that is a “better” estimation performance does not yield a
“better” DA performance or Jacobian which is more consistent with scattering mechanisms.

2. Data
2.1. Study Area

The experiment is conducted over a region in southwestern France as shown in Figure 1a, extending from 43°N to
46°N and 1°W to 3.5°E. The domain contains 211 grid points (GPIs), each of which represents an area of 0.25° by
0.25°. Figure 1 maps the dominant land cover type (b) and the fraction of that cover type in the GPI (c). Most GPIs
in this region are dominated by C3/C4 agriculture and grasslands, with the remainder primarily covered by
Broadleaf and Needleleaf forests. The soil type information from ECOCLIMAP II data can be found in Figure S1
in Supporting Information S1. Most grid points in this region are classed as sandy soil.

2.2. ASCAT Normalized Backscatter

ASCAT is on board the Metop series of satellites operated by the European Organization for the Exploitation of
Meteorological Satellites (EUMETSAT) (Hahn et al., 2017). It operates a frequency of 5.255 GHz in C-band and
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provides (VV) co-polarized radar backscatter. The ASCAT sensors have two sets of antennas with different
incidence angles (34° to 65° and 22° to 55° (Hahn et al., 2017)). The measured backscatter is normalized to a
reference incidence angle of 40° by using a second-order polynomial describing the relationship between inci-
dence angle and backscatter (Hahn et al., 2017; Melzer, 2013; Wagner et al., 1999). The ASCAT normalized
backscatter is available at 0.25° resolution. The normalized backscatter data set consists of data from ascending
(09:30 a.m.) and descending orbits (09:30 p.m.).

3. Methodology
3.1. ISBA-A-gs Model

The ISBA-A-gs (Interactions between Soil, Biosphere and Atmosphere (Noilhan & Mahfouf, 1996; Noilhan &
Planton, 1989)) land surface model (LSM) simulates water, energy, and carbon exchanges at the land surface
(Albergel et al., 2017). This study uses the CO,-responsive version of ISBA-A-gs within the offline SURFEX
platform (version 8.1) (Albergel et al., 2017, 2018; Masson et al., 2013). The simulations of dynamics of plant
physiological states in land-atmospheric interactions are run with the “NIT” plant biomass monitoring option
(Calvet et al., 1998, 2004, 2007). The current ISBA-A-gs model utilizes Jacob's biochemical A-gs model (Jacobs
etal., 1996) to simulate the dynamics of photosynthetic processes responding to changing atmospheric conditions
(Albergel et al., 2017). A multi-layer diffusion scheme is used to simulate the dynamics of soil water in different
layers (Albergel etal.,2017; Leroux et al., 2018). The hydraulic parameters used in ISBA-A-gs are included in Text
S1 and S2 in Supporting Information S1. More details can be found in Decharme et al. (2011). The ISBA-A-gs
parameters are defined for 19 generic land surface patches as described in Table S2 in Supporting Information S1.

The model was forced by the latest ERA5S (ECMWF Reanalysis v5) atmospheric reanalysis (Hersbach
et al., 2020) from 1996 to 2019. The hourly meteorological forcing data are available on 0.25° X 0.25° grid and
include precipitation (Prcp), 2 m air temperature, 2 m specific humidity, wind speed, wind direction, surface
pressure, downward direct shortwave radiation, downward diffuse radiation, downward longwave radiation,
snowfall rate, and CO, concentration. All ERAS atmospheric variables were interpolated using bilinear inter-
polation to match the grid points of ISBA. This step was necessary because the center points of the ERAS grid do
not match those of the ISBA-A-gs simulations or ASCAT data. The ISBA parameters are those used in Parrens
etal. (2014) and Decharme et al. (2011). To initialize the model, the spinup is done by running the model using 20
repetitions of 1996 forcing data. The land-surface variables simulated at the end of this spinup are then used as the
initial conditions for the open-loop run. The open-loop simulation was obtained using the ERAS forcing data from
1997 to 2019. Then the data assimilation scheme was run from 1 Jan 2017 to 31 Dec 2019.

3.2. Water Cloud Model

In the Water Cloud Model (WCM) (Attema & Ulaby, 1978), the backscatter from a vegetated soil surface is

represented by the sum of vegetation backscatter (ov,,) and the soil backscatter (65,;) which is subject to two-way

attenuation by the vegetation (Lievens, Martens, et al., 2017).

o’ = O'(V'eg + Tzo':oil (1)
with
fopon @s) = 10log;, ooy = C+DXSSM 2)

The vegetation transmissivity (7') depends on the incidence angle () and the vegetation optical depth (VOD):

VOD
T = exp (— o8 9) 3)

The vegetation is represented as a layer with uniformly distributed water droplets (Bindlish & Barros, 2001),
characterized by a bulk vegetation descriptor V:
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with V| being the bulk vegetation descriptor accounting for canopy backscatter and A being a fitting parameter
(Lievens, Martens, et al., 2017) and VOD = B X V, (Shamambo et al., 2019). The VOD can be related to the
vegetation water content (VWC) or to proxies of the vegetation water content (VWC) like LAL In this study, both
Vi and V, are set as LAI following (Modanesi et al., 2021).

The WCM contains the parameters A, B, C, and D which vary per GPI. The A and B parameters are related to
vegetation properties while C and D are related to soil properties (Shamambo et al., 2019). Parameter A quantifies
the effect of direct vegetation scattering while B is the measure of the vegetation attenuation effect (Lievens,
Martens, et al., 2017). Parameters A and B are dimensionless and vary with canopy types and the radar
configuration. Parameter C (dB) is the value of the backscatter for perfectly dry soil and is affected by the surface
roughness and incidence angle. Parameter D (dB/m*/m?) describes the sensitivity of backscatter to soil moisture.
A, B, C, and D also depend on the radar configuration.

3.3. Simplified Extended Kalman Filter

The Simplified Extended Kalman Filter (SEKF) is used to assimilate the ASCAT observables into the LSM
ISBA-A-gs. The update equation of SEKF for a single GPI follows:

X =% + Ky(y) - H(x))) )

where subscripts a, f, o indicate the analysis, forecast, and observation, respectively. The term X, represents the
control vector or state vector of dimension (nbp,nbv) computed at time step k, in which nbp indicates the number
of patches ISBA-A-gs simulates and nbv is the number of states. The term x represents the state vector aggregated
over different patches which contains LAI, WG2 (0.01-0.04 m), WG3 (0.04-0.1 m), WG4 (0.1-0.2 m), WG5S
(0.2-0.4 m), WG6 (0.4-0.6 m), WG7 (0.6-0.8 m), WG8 (0.8-1.0 m) as described in Table S2 in Supporting
Information S1. y° denotes the observation vector of dimension nbo. H denotes the non-linear observation
operator, WCM or DNN as illustrated in Section 3.4.3 and 3.4.4.

The Kalman gain f{k is computed at time k as follows:

Ro=| =B, (3BT + &) ©)

Ky 12)

where Ky |, satisfies the update equation for x| ,:
Xiipl = X{,[p] + Ky (vi = H(Xi)) )

and J is the Jacobian of the model (M) and the linearized observation operator (Hy [,)) at time step k for patch
p, which follows:

Jem Hy 1My 1)

~ | T H )My o)
J= = (8)

Jiri2 Hy 19/ My o)
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Figure 2. Experiments setup.

and B is a block diagonal matrix which is “patch-dependently” defined as:

Bk,[l] O ves 0
0 By

=1
I
o

©)

O cee 0 Bk,[lz]

The control vector evolution from time k to the end of the 24 hr assimilation window (k+1) follows:
Xir1,1p] = Mulp] [XZ,[,;]] = Mk,[n]XZ,[p] (10)

where M, [, denotes the LSM ISBA-A-gs at time k at patch p. The term 1('4,(,[ p 18 the linearization of M, [, at
patch p.

3.4. Experiment Setup

The detailed experiment setup is illustrated in Figure 2. There are four steps in total: (a) calibration of the WCM,
(b) generation of synthetic truth and observations, (¢) DNN training and validation, and (d) data assimilation
experiments. These are discussed in Sections 3.4.1 to 3.4.4 respectively. In step (2), a perturbed run of the model
is used to generate the synthetic “true” surface soil moisture (WG2) and leaf area index (LAI). These synthetic
true values of WG2 and LAI are used to generate synthetic backscatter using the calibrated WCM from step (a).
Additive noise with zero mean and a standard deviation of 0.33 dB (Lievens, Martens, et al., 2017) is then added
to these WCM outputs to account for observation error (Equation 12), producing the “true” radar backscatter
observations for assimilation. The motivation to compare the WCM and the two DNNs using a synthetic
experiment is:

¢ We can ensure that the dynamics of the radar backscattering coefficient are determined entirely by WG2 and
LAI There is no unexplained variance in the synthetic true observations. This allows us to evaluate the
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Table 1 Jacobian of the respective observation operators, since the Jacobian of the
Perturbation Applied on the ERAS5 Forcing Data, Following Reichle “true” observation operator is perfectly known.
et al. (2002); De Lannoy and Reichle (2016) o Validating against “true” states and observations at the resolution of the
s cuaEkifen model/assimilation grid eliminates any scale mismatch between the true
with perturbations and estimated states, which contributes to a representativeness error.
Tz in white noise
Variables Type  Stddev  correlation  Pcp SW LW 3.4.1. Calibration of WCM
P M b 24 h 1 —0. b . . .
e 05 08 03 The parameters A, B, C, and D of the WCM are determined by calibrating the
Downward SW M 0.3 24 h —0.8 1 0.5

Downward LW A 20 W/m>

ISBA-A-gs OL model simulations against the actual ASCAT normalized
24h 05 05 1 backscatter. The rationale is to provide a reasonable set of parameters to

WCM to generate synthetic true observations described in Section 4.2.

Therefore, the model simulations take WG2 and LAI from the ISBA-A-gs OL
runs as the input. The calibration is performed from 2007 to 2016. The calibration process is done per GPI using
the Shuffled Complex Evolution algorithm (SCE-UA) (Duan et al., 1992, 1994). The objective loss function J
minimizes the root mean square error (RMSE) between WCM simulated backscatter oty and ASCAT back-
scatter o3¢y at a given GPL. J is defined as:

1 - 0 0 2 1 o (a(),i _ai)2
J= NZ(GWCM_"‘ASCAT) +Wa]\7aZi:T (1

Ao,

where N is the number of WCM simulations and ASCAT observations available, N, is the number of calibrated
WCM parameters (N, = 4 in our case), W, the weight-factor given to the parameter penalty term, a; the ith
parameter value, and o) ; the prior value of the ith parameter. W, is set as 0.1 to ensure that the minimization more
strongly constrains the RMSE between WCM simulations and ASCAT observations than by the parameter
penalty term. Following Lievens, Martens, et al. (2017), the parameter deviations from their initial values are
scaled by the variance of a uniform distribution with boundaries [@p;y, @max]- The prior values and ranges of
parameters are based on those used by Lievens, Martens, et al. (2017) and Shamambo et al. (2019). The Water
Cloud Model is used here to generate synthetic backscattering coefficient data that are used as a training target for
the DNN. The Water Cloud Model is implemented following the methodology outlined by previous studies (de
Roos et al., 2023; Lievens, Martens, et al., 2017, Lievens, Reichle, et al., 2017; Modanesi et al., 2021; Sha-
mambo, 2020; Shamambo et al., 2019).

3.4.2. Generation of Synthetic Truth and Observations

A perturbed run of the LSM ISBA-A-gs serves as the “synthetic true” solution and is meant to represent nature
(Reichle et al., 2002). A “perturbed” run is generated starting from a prescribed initial condition on 1 January
1996. Following Reichle et al. (2002) and De Lannoy and Reichle (2016), perturbations are introduced to (a)
ERAS Forcing data to represent imperfect knowledge about the forcing data (Reichle et al., 2002); (b) the
prognostic state variables like soil moisture in different layers, to mimic the errors in model structure and model
parameters (De Lannoy & Reichle, 2016).

The precipitation (Pcp) and short wave radiation (SW) are perturbed with multiplicative (denoted as “M”)
lognormal perturbations. Long wave radiation receives additive normal perturbations, as listed in Table 1. Forcing
perturbations have a temporal correlation length of 1 day. Additionally, moderate cross-correlations between the
perturbed forcings are imposed to ensure physical consistency between the forcing errors. The perturbations to
prognostic states like soil moisture in different layers are prescribed as additive Gaussian noise with zero mean
and a standard deviation of l(wfc - ww,il,) for surface soil moisture (SSM), with A = 0.5 for soil moisture in layer
2 (1-4 cm depth), 0.2 for SM in layer 3 (4-10 cm depth), 0.05 for SM in layer 4 (10-20 cm depth) and 0.02 for SM
in deeper layers. The variable 4 is a dimensionless scaling coefficient for the calibration of the background errors
(Fairbairn et al., 2015). These values are in line with Fairbairn et al. (2015) and Bonan et al. (2020).

Synthetic observations of backscatter (at 40° incidence angle) are generated by taking the WG2 and LAI from the
synthetic truth and running the WCM with the calibrated parameters (A, Bear> Cears Dear):
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Ufme = WCM(Acal ’ Bcala Ccal ’ Dcal > WGztruea LAItrue) + €qrue (12)
Observation error is represented through €., an additive Gaussian noise with zero mean and a standard deviation
of 0.33 dB following Lievens, Martens, et al. (2017).

A second model integration, this time without perturbations (in forcing and states), represents the best model
estimate of the “truth” without the benefit of data assimilation and is called the “open loop” (OL) simulation
(following Reichle et al. (2008)). Next, synthetic observations generated from the “true” WG2 and LAI are
subsequently assimilated back into the ISBA-A-gs OL using different observation operators. The synthetic true
WG2 and LAI are unknown to the training of the DNN-basedobservation operator. Finally, the resulting
assimilation estimates are compared against the synthetic truth data set. In the remainder of this section, we
provide more detailed descriptions of the observation operators and synthetic data assimilation experiments.

3.4.3. DNN Training and Validation

Two DNNss are trained following the methodology described by Shan et al. (2022). The DNN consists of an input
layer, multiple hidden layers, and an output layer. Each layer contains several neurons connected to neurons in
adjacent layers through weight and bias matrices (Goodfellow et al., 2016). During the training process, the
weights and biases are updated via backpropagation using the Adam optimizer (Kingma & Ba, 2014), a stochastic
gradient-based algorithm that minimizes the loss function (or equivalently, maximizes accuracy) between the
DNN outputs and the training targets. To prevent overfitting, early stopping is applied during the training process.
The input data of DNN comes from the OL experiment of ISBA-A-gs from 2007 to 2019. Similar to the cali-
bration of WCM, the DNN is trained independently per grid point. The training target of DNN comes from the
synthetic observations of backscatter (at 40° incidence angle) generated from Equation 12. The structure of the
DNN is not fixed. The DNN's structural hyperparameters—including the number of layers, the number of neurons
per layer, the batch size, the activation function, and the learning rate—are tuned via Bayesian optimization
(Snoek et al., 2012).

The DNNSs are trained and tested using data from 2007 to 2016. To improve the robustness of the Jacobian, the
data from 2007 to 2016 are randomly shuffled and sampled 50 times (Shan et al., 2024). This process creates 50
unique training-testing splits, ensuring a comprehensive examination across diverse data scenarios. Subsequently,
each split is used to train an individual DNN, and the final estimates of the DNN are the ensemble mean of the
outputs from each of these models trained on the k — h data split (k = 1,...,50). The final Jacobian estimates
are also obtained by computing the ensemble mean of the Jacobian estimates from each model.

The statistical inference of the DNN Jacobian is an ill-posed problem (Vapnik, 2013) because multiple solutions
can be found for similar output statistics (Aires et al., 2004). The parameters of DNNs are very unstable and may
vary drastically from one solution to another (Aires et al., 2004). The spread of Jacobians of multiple DNN
solutions (trained on same data set) is referred to as the error of Jacobians (Krasnopolsky, 2007). Following
Krasnopolsky (2007), an ensemble of DNNs was created for each GPI, each trained on different samples of the
training data. The model architectures vary because the number of layers and nodes is optimized using Bayesian
optimization, resulting in different weights for each DNN and different hyperparameters. Krasnopolsky (2007)
showed that the ensemble mean of Jacobian estimates of all individual NN emulations can reduce the simulation
errors and the magnitudes of the extreme outliers, as well as the errors of the Jacobian.

In this study, we consider three DNNGs. First two are trained using the OL as input and the synthetic backscatter as
the training target. For the first DNN (DNN[WG2, LAI]), the input land surface variables are surface soil moisture
(WGQG2) and LAI This first DNN therefore has the same inputs as the WCM. The second DNN (DNN[multiple
WGs, LAI]) is trained with LAI and soil moisture in different layers from OL as the input. Soil moisture values in
other layers are included because of the indirect link between root zone soil moisture and vegetation water content
(Petchiappan et al., 2021; Shan et al., 2022) which affects radar backscatter (Khabbazan et al., 2022; Petchiappan
et al., 2021). As a result, normalized backscatter could be indirectly influenced by root zone soil moisture.

The third DNN, DNN[WG2,,,., LA, is trained using synthetic truth values of WG2 and LAI as inputs. This
will allow us to determine whether a DNN trained on the “true” input variables produces Jacobian estimates that
are consistent with Jacobian of WCM. By comparing the Jacobians of DNN[WG2,., LAI,.], WCM, and DNN
[WG2, LAI], we test the hypothesis that discrepancies between DNN and WCM Jacobians stem from difference
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;::,alflszAbout Different Model Runs, Including OL, Perturbed Run, and Different DA Experiments
OL Perturbed run DA(WCM) DA(DNN[WG2, LAI]) DA(DNN[multiple WGs, LAI])
Forcing ERA5 Perturbed ERAS ERA5 ERA5 ERA5S
Observation - - Synthetic backscatter (c7,,.) Otre Ofe
States - - LAI WG2, ...,WG8 LAI WG2, ...,WG8 LAI WG2, ...,WG8
Period 1996-2019 2007-2019 2017-2019 2017-2019 2017-2019
Observation operator - — WCM DNN trained on WG2, LAI from OL DNN trained on WG2,...,WGS, LAI

between OL and synthetic land surface variables (WG2 and LAI), instead of from the nonlinearities of the
radiative transfer model used to generate the training targets (normalized backscatter).

The calculation of the Jacobians of the DNN models follows the methodology of Shan et al. (2022). Perturbation
is added to the DNN input data. It is applied to one DNN input state at a time step in order to calculate the Ja-
cobian. Then the estimates of the perturbed input are used to calculate the first order sensitivity of estimation to
the input data. The magnitude of the perturbation is £5% of the range of input data.

3.4.4. Data Assimilation Experiments

The synthetic backscatter observations generated in Section 4.2 are assimilated into the ISBA-A-gs using the
SEKEF to constrain the ISBA-A-gs model from 2017 to 2019. ISBA-A-gs is run on the same 0.25° X 0.25° grid as
the ASCAT data. The synthetic backscatter is assimilated once every 24 hr at 10 a.m. (Shan et al., 2024) because
ISBA-A-gs can only update LAI once a day. Backscatter at evening is not assimilated and model state is not
updated at 10 p.m. either. Table 2 summarizes the details of different model runs, including OL, perturbed run,
and different DA experiments. Three DA experiments were conducted using the same synthetic observations and
the same parameter settings (background error and observation error) so that the only difference is the choice of
the observation operator. DA(WCM) uses the WCM as an observation operator. DA(DNN[WG?2, LAI]) is the
DNN trained on surface soil moisture (WG2) and LAI, the same inputs required by the WCM. Finally, DA(DNN
[multiple WGs, LAI]) is the DNN trained on the longer list of input variables (WG2, ..., WGS8, LAI). The DA
(WCM) is the reference case because it uses the same observation operator that is used to simulate the synthetic
observations.

In the SEKEF, the background error matrix is defined as “patch-dependent” because the model uncertainty for LAI
is calculated based on the value of LAl in the different patches. The values of By [,}, p = 1,...,12 are defined
following Mahfouf et al. (2009), Draper et al. (2011), and Albergel et al. (2017). The background errors of soil
moisture are assumed to be proportional to the dynamic range (the difference between the volumetric field ca-
pacity wy, and the wilting point w,,;;,), which is determined by the soil texture (Noilhan & Mahfouf, 1996). In this
study, the perturbation applied to the states of soil moisture in the calculation of the Jacobian matrix was assigned
as 1 X 107 X (ws. — w,,) following Albergel et al. (2017), and 0.001 X LAI for LAL For volumetric surface
soil moisture, a mean standard deviation (SD) error of 0.04 m> m™ is prescribed. For soil moisture in deeper
layers, SD error of 0.02 m> m~>is used following Mahfouf et al. (2009), Draper et al. (2011), Barbu et al. (2011),
and Barbu et al. (2014). The observation error for 63, is set as 0.33 dB following Lievens, Martens, et al. (2017).

4. Results
4.1. WCM Calibration

The calibrated values of parameters A, B, C, and D are shown in Figure S1 in Supporting Information S1. High
values of A and C are obtained in the urban areas of Toulouse and Bordeaux which is consistent with Shamambo
et al. (2019). The B parameter exhibits higher values in needleleaf forest regions where vegetation attenuation
effects are stronger than those in agricultural areas and grasslands (Lievens, Martens, et al., 2017). The distri-
bution of parameter D is similar to those reported by (Modanesi et al., 2021), with a peak at 15 dB/m*/m°.
Additionally, high values for both parameters C and D are found in the Landes forest. Shamambo et al. (2019)
found the same and attributed this to the sandy soil (Danquechin Dorval et al., 2016), leading to dominant volume
scattering, and the flat topography.
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Figure 3. Time series of (a) surface soil moisture (WG2) and (b) LAI from the OL and perturbed run (synthetic truth),
(c) observation equivalent (backscatter) estimated using WCM based on inputs from open loop (OL, the red line), synthetic
truth of WG2 and LAI (blue line) and synthetic backscatter (67, ., dark gray color) from 2017 to 2019. The time series are

true”
averaged over agricultural GPIs While the influence of observation noise is clear in the time series for a single GPI, it is not

visible in this averaged time series.

4.2. Synthetic Truth and Observations

Figures 3a and 3b compare WG2 and LAI estimated using the OL to the synthetic true values from the perturbed
run used to generate the synthetic observations. The synthetic true WG2 exhibits a consistent dry bias of
approximately 0.015 m® m™ with respect to the OL, even though the perturbations applied to forcing and
prognostic states are bias-free. Fairbairn et al. (2015) and Bonan et al. (2020) also observed a significant negative
bias in the perturbed ISBA-A-gs simulated WG2 compared to the OL when perturbations were applied to pre-
cipitation for the ensemble square root filter. They found that the magnitude of the perturbation bias in WG?2 is
inversely correlated with precipitation amount. Fairbairn et al. (2015) linked this negative bias to the nonlinear
behavior of evapotranspiration and drainage. The negative bias occurs when the WG2 from the OL is near the
wilting point during summer and autumn. Negative increments have no impact on the state. However, the extra
water from the positive increments is removed rapidly by transpiration (Fairbairn et al., 2015). Fairbairn
et al. (2015) also argue that this effect is also partly linked to the phenology. In particular, that under water-
stressed conditions, the vegetation roots readily absorb excess water that becomes available, which increases
the transpiration and LAI. For LAI, the difference between the OL and synthetic truth are generally very small,
with largest biases (0.14 m® m™2) from August to November. Therefore, there is limited potential for ASCAT
assimilation to improve the estimate of LAIL

Figure 3¢ compares the (synthetic) true normalized backscatter (¢?,,.) to that simulated using WCM given the OL

true

or synthetic true inputs (from Figures 3a and 3b). The influence of the dry bias in WG2 between the OL and

synthetic truth is clear in Figure 3c. Recall that o,

is generated by WCM simulations using perturbed WG2 and
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Figure 4. Contour plot of estimated backscattering coefficient (dB) based on different observation operators. The estimate is averaged over observation operators trained
on all agricultural GPIs. The x and y axes represent the input variables, WG2 and LAI Results are shown for the three observation operators, in subplots (a) WCM,
(b) DNN[WG2, LAI], and (c) DNN[multiple WGs, LAI]. Subplot (d), (e) and (f) show the difference between estimated backscattering coefficient using different
observation operators. The ranges of WG2, LAI and other states correspond to the values simulated in July, August, September, and October.

LAI and then adding noise. The synthetic true backscatter is therefore lower than that simulated using the OL, and
the only difference between the blue and gray lines is the addition of the assumed observation error.

4.3. Comparison of Different Observation Operators

Figure 4 shows the simulated ¢” based on different observation operators as a function of WG2 and LAIL Only
observation operators over agricultural GPIs are considered, as the differences in estimation performance among
the methods are most pronounced for agricultural areas compared to other land cover types (Figure S3 in Sup-
porting Information S1). The ranges for WG2 (0.10-0.25 m> m™) and LAI (1-3 m®> m™?) are chosen to
approximate the range of these states from the OL during July, August, September, and October. This period is
particularly relevant because the largest differences between OL and synthetic truth were observed in this period
as shown in Figure 3. The similarity between Figures 4b and 4d, or equivalently (c) and (f), demonstrates that
there is some difference in the simulated ¢° from the two DNNs. This difference is quantified in Figure 4e. The
maximum difference between two DNNs is about 0.35 dB when WG2 reaches 0.15 m®> m™>) while the max
difference between DNN and WCM is about —0.7 dB) as shown in Figure 4c. The gradients of contour lines in
Figures 4a, 4b, and 4d correspond to the sensitivity of each of the observation operators to WG2 and LAI, and
therefore provide insight into the similarity of the Jacobians of the three models. It is clear from Figures 4b and 4a
that DNN[WG2, LAI] overestimates the sensitivity of ¢’ to WG2 when LAI is low (around 1.5 m? m~2). The
contour line is denser and the directions are different in Figures 4b and 4d than they are in Figure 4a. Further, the
gradients of contour lines in Figure 4c show the difference in sensitivities in Figures 4a and 4b. It is clear that the
sensitivity of DNN[WG2, LAI] to WG2 is overestimated while the sensitivity to LAI is underestimated.
Therefore, the simulated backscatter is more sensitive to the dynamics of soil moisture than in the WCM.

Figure 5 maps the agreement between the synthetic true backscatter and the simulated backscatter from each of
the observation operators given the open loop LSM states as inputs. Recall that the calibrated WCM parameters
are used to generate synthetic oy, which serves as the training target for the two DNN models. Therefore, WCM's
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Figure 5. Performance metrics of observation equivalents (backscatter) estimated using different observation operators based on WG2 and LAI from open loop (OL)

from 2017 to 2019, evaluated against synthetic backscatter. Specifically, the first column calculates the metrics between oy, . (from Equation 12) and

WCM(A. a1, Beats Ceats Deats WG201, LAl ). Top, middle, and bottom rows show unbiased RMSE (ubRMSE, in dB), bias (dB), and correlation coefficient. The ubRMSE
(dB) and bias (dB) at individual GPIs are normalized by the range of synthetic backscatter (62,.) at that GPI. The first column contains the metrics for the WCM, while the

true
second and third columns show the differences between performances of different DNNs and the WCM.

performance represents the best estimate of o7, with the given WG2 and LAI inputs from the OL. The domain
average value of the ubRMSE of WCM is 7.47% of the range of oy, .. In the forested area of Les Landes, p is low,
which may be attributed to the effects of cyclone Klaus, as discussed by Corchia et al. (2023) and Shan
et al. (2024). Cyclone Klaus struck Les Landes in January 2009, resulting in forest degradation from 2009 to 2012
and regeneration from 2013 to at least 2017 (Shamambo et al., 2019; Teuling et al., 2017). Damage due to the
storm itself and the subsequent recovery of the forest means that interannual variability is high, rendering the
observations difficult to predict (Shan et al., 2022). Both DNN[WG2, LAI] and DNN[multiple WGs, LAI] have a
lower normalized ubRMSE compared to WCM in agricultural GPIs.

Figure 6 shows the seasonal variation in the performance of different observation operators taking the OL states as
inputs to estimate the synthetic observations, averaged across agricultural GPIs as shown in Figure 1. All
observation operators exhibit the highest ubRMSE in autumn. Similar to Figure 5, the two DNNs have smaller
ubRMSE than the WCM. The DNN[multiple WGs, LAI] achieves the lowest ubRMSE. The WCM bias peaks in
August and September at 0.4 dB due to the difference between the OL and synthetic true WG2 and LAIL However,
the bias of two DNNss is close to zero. Figure 7 shows that the normalized backscatter simulated with the DNNs
with OL as inputs is closer to o7,,. (0.057 dB averaged in August, September, and October) compared to WCM
estimation in autumn (0.37 dB), using OL as inputs. However, when the synthetic truth is used as input to the
DNN:ss, the simulated backscatter is also much lower than o7, . in August and September. This is because synthetic
WG2 is generally drier than the WG2 from OL during this period. The difference in monthly performances
between the DNNs and the WCM suggests that the DNNs are overfitting. The smaller bias in autumn occurs
because the DNN is trained taking the OL as inputs and the synthetic observations as target variables.
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Figure 6. Monthly performance of observation equivalent (backscatter) estimated using different observation operators based
on inputs from open loop (OL) from 2017 to 2019, evaluated against synthetic backscatter. The performances are averaged
among agricultural GPIs as shown in Figure 1.

4.4. Jacobians of Different Observation Operators

Figure 8 shows the time series of the Jacobian terms of the different observation operators to WG2 and LAI
calculated using the method described by Shan et al. (2022). The J(of,,., WG2) of WCM represents the “true”
sensitivity, that is how simulated backscatter is sensitive to WG2 and LAI from the OL. The two DNNs generally
reproduce the seasonal cycle of the WCM Jacobian terms. However, there are large biases in J(of,,., WG2) of
DNN[WG?2, LAI] in autumn. DNN[WG2, LAI] overestimates the sensitivity to WG2 compared to WCM which is
in consistent with Figure 4c.

WCM is used to generate the synthetic backscatter, providing a mathematical mapping from the synthetic truth of
WG2 and LAI to estimate synthetic backscatter. Therefore, the synthetic backscatter and synthetic truth share
similar distributions. However, DNN[WG2, LAI] is trained on WG2 and LAI from the OL to estimate synthetic
backscatter. There are differences between the distributions of the OL and synthetic truth (or synthetic back-
scatter) due to the perturbations. Consequently, any difference between the mathematical mappings of DNN
[WG2, LAI] and WCM is due to the difference between WG2 from the OL and synthetic backscatter (or synthetic
truth of WG2). WG2 from the OL is larger than the synthetic truth in autumn, so DNN[WG2, LAI] overestimates
the sensitivity of o7, to WG2 as shown in Figure 9. The magnitude of the difference between WG2 of the
synthetic truth and OL is closely related to the difference in the Jacobian terms from WCM and DNN[WG2, LAI].

The inclusion of soil moisture in other layers (WG3,...,WG8) in the list of inputs leads to more overfitting.
Figure 8a shows that J(oy,,., WG2) of DNN[multiple WGs, LAI] is smaller than the corresponding term of the
Jacobian of WCM or DNN[WG2, LAI], which uses fewer inputs. The sum of J(og,,., WG2), ...J (0., WG8) (the

true”

(a) OL as inputs

backscatter [dB]

2017-01 2017-05 2017-09 2018-01 2018-05 2018-09 2019-01 2019-05 2019-09 2020-01

(b) synthetic truth as inputs

backscatter [dB]

2017-01 2017-05 2017-09 2018-01 2018-05 2018-09 2019-01 2019-05 2019-09 2020-01

— WCM  —— DNN[WG2, LAI] DNN[multiple WGs, LAlI] ~ —— synthetic truth

Figure 7. Time series of observation equivalent (backscatter) estimated using different observation operators based on inputs
from (a) open loop (OL) (b) synthetic truth of WG2 and LAI (blue line) and synthetic backscatter (o7, dark gray color) from
2017 to 2019. Time series are averaged over agricultural GPIs as shown in Figure 1.
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Figure 8. Time series of Jacobian terms related to WG2 and LAI from different observation operators, including WCM
(black), DNN[WG?2, LAI] (blue), and DNN[multiWGs, LAI] (orange). Units are dB m~> m? for J(6%,,, WG2) and

obs?
dB m™2 m? for J(6%,,, LAI). Subplot (a) shows J(6%,, WG2) from each observation operator, along with the sum of Jacobians

with respect to multiple soil moisture layers, that is, J(6%,,, WG2) + -+ + J(0%,, WG8), from DNN[multiWGs, LAI] (green).

obs? obs?
Subplot (b) shows the individual Jacobians of ¢y, with respect to deeper soil moisture layers (WG4, WG6, WG8) from
DNN[multiWGs, LAI]. Subplot (c) shows J(o?,

‘s> LAL) from WCM, DNN[WG2, LAI], and DNN[multiWGs, LAI]. All
Jacobians are computed using open-loop (OL) values of WG2 and LAI as input, and the time series are averaged over
agricultural GPIs.

green line in Figure 8a) is much closer to the corresponding term of the Jacobian of WCM. This indicates that the
DNN[multiple WGs, LAI] arbitrarily assigns the sensitivity to soil moisture in different layers. For example, the
sensitivity to WG4 has an opposite sign compared to the sensitivity to WG6 and WGS, which is not physically
plausible.

Regarding the sensitivity to vegetation dynamics, J(og,,., LAI) of both DNNs are much closer to zero in winter.
This is because of the low values of LAI during this season. The low LAI values lead the DNN models to lose
sensitivity to LAI. Additionally, J(c7,,., LAI) of DNN[multiple WGs, LAI] is larger in autumn compared to DNN
[WG2, LAI]. This suggests that the inclusion of redundant soil moisture states in the inputs to the DNN has a
detrimental effect of the estimation of the sensitivity to vegetation dynamics.

Table 3 provides a summary of the differences between WCM and two different DNNs in terms of performance
skills and Jacobians. Unlike the equations in WCM, the DNNs are trained using the OL data. This results in
smaller ubRMSE and/or higher p when estimating o7, with inputs from the OL. There are notable differences in

the Jacobians. The comparison between DNN[WG2, LAI] and WCM shows that, even with the correct choice of
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input, DNN[WG2, LAI] tends to overfit, and achieve better performance
skills than the WCM. Furthermore, the comparison between DNN[WG2,
LAI] and DNN[multiple WGs, LAI] illustrates that even when the state es-
timates are quite similar, the Jacobian terms can vary significantly. This
variation is due to the presence of redundant information in the input data. In
the case of DNN[multiple WGs, LAI], the inclusion of several additional soil
moisture states (WG3 to WGS) as input allows DNN[multiple WGs, LAI]
overfitting.

4.5. DNN Trained on the Synthetic Data

DNN[WG2,,., LAL,.] is compared to DNN[WG2, LAI] and WCM to
examine how different input sources affect the learning. Figure S4 in Sup-
. . i . porting Information S1 shows the ¢ simulated by DNN[WG2,;., LAl ]

-12

Figure 9. Scatter plot about the differences between the WG2 from synthetic

-10 -8 -6

—4 ol ° B closely matches the WCM, with a difference smaller than 0.06 dB. The

J(085:,WG2) of WCM - (02, WG2) of DNN[WG2,LAI]

contour line directions are visually similar. These indicate that
DNN[WG2,,., LAL,.] can successfully emulate WCM, despite the non-

0

truth and OL (y-axis) versus the differences between the J(¢?, ., WG2) of linearities present in o, .

true”’

WCM and DNN[WG?2, LAI]. The Jacobians takes the WG2 and LAI from the

OL as inputs. The data are averaged over agricultural GPIs.

Figure S5 in Supporting Information S1 shows the comparison of Jacobian
terms of DNN[WG2,,., LAL,.], DNN[WG2, LAI], and WCM. The differ-
ence between J(o(,,., WG2) of DNN[WG2,,,,., LA, ] and WCM is very small. This confirms that the DNN can
accuratelly capture the sensitivities of normalized backscatter to WG2 if trained on synthetic true data without
noise. Given the same training target (67,,.), it is clear that the difference between J(¢7,,., WG2) of DNN[WG2,
LAI] (blue line) and WCM (black line) is due to the difference between OL and synthetic true data. These dif-

ferences arise because DNN[WG2, LAI] is optimized to minimize the error between oy, .

and biased OL inputs,
without accounting for uncertainty in the input data. This reflects a form of overfitting, that is following the errors
or noise in training data too closely (James et al., 2013) or memorizing the pecularities in input data, compro-
mising its ability to find a general predictive rule (Dietterich, 1995). This issue parallels classical overfitting in
machine learning, where a model learns the training data (in-sample) too well, including irrelevant details and
noise, leading to poor performance on new, unseen (out-sample) data (Ying, 2019). The expansion from in-
sample to out-sample data relies on a correct representation of sensitivities of training target to input variables.
The current way to design the machine learning training workflow seeks the “optimal” loss during the training
process. However, this design becomes less “optimal” regarding the representation of Jacobians.

Similar issues also exist in other data-driven algorithms like linear regression, but with random noise. When
predictor variables are measured with random error, the conventional least squares regression analysis (or logistic
regression (Rosner et al., 1989)) would create biased regression coefficient (MacMahon et al., 1990) (referred to
as “regression dilution” in the univariate case (Frost & Thompson, 2000)). Therefore, machine learning studies in
land data assimilation should use data that are more representative of the “truth”, or include error quantification
and physical constraints related to sensitivities into the training process to avoid potential overfitting or any
influence of regression dilution on the Jacobians.

4.6. Data Assimilation Results

Figure 10 shows the agreement between states including LAI, WG2, WG4 and WG6 estimated in the different DA
experiments and the synthetic truth. Detailed statistics are reported in Table S3 in Supporting Information S1. The
domain median value of ubRMSE of WG2 from the OL is 0.0265 m* m™>. WG2 from the OL has a wet bias of

Table 3
Summary of the Performance of the DNNs
DNN[WG2, LAI] DNN[multiple WGs, LAI]
Performances based on OL Better than WCM Similar as DNN[WG2, LAI]
J(0ge» WG2) based on OL Overestimated in autumn Underestimated
J(6],e» LAI) based on OL Lose sensitivity in winter Lose sensitivity in winter
SHAN ET AL. 15 of 24
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Figure 10. Performances of land surface states (LAL, WG2, WG4, WG6, WGS) from different experiments like OL, DA(WCM), DA(DNN[WG?2, LAI]) and DA(DNN
[multiple WGs, LAI]) DA(WCM). Different rows show different performance metrics (unbiased RMSE from (a—e), bias from (f—j), and correlation coefficient from
(k—o). Different columns show performances of different variables. Different colors show different experiments.

0.0106 m® m™ (domain median value). The magnitude of ubRMSE (p) of WG2 from the OL is generally lower
(higher) than what is typically observed in real data assimilation experiments (Shan et al., 2024). This is due to the
fact that the perturbations applied to forcing and state variables are small and fail to represent the complex nature
of precipitation errors, including the probability of missed precipitation or false alarms (Fairbairn et al., 2015).
However, the magnitude reported here is in agreement with the findings presented in the previous synthetic data
assimilation experiment (Fairbairn et al., 2015). Future studies should explore more sophisticated error models to
better capture the errors in forcings and model.

The DA(WCM) achieves the largest improvements, reducing the domain median ubRMSE of WG2 to
0.0213 m® m™ and improving the p from 0.951 to 0.966. The DA(DNN[WG?2, LAI]) reduces the ubRMSE of
WG?2 t0 0.0229 m® m~>. The update of WG2 from the DA(DNN[multiple WGs, LAI]) is the smallest among the
three DA experiments. For soil moisture in deeper layers (WG4, WG6 and WGS), all 3 experiments reduce the
domain median values of ubRMSE and improve the p. However, the performance of DA(DNN[multiple WGs,
LAI]) is closest to the OL. Regarding LAI, the DA(DNN[WG2, LAI]) shows the most substantial reduction in
ubRMSE, even better than the DA(WCM). This is because the DA(WCM) updates LAI to a smaller value in July,
August and September 2018, as shown in Figure 11b. Recall that the DNN[WG2, LAI] and DNN[multiple WGs,
LAI] have smaller updates due to the lower sensitivities to LAI compared to WCM during the same period as
shown in Figure 8.

In terms of monthly performance, Figure 11d shows that the ubRMSE of WG2 from OL peaks in autumn.
Meanwhile, the update due to the assimilation of o7, is largest in the same period. The monthly ubRMSE of WG2
from DA(DNN[WG2, LAI]) is smaller than the DA(DNN[multiple WGs, LAI]). Additionally, Figures 11j
and 11m shows that the DA(DNN[multiple WGs, LAI]) increases the ubRMSE of WG6 and WGS. This is
because DNN[multiple WGs, LAI] is overfitting and arbitrarily assigns the sensitivity of the estimated oy, . to soil
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Figure 11. Monthly performances of land surface states (LAI, WG2, WG4, WG6, WGS) from different experiments like OL,
DA(WCM), DA(DNN[WG?2, LAI]) and DA(DNN[multiple WGs, LAI]) DA(WCM). Data are averaged among agricultural
GPIs.
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Figure 12. Time series on one GPI (lat 43.875, lon 2.125) of (a) WG2 from OL, synthetic truth, DA(DNN[WG2, LAI]), and
DA(DNN[multiple WGs, LAI]); (b) the difference of WG2 between DA(DNN[WG?2, LAI]) and DA(DNN[multiple WGs,

LATI]); (c) the J to WG2 in Equation 7 aggregated on patches; (d) the observation equivalent of different observation
operators based on OL.

moisture across various layers—from WG3 to WGS. This allocation leads to large values of components of J
matrix in Equation 7 for WG6 and WG8, which results in the false updates in WG6 and WGS.

Figure 12 shows the time series of WG2 from DA(DNN[WG2, LAI]) and DA(DNN[multiple WGs, LAI]) for one
agricultural GPI (1at 43.875, lon 2.125). The GPI is covered by agriculture crops (40%) and grasslands (27%). The
largest difference in updates occurs in August, September, and October as shown in Figure 12b. This is the time
when WG2 from the OL deviates most from the synthetic truth. DA(DNN[WG2, LAI]) updates WG2 to a much
drier estimate while the update from DA(DNN[multiple WGs, LAI]) is smaller. Figure 12d shows that the DNN
[WG2, LAI] and DNN[multiple WGs, LAI] have similar prediction skills of of, . in the same period using the

same input (WG2 and LAI from OL). They both fit the synthetic truth of oy, well, while the estimation from
WCM based on OL input exhibits a positive bias.

The similar prediction skills suggest the difference in the DA update is due to the difference in J to WG2 in
Equation 7 (as illustrated in Figure 12¢). The T matrix quantifies the sensitivity of observation equivalent to the
state in the forecast. Larger absolute values of Jindicate a larger sensitivity. The DA(DNN[multiple WGs, LAI])

has a smaller value of J because the DNN[multiple WGs, LAI] is overfitting and allocates the sensitivity to soil
moisture in multiple layers (suggested in Figure 8). This leads to smaller updates of WG2 from DA(DNN
[multiple WGs, LAI]).

5. Discussion

The motivation to use the states from the OL as training input is to minimize the potential bias in the climatology
between the model and the predicted observations (Forman & Xue, 2016; Xue et al., 2018). The comparison
between DNN[WG2, LAI] and WCM shows that even with the correct choice of inputs, a DNN model trained on
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OL data may overfit. DNN[WG2, LAI] trained on OL data achieves lower ubRMSE and higher p evaluated
against synthetic of,.. A consequence of this overfitting is the poor estimation of the Jacobian. So, while the DNN
model may be very successful in estimating the target variable, the sensitivity to geophysical variables may not be
consistent with the true sensitivity, or the sensitivity one would obtain using a physically-based model.

The results suggest that the DNN limitation identified here should not be interpreted as a failure of neural net-
works per se. Rather, it arises from a mismatch between the state distribution used for training and the synthetic
truth distribution used for assimilation. This issue is relevant beyond the present synthetic experiment, because
many machine-learning-based DA and Earth system modeling applications are trained using model simulations or
reanalysis products. If these training data contain biases or errors, the underlying state-observation sensitivities
may differ from those of the true system. This may remain hidden when evaluation focuses primarily on pre-
dictive performance. Therefore, machine-learning-based observation operators should be evaluated not only by
their prediction skill, but also, where possible, by whether their learned sensitivities are physically meaningful.

The comparison between DNN[WG2, LAI] and WCM highlights the need to train ML observation operators with
inputs with smaller bias and errors. One unavoidable challenge is that the real truth is unknown. One solution
would be to train the ML-based observation operator on satellite data, similar to Corchia et al. (2023)'s use of
CGLS LAI rather than the model LAI. This approach is suitable if satellite data are available for each of the
required DNN inputs, and if these satellite data are an adequate proxy for the true state, in terms of both
climatology and anomalies. If the satellite data have low precision (i.e., low correlation with the truth), one
possible solution may be to use reanalysis or assimilated products that incorporate external observations
(e.g., site-level measurements) to reduce errors.

Beyond using training data with smaller bias and errors, two potential solutions could mitigate this Jacobian issue
under biased or uncertain state representations: (a) a learning setup that explicitly accounts for data uncertainty
and distributional mismatch, to reduce overfitting to noisy samples; (b) a different network architecture which
incorporates physics-based constraints to regularize the learned sensitivites.

For solution (a), one choice might be uncertainty-aware training that better represents state-distribution mismatch.
The DNNs can be trained on an ensemble of LSM runs to learn the proxy of uncertainty or probabilistic dis-
tribution of the states. Therefore, the pre-trained machine-learning-based observation operator would not rely on
single open-loop trajectory of model simulations. The ensemble simulations may include different stochastic
perturbations on forcing and states (representing random errors between LSMs and “truth”), as well as different
model subschemes for single key processes (representing systematic errors between LSMs and “truth”). How-
ever, the ensemble of LSM runs require significant computational costs. Therefore, distribution-driven data
assimilation is proposed to use machine learning algorithms to emulate and constrain the state and parameter
distributions (S. Li et al., 2025; L. Li et al., 2024; Bhouri & Gentine, 2023), without integrating numerous model
runs, thereby reducing the computational cost. Future studies could explore how machine-learning-based
observation operator behave in the distribution-driven data assimilation framework.

For solution (b), one choice might be to embed microwave scattering physics directly into the training of
ML-based observation operators and then systematically evaluate how this affects DNN-derived Jacobians and
DA performances. Future work can introduce physics-informed constraints based on radiative transfer and
vegetation—soil scattering mechanisms (Nikaein & Lopez-Dekker, 2025), so that the learned operator remains
consistent with known sensitivities to key state variables (e.g., soil moisture, vegetation water content, and
biomass).

Additionally, the comparison between DNN[WG2, LAI] and DNN[multiple WGs, LAI] highlights that it is
crucial to look beyond the agreement with the true states when evaluating ML models; the Jacobian is also
important. As discussed in Section 4.4, although the inclusion of more input data may improve estimation per-
formances evaluated during an independent validation period), it can also lead to incorrect sensitivities, which are
critical in data assimilation and earth system modeling applications. In ML, training optimizes parameter sets
within given input and output spaces, searching for one of the local optima or the global optima. However, this
study shows that achieving high model performance does not necessarily ensure correct underlying inferences,
such as Jacobians or sensitivities consistent with physical understanding. These challenges may limit the
applicability of machine learning algorithms in data assimilation.
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Regarding the following DA experiments, the current design follows the best practice on perturbation used in
prior synthetic and real-data assimilation studies of land surface models, such as the Catchment model (Reichle
et al., 2002) and ISBA (Bonan et al., 2020; Fairbairn et al., 2015). However, the error introduced in forcing and
state variables remains somewhat idealized and may not fully capture real-world variability. One outcome is the
small domain-averaged difference between synthetic truth and OL data. While the magnitude of the difference in
WG2 from synthetic truth and OL is consistent with previous findings (Fairbairn et al., 2015), more compre-
hensive error models can be taken into account. For example, a larger precipitation error models could be used as
recommended by Fairbairn et al. (2015). Additionally, cross-correlated perturbations could be added into the soil
moisture in each layer to assess the impact of such correlations on DNN training and subsequent DA results.
However, this would require prior knowledge of the coupling strength between surface and root-zone soil
moisture (Sawada et al., 2015), which is known to vary with both climate and soil type (Kumar et al., 2009). The
coupling strength could also be incorporated into the training of DNN[multiWGs, LAI] to reduce the dimension
of input features. In that case, additional research would be needed to understand how surface-root zone soil
moisture coupling could influence the training of DNN[multiWGs, LAI] and the resulting DA performance.

The observation and background errors are based on previous studies (Bonan et al., 2020; Lievens, Martens,
et al., 2017; Shan et al., 2024). The usage of 0.33 dB as the prescribed ASCAT backscatter error has been
investigated in Shan et al. (2024) by diagnosing the innovations and residuals of the DA system. The magnitudes
of pre-assumed model and observation errors tend to overestimate the magnitudes of prescribed model errors.
This overestimation varies with land cover type, but is less pronounced in agricultural GPIs. In Shan et al. (2024),
an additional DA experiment with reduced prescribed observation errors does not improve the DA performances
(Shan et al., 2024), indicating that the Jacobian-related issues lie more in the DNN training process than in the
settings of the DA system including prescribed observation error.

While this study focuses on the accuracy of DNN-estimated Jacobians and their impact in SEKF system, the
implication extend beyond Jacobian-based filters. The reported degradation reflects a broader misrepresentation
of state observation sensitivities that manifest differently across data assimilation methods. In SEKF, this
sensitivity is represented explicitly by local derivatives (Jacobians). In EnKF, Jacobians are not explicitly
required, but the update still depends on the same underlying sensitivity structure through ensemble-derived state-
observation cross covariances. These perturbation-based mappings still depend on the underlying
state—observation sensitivity structure. Therefore, physically implausible local derivatives in SEKF correspond to
spurious state—observation cross-covariances in EnKF, which can project observational information onto inap-
propriate state dimensions. In EnKF implementations, this sensitivity inconsistency may appear as spurious
state—observation correlations, potentially causing excessive vertical information propagation (e.g., false in-
crements in deeper soil layers) and localization-dependent artifacts. These issues thus degrade the assimilation
performance. An additional consideration is that sensitivity inconsistencies in EnKF may also arise from the
perturbations used to generate the ensemble covariance matrix. Since EnKF relies on perturbed model simulations
to estimate state-observation cross-covariances, biases introduced by these perturbations may be reflected in the
inferred sensitivity structure. Thus, in EnKF systems, part of the sensitivity bias may be intrinsically linked to the
perturbation-based estimation of the covariance matrix.

From a data assimilation perspective, one of the core risks is that statistically informative but physically weak-
causal (or non-causal) inputs may corrupt the learned sensitivity structure of observation operators. In our
case, including soil moisture from deeper soil layers into the training may improve apparent predictive skill
through correlation, but it can also induce sensitivity leakage across state dimensions that are not directly
observed by the microwave signal. As a result, the learned operator may attribute observational variations to the
wrong state components. This issue has direct consequences across different DA frameworks: in Jacobian-based
systems (e.g., SEKF), it appears as physically inconsistent local derivatives; in ensemble-based systems, it ap-
pears as spurious state—observation cross-covariances. In both cases, observational information is projected into
inappropriate parts of the state vector, degrading DA performances even when fitting performance metrics of
DNN are acceptable. This suggests a general cautionary principle: feature selection for learning-based obser-
vation operators should be guided not only by statistical informativeness, but also by sensitivity (or response of
observation to state vectors).
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6. Conclusions

This study compares three synthetic data assimilation experiments using different observation operators. Per-
formance skills and Jacobians of DNNs are evaluated against the WCM which serves as the synthetic true
observation operator. Data assimilation performances using different observation operators are also evaluated.
Although real ASCAT backscatter is not assimilated in this study, the synthetic experiment enhances our un-
derstanding about the DNN-based observation operator. When using the OL as input to estimate o7,,., the two
DNNs have smaller ubRMSE and bias and larger p compared to the WCM. Given the assumption that the WCM is
perfect in our synthetic experiment, this suggests that two DNNs are overfitting because they are trained on the
OL data. The J(o(,,.,WG2) of DNN[WG2, LAI] is overestimated in autumn. This is due to the large monthly bias
between WG2 from OL and synthetic truth in August and September. In winter, both DNNs overestimate J(oq,,.,
LAI) in a period when LAl is close to zero and ¢ should primarily be governed by soil moisture. The comparison
between two DNNs and WCM highlights the need to train ML-based observation operators with inputs with
smaller bias and errors. The comparison between DNN[WG2, LAI] and DNN[multiple WGs, LAI] shows that
including soil moisture in other layers slightly improves the performance skills but yields a worse estimate of J
(o,

tue- WG2). DNN[multiple WGs, LAI] distributes the sensitivity to soil water dynamics to soil moisture in

different layers. These underestimates of J(o?,.,WG2) leads to a smaller J to WG2 in Kalman gain.

true?

The results from DA(DNN[WG?2, LAI]) show that the DA using a ML-based observation operator improves the
estimates of ISBA. The performance of WG2 from DA(DNN[multiple WGs, LAI]) is worse than DA(DNN
[WG2, LAI]) because of the underestimates of J(op,.,WG2). Additionally, the non-zero sensitivities of DNN
[multiple WGs, LAI] to soil moisture in deeper layers enlarge the ubRMSE of deeper soil moisture (like WG6,
WGS8) from DA(DNN[multiple WGs, LAI]) in autumn. The suboptimal DA performance of DNN[multiple WGs,
LAI] underscores the importance of the choice of input data used to train the DNN model.

This study highlights the importance of examining the physical plausibility and robustness of the ML-based
observation operators, as well as their prediction performance. This is particularly relevant given the growing
interest in including machine learning models as surrogates for physical models in data assimilation.
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