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Abstract: Data assimilation (DA) is often used for merging observations to improve the predictions
of the current and future states of characteristics of interest. In forest inventory, DA has so far found
limited use, although dense time series of remotely sensed (RS) data have become available for
estimating forest characteristics. A problem in forest inventory applications based on RS data is
that errors from subsequent predictions tend to be strongly correlated, which limits the efficiency
of DA. One reason for such a correlation is that model-based predictions, using techniques such
as parametric or non-parametric regression, are normally biased conditional on the actual ground
conditions, although they are unbiased conditional on the RS predictor variables. A typical case is
that predictions are shifted towards the mean, i.e., small true values are overestimated, and large
true values are underestimated. In this study, we evaluated if the classical calibration of RS-based
predictions could remove this type of bias and improve DA results. Through a simulation study,
we mimicked growing stock volume predictions from two different sensors: one from a metric
strongly correlated with growing stock volume, mimicking airborne laser scanning, and one from a
metric slightly less correlated with growing stock volume, mimicking data obtained from 3D digital
photogrammetry. Consistent with previous findings, in areas such as chemistry, we found that
classical calibration made the predictions approximately unbiased. Further, in most cases, calibration
improved the DA results, evaluated in terms of the root mean square error of predicted volumes,
evaluated at the end of a series of ten RS-based predictions.

Keywords: classical calibration; data assimilation; forest inventory; remote sensing

1. Introduction

Data assimilation (DA) has been used for a long time in areas such as meteorology
and robotics for merging new observations with existing information [1-3]. The typical
objectives are to estimate the current state of a system as precisely as possible and to make
forecasts about future states. In forest inventory, DA has found limited use, although,
e.g., [4-6] proposed its use several decades ago. The Kalman filter [7] is a standard method
to implement DA; it combines the model predictions of a state variable with repeated
measurements across a period of interest. Czaplewski et al. [5] suggested that the Kalman
filter could be suitable for monitoring forest cover. Dixon and Howitt [4] proposed that it
could be applied in stand-level forest inventories by forecasting old inventory estimates
and combining them with new estimates. Kangas [6] used the Kalman filter in connection
with estimating the growing stock volume in the Finnish national forest inventory.

It has been argued that DA could be a straightforward approach for making appro-
priate use of dense time series of remotely sensed (RS) data, for acquiring precise and
up-to-date information for forest planning [8,9]. However, initial empirical studies have
identified several obstacles that need to be solved before the technique can be efficiently
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adopted into practice [10,11]. This involves, e.g., the need for calibrating predictions to
remove bias and handling correlated prediction errors [12]. By developing a modified DA
filter, [13] demonstrated substantial improvements compared to previous empirical studies.

When DA is based on a sequence of RS data, the typical procedure applied in empirical
studies (e.g., [10,11]) involves the following steps:

(1)  Andinitial prediction of the variable of interest is made using a model obtained through
regressing field reference data on RS metrics with the same spatial resolution.

(2) A growth model is applied to predict the development of the state until the next RS
data acquisition time point.

(3 A new RS-based prediction is obtained, as described in step (1). This prediction is
merged with the forecast from step (2) based on the uncertainty of the two predictions.
With the standard Kalman filter, the two predictions are merged through a weighting
procedure, which assigns weights inversely proportional to their variances.

(4) Following the merger of the two predictions in step (3), the DA procedure continues
by applying a growth model to the merged prediction to forecast the state to the next
RS data acquisition time point.

(5) A new RS-based prediction is merged with the forecasted prediction from step (4)
through the procedure described in step (3). Steps (4) and (5) are repeated as many
times as there are new predictions to assimilate.

Other approaches to DA in forest inventories exist as well, e.g., [14].

RS data from a variety of sensors can be applied (e.g., [13]), such as airborne laser
scanning (ALS) and 3D digital aerial photogrammetry (DP). Different sensors acquire data
from the forest in different ways, and some, such as ALS, have been shown to be more
suitable than others for predicting common forest variables, such as growing stock volume
(GSV) and biomass. Due to the different properties of RS data, the accuracy of RS-based
predictions varies; this is due both to sensor properties and to specific atmospheric and
other conditions prevailing during the acquisition. The reported relative root mean square
errors (%RMSEs) for GSV predictions at sample plot level (order of size 300 m?) under
Nordic conditions typically range between 20 and 30% for predictions based on DP data
and between 15 and 20% for predictions based on ALS data (e.g., [15-17]).

DA routines in different fields of application require issues pertinent to the particular
field to be handled properly. As identified by [12], one such issue, when DA is based
on predictions of forest characteristics from RS data, is that the prediction errors from
models applied at different time points tend to be strongly positively correlated. Conse-
quently, a new prediction adds only a limited amount of new information, and the standard
Kalman filter performs poorly since it assumes new predictions are uncorrelated with
previous predictions.

The reasons for correlated errors are several. One reason is that a specific sensor
type is likely to respond in a similar way at different time points to some specific forest
conditions, such as dense or sparse tree foliage, dense or sparse non-tree vegetation, or
specific topographical or hydrological conditions. Therefore, predictions for a given plot at
different time points will tend to have prediction errors with the same sign and magnitude,
i.e., they will be positively correlated. Another important reason for positively correlated
errors is that the predictions are based on models. Although predictions from parametric
and non-parametric regression models are normally approximately unbiased, conditional
on the RS explanatory variables, they are normally biased, conditional on the true state of
the characteristic of interest (e.g., [18]). In areas such as chemistry, compensating for such
bias is a standard procedure while performing instrument calibration (ibid.). However, the
use of a similar calibration to make predictions unbiased conditional on the true ground
conditions is seldom applied in forest remote sensing studies (cf., [13,19]), and as a result,
small true values tend to be overestimated, and large true values underestimated. In a
model-based setting, this implies correlated prediction errors.

The latter cause of correlation is prominent, especially if the underlying RS data
correlate only weakly with the dependent variable, e.g., when GSV is predicted from
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optical satellite data [20,21]. With RS data that correlate strongly with the dependent
variable, the problem is less pronounced, e.g., when GSV is predicted from airborne laser
scanning data [22-24]. Note that this does not imply that the models have been incorrectly
specified or estimated. Instead, this effect is an inherent feature of regression analysis and
similar machine learning techniques since they are designed to predict the correct value
on average, conditional on the input variables [25], i.e., the RS data in our case. They
are not designed to provide unbiased predictions conditional on the true value, although
this would be desirable for DA applications. As a result, when non-calibrated predictions
based on different types of RS data have been merged, the improvements obtained by
applying DA have been smaller than expected, and in some extreme cases, had a negative
impact [11].

In this study, we propose and evaluate a standard calibration approach for mitigating
the negative effects in DA applications of RS-based predictions exhibiting shifts towards
the mean. The method applied is based on classical calibration methods [18,26,27] to make
RS-based predictions approximately unbiased conditional on the true value of the variable
of interest. The method has previously been used as part of a DA routine applied to
empirical data by [13]. In this study, we provide the background for its application and
results from different sequences of simulated RS data. We assume two different, fictitious
RS sensors, one mimicking ALS and the other mimicking DP, which allows us to explore
the effects on the DA of different sensor properties with regard to prediction accuracy and
error correlation. To single out the effects of calibration, the time between successive data
acquisitions was specified to be short, and thus growth updates were not required as part
of the DA routine.

2. Materials and Methods

The study was conducted as a simulation study at the level of plots, assumed to be
about 300 m? large. The plots were assumed to be inventoried in the field with regard
to GSV and georeferenced so that remote sensing metrics could be matched with field
reference data. Based on the field data, we simulated RS metrics mimicking ALS and DP,
founded on empirical evidence from previous studies. Models predicting GSV from RS
data were developed and subsequently calibrated before being applied in DA, using a DA
filter that accounted for correlation between predictions, e.g., [13]. Figure 1 provides an
overview of the study.

Predictions of eSimulated field and remote sensing data

growing stock ePrediction models estimated based on

simulated remote sensing data
volume

e Classical calibration of predicted growing
stock volume

Calibration *Non-calibrated predictions as a reference

eEvaluation of DA results following a series of
10 predictions

eCalibrated and non-calibrated predictions

Data assimilation

Figure 1. An overview of the different parts of the study.

2.1. Simulating the Population

The simulations were set up to mimic GSV values from forest plots and the correspond-
ing RS metrics from ALS and DP from such plots. The empirical basis for the simulation
study was taken from the Swedish National Forest Inventory (e.g., [28]) with regard to the
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approximate range of GSV values at the plot level. However, we deliberately left out low
GSV values to avoid young forests and clear-cut areas, in which non-standard calibration
procedures would be required to avoid negative values after calibration. The GSV values,
T (m®ha~1), at the level of the sample plots were simulated independently from a gamma
distribution, with a mean value of 150 and a standard deviation of 60, as a flexible means
of forming a population of 5000 units. Several datasets of a similar kind were simulated,
for DA applications using ALS and DP data in a series of 10 acquisitions. Further, for each
sensor and time point, two different datasets were simulated, one for estimation and one
for independent validation of the estimated models and results of DA procedures.

The next step involved simulating RS data linked to the GSV values (in all the datasets),
mimicking ALS and DP. The generic model used for this purpose was similar to the one
used by [29] for predicting biomass from 3D data. The model applied was:

X, =1+ Déle% +¢&; 1

In this model, X; is the ALS or DP metric intended to mimic a metric related to the
product of tree height and vegetation cover, and Tj; is the true GSV value. The a-parameters
were assigned separately for ALS and DP (see Table 1). The error terms were specified
to be normally distributed and expressed in vector format as ¢; ~ N (0, 022), with X
being a diagonal matrix containing weights to allow heteroscedasticity. To simulate mild
heteroscedasticity, we assigned the weights in £ as T%2. The parameters for the generation
of ALS and DP metrics according to Equation (1) are given in Table 1.

Table 1. Input parameters for simulating the relationship between GSV and RS metrics according to

Equation (1).
Parameter ALS DP
aq 50.00 150.00
oy 3.40 2.90
ag 0.80 0.80
o2 28.33 41.47

From previous studies, we know that plot level RS metrics obtained in a time sequence
tend to have serially correlated error terms [12]. To simulate such error terms based on
Equation (1), we used the Cholesky decomposition method [30]. Thus, the RS metrics from
all ten acquisitions in a specific series for both sensors were generated simultaneously. The
specified correlations are given in Table 2.

Table 2. Specified plot level correlations between the error terms according to Equation (1) for a given
sensor and the corresponding cross-correlation between sensors.

Correlation
Sensor Case I Case II
ALS 0 0.30
DP 0 0.30
Between ALS and DP 0 0.15

As shown in Table 2, the two different cases regarding the correlations of the error
terms in Equation (1) were investigated. In the first case, the error terms were specified as
fully uncorrelated. In the second case, we specified a certain plot level serial correlation
between the error terms for a given sensor, as well as across sensors. All pairs of error
terms in a time series were specified to obtain the same correlation; for a given plot, the
correlation was the same between the first and the second acquisition as between the first
and the last acquisition. This was motivated by the short time period during which the RS
data were assumed to be acquired.
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Following the steps described above, simulated field and RS metrics mimicking real
conditions were available. In Figure 2, these metrics and the dependencies between them
are summarised in terms of scatterplots, histograms, and correlations, based on the first
validation dataset from each group of ten ALS and DP datasets. Note that the correlations
reported in Figure 2 are the empirical correlations between the variables, i.e., not the
correlations between the error terms (which are reported in Table 2).

ALS DP
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Correlation: Correlation: 2
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200- |
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0.686 @
200- | |
100-
,.lI Illl..,_
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Figure 2. Summary of simulated data. GSV is the plot level growing stock volume (m3ha*1), ALSis
the metric from airborne laser scanning, and DP is the metric from digital aerial photogrammetry.

2.2. GSV Prediction Models

Based on the simulated data, models predicting GSV from RS metrics were specified
and estimated. The following non-linear model form was specified for both ALS and
DP metrics: ,

T, = B+ BoX[ 4+ @

Here, the B/ terms are parameters and the J/ term is the residual error term with
zero expectation and potentially heterogeneous variance. Since the RS metric (X) reflects
a (transformed) product of vegetation height and cover, this model form has previously
been used in modelling GSV and biomass from ALS and DP metrics (e.g., [29]). For
computational reasons and simpler interpretation, since a separate model was estimated
for a large number of datasets in repeated simulations, we avoided a non-linear model
and performed model fitting through a non-linear least squares iterative estimation by first

investigating what would be a good choice of B for a transformation Xy, ; = Xf 3. For ALS
and DP data generated according to the description in the previous section, initial studies
indicated that B} = 1.25 was suitable and thus was applied in the simple linear model:

Ti = B1+ B2 Xy, i + i 3)

The model parameters of Equation (3) were estimated using ordinary least-squares
regression in R [31] separately for each dataset designated for model estimation. In Table 3,
the summary statistics of the estimated models are presented (for the models estimated
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based on the first of the ten datasets designated for estimation, based on data with non-
correlated residual errors).

Table 3. Estimated model parameters according to Equation (3) based on ALS and DP data.

Parameter Estimate p-Value
B1—ALS —6.24 2.56 x 1078
Ba—ALS 0.17 <2.00 x 10716
B1—DP —26.36 <2.00 x 1016
Br—DP 0.14 <2.00 x 10~16

Figure 3 shows the residual plots for the models displayed in Table 3. No trend of
residuals over fitted values could be observed, except for slightly heteroscedastic residual
variance.
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Figure 3. Residual plots: (a) the model based on ALS data; (b) the model based on DP data.

The estimated models were applied to each of the datasets designated for validation
to predict GSV values from the RS metrics. Residual terms were extracted to compute the
average RMSE for the ALS and DP datasets and to compute the average plot level residual
error correlation across different datasets. These statistics are given in Table 4.

Table 4. Relative root mean square errors (%RMSEs) and plot level residual correlations between
predictions using the same sensor and across sensors.

Sensor % RMSE Correlation
ALS—case | 17.02 0.18
ALS—case II 16.99 0.42

DP—case | 25.28 0.41
DP—-case II 25.37 0.59
Between ALS and DP—case | - 0.27
Between ALS and DP—case II - 0.38

From Table 4, it can be noted that even in case I, when the residuals of the RS metrics
were simulated as independent between datasets, residual error correlations exist after the
GSV predictions. This is due to the shift towards the mean described in the introduction
(cf., [12]). In Figure 4, the boxplots show that low GSV values were overestimated and high
GSV values were underestimated, as is ordinarily the case in regression analysis. The data
for Table 3 and Figure 3 were taken from the first ALS and DP validation datasets for case L.
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Figure 4. Boxplots showing the distribution of residuals across the range of true values: (a) ALS-based
residuals; (b) DP-based residuals.

2.3. Calibration

As an initial step for the calibration, we specified a linear error characterisation model
(ECM, e.g., [18,19,32]) and estimated its parameters. This model is sometimes called the
calibration model [18]. The ECM links RS-based predictions as the dependent variable with
true GSV values as the explanatory variable. It displays the logical relationship between
RS-based predictions and true GSV values when a certain sensor is applied at a given time
point. The ECM is given as:

Tpi=m+ 72T+ wi, 4)

where T is a predicted GSV value based on a fitted version of Equation (3), y; and 72
are model coefficients, and wj; is a random error term with zero expectation. Persson and
Stahl [19] showed how the estimated ECM can be used for a detailed description of the
error properties of RS-based predictions, e.g., how their bias (conditional on the true GSV)
vary across the range of true values. The model also forms the basis for classical calibration
(e.g., [18,27,33]). The estimated ECM is:

T =%+ 92T @)
which suggests that RS-based predictions can be calibrated by rearranging Equation (5) as:

Tc,i — M’ (6)
72

where T,; is a calibrated prediction. The properties of classical calibration have been
assessed in several studies (e.g., [18,27]). In the following, we present approximate results
for the expected value and variance of the calibration predictor. Since it is a ratio predictor,
exact results cannot be obtained and the results we provide require that 4, is strictly
non-zero. Tellinghuisen [18] showed how detailed results can be obtained following
a conditioning approach. The approximate expected value of the calibration predictor,
assuming Equation (4) is a correctly specified model, is:

~

N T, —% : A ] A
E[Tc,i] :E[ pi— 11 ] :E[')/l +’)’2Ta+wz T ~ E['Yl + 72T + w; ')’1] — T, @)

F2 F2 E[42]



Remote Sens. 2022, 14, 4627

8 of 14

200-

100-

Residuals
o

-100-

-200-

That is, the expected value of the calibrated GSV is approximately equal to the true
GSV, which is an attractive property for DA applications. The approximate variance,
assuming Equation (4) is a correctly specified model with homogeneous error variance, is:

V[TC,Z'] — V|:Tp,iA_ />>1 :| — V|:r)/1 +’)/2'T1A+ wi_’,}\/l ~ V(("z)) (8)
72 12 72

More exact approximations can be obtained through Taylor series expansion, as shown
by [18,33] for applications in chemometrics, but for the purpose of our study, the simple
approximation provided above is sufficient since variances for determining weights in DA
applications (shown later in this paper) were assessed empirically from the data rather than
through Equation (8). Note that according to Equation (8), the variance increases following
calibration if 7 < 1 and decreases if v, > 1. Typically, 72 < 1, and thus the variance
of the predictions increases following calibration. In our study, all predictions in both of
the datasets (estimation and validation) were calibrated, following the estimation of the
coefficients of the ECM based on the datasets designated for estimation.

In Table 5, the relative RMSEs and correlations are given for the predicted values that
have been calibrated. In Figure 5, the corresponding boxplots are given based on the first
ALS and DP datasets designated for validation.

Table 5. Post-calibration relative root mean square errors (%RMSEs) and plot level residual correla-
tions between predictions using the same sensor and across sensors.

Sensor % RMSE Correlation
ALS—case | 18.83 0
ALS—case II 18.79 0.29
DP—case | 32.75 0
DP—-case II 32.93 0.30
Between ALS and DP—case I - 0
Between ALS and DP—case II - 0.15
Calib Calib
200-
; 100 -
GSVel GSVel
=N ) _ B
=i EEEEE
g B3 K % 3
B = « B 4
(=15 =

-100-

-

-200-
‘ ' : 1 2 3 4 5
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GSV classes
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(a) (b)

Figure 5. Post-calibration boxplots showing the distribution of residuals across the range of true
values: (a) ALS-based residuals; (b) DP-based residuals.

It can be observed in Figure 5 that the calibration makes the predictions approximately
unbiased at the expense of larger residual variance. Further, from Table 5, it can be observed
that the correlations between model residual errors in subsequent predictions are back to
the levels initially assigned. However, the RMSEs of the calibrated predictions are larger
than the non-calibrated predictions.
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2.4. Data Assimilation

Using both calibrated and non-calibrated predictions for each of the sensors, we
evaluated three different DA schemes, each involving ten assimilation steps. The three
schemes were:

(i) DA based on a series of 10 ALS-based predictions, using data with and without
correlation between model residual errors in Equation (1).

(i) DA based on a series of 10 DP-based predictions, using data with and without correla-
tion between model residual errors in Equation (1).

(iii) DA based on a first ALS-based prediction, followed by a series of eight DP-based
predictions, and ending with an ALS-based prediction, using data with and without
model residual errors in Equation (1).

The third scheme was included since previous experience from [11] has shown that
adding imprecise predictions after a first precise prediction may lead to worse assimilated
predictions compared to using only the first prediction and a growth model. Thus, it is of
interest to study if small amounts of less frequent (and typically expensive) data (ALS in
our study) could be successfully assimilated with larger amounts of more frequent (and
typically less expensive) data (DP in our study), when calibration is applied. To single out
the effect of calibration, no growth updates were included in this study, i.e., it was assumed
that all data were acquired within the same season.

The data assimilation principle applied was a modified Kalman filter, accounting for
correlations between subsequent predictions [13]. Two predictions, either calibrated or
non-calibrated, denoted f; and ,, where f; is either the first prediction in a series or a
prediction obtained through DA at the previous stage, were linearly combined as:

EDA = kfl + (1 — k)fz, 9)

where fp 4 is the assimilated prediction and k is a weight between 0 and 1. Equation (9)
was applied until all the 10 predictions in a series were assimilated. The weight, k, at each
stage was determined as:

var (t;) — cov(fy, £2)

~ oar(fy) + var(f) — 2co0(fy, b)) (10)

which minimizes the variance of the DA prediction (e.g., [13]). The variances and covari-
ances involved were determined empirically by comparing predicted values with true
values in the datasets designated for model estimation. With small datasets, the use of this
type of empirically determined variance may sometimes be inappropriate (e.g., [34]), but in
our case, the datasets were large enough for estimating the variances and covariances with
high precision. For the computations, we used the R package ‘DatAssim” [35].

3. Results

In Figure 6, results for the DA schemes based on 10 acquisitions of ALS data are shown.

From Figure 6, it can be seen that whereas the RMSEs initially increased due to the
calibration, they decreased faster when predictions were calibrated compared to when
they were not calibrated. Thus, at the end of the sequence of acquisitions, the RMSEs
were smaller for the calibrated predictions compared to the non-calibrated predictions.
This effect was stronger for the case of data simulated without plot level error correlations
(case I). As could be observed in Figure 5, another advantage of calibrated predictions is
that they are approximately unbiased.
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Figure 6. The results of DA schemes applying a sequence of 10 acquisitions of ALS data: (a) no
correlations between model errors were simulated (case I); (b) correlations were simulated according
to Table 2 (case II).
In Figure 7, results for the DA schemes based on 10 acquisitions of DP data are shown.
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Figure 7. The results of DA schemes applying a sequence of 10 acquisitions of DP data: (a) no
correlations between model errors were simulated (case I); (b) correlations were simulated according

to Table 2 (case II).

From Figure 7, the same general trends as in Figure 6 can be observed, i.e., the
calibrated predictions initially have a larger RMSE and the decrease of the RMSE is faster
than the non-calibrated predictions. In the case of DP predictions with simulated plot
level error correlations, the endpoint RMSEs are about the same for calibrated and non-
calibrated predictions. As for the ALS-based predictions, an advantage in the case of
calibrated predictions is that they are approximately unbiased.

In Figure 8, results for the DA schemes based on the first acquisition of ALS data,
followed by eight acquisitions of DP data, and ending with an ALS acquisition, are shown.
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Figure 8. The results of DA schemes based on the first acquisition of ALS data, followed by eight
acquisitions of DP data, and ending with an ALS acquisition: (a) no correlations between model
errors were simulated (case I); (b) correlations were simulated according to Table 2 (case II).

From Figure §, it can be seen that predictions with poor accuracy (DP-based predictions
in our study) can be successfully combined with accurate predictions (ALS-based in our
study), especially in the case of calibrated predictions. It can be observed that the RMSEs
of the endpoint predictions were only moderately larger than the RMSEs for the endpoint
predictions using a full sequence of ALS-based predictions (Figure 6).

4. Discussion

This study emanated from the difference between the theoretical potential of DA in
forestry, as demonstrated by [8], and the results from empirical studies obtained by [10]
and [11]. While the first study indicated a substantial potential for DA to improve the
precision of predictions, the latter two studies obtained only modest improvements for
DA compared to using only the latest available prediction. A study by [12] suggested that
correlated errors between successive predictions based on RS data could be an important
reason for this. Different explanations for correlated errors were discussed (ibid.), and
it was suggested that the tendency of RS-based estimates, following regression analysis
and similar machine learning techniques, to be shrunk towards the mean value could be
an important explanation (cf., [33]). This is a standard effect of regression analysis when
variables that are poorly or moderately correlated with the dependent variable are applied
as explanatory variables since regression analysis and similar machine learning techniques
are designed to provide unbiased predictions conditional on the predictor variables, but
not unbiased estimates conditional on the true values, i.e., the field reference values [25].

For efficient DA procedures, new observations or predictions need to be unbiased for
each individual unit when DA is applied [28]. In this study, we suggest that classical cali-
bration would be a means to achieve this, thus overcoming some of the problems identified
in previous forest inventory studies. Our simulation results give strong support to this
hypothesis, showing that calibration is especially important when assimilating predictions
based on RS data that are only weakly correlated with the dependent variable. A study
by Lindgren et al. [13], based on empirical data, also provided evidence that calibration
improves the efficiency of DA in forest applications based on model predictions. The reason
for this effect is that without calibration, a systematic deviation between the predicted
value and the true value typically remains at the level of individual units regardless of the
number of predictions added to the assimilation scheme. Since calibration removes this
systematic deviation, the DA results improve, although the initial effect of calibration is
increased RMSE. However, it should be noted that our results are based on simulations
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assuming a large number of observations available to fit and assess models. In practice,
with small datasets, results would depend on data availability.

Alternatives to classical calibration exist, which might produce similar, although
not identical results [27]. One such well-known calibration method is inverse calibration
(e.g., [36]), the results of which could be worthwhile to investigate for the current ap-
plication. Barth et al. [37] suggested an imputation-based calibration method where the
composition of the calibrated plots was constrained to correspond to the composition of
the plots in the reference dataset. Such an approach overcomes problems that might occur
with other calibration methods, where some calibrated values could be negative. Thus, in
practical applications, different calibration approaches might be needed for different parts
of the dataset, or simple truncation be applied to avoid negative values.

If error correlations between predictions could be avoided, DA has a considerable
potential to improve predictions of forest attributes at plot- and stand-level. In such a case,
the standard deviation of the DA predictions would decrease by a factor ﬁ, with n being

the number of predictions included, provided that growth updates can be made accurately.
In practice it is likely that several factors contribute to correlated errors. For example, special
conditions on a sample plot with regard to foliage or topographic conditions might cause
correlated errors, and it needs to be further investigated to what extent such conditions
affect the correlations and, thus, the efficiency of DA procedures.

Although the proposed calibration method increased the RMSE when applied to
predictions based on a single acquisition of RS data, it might be worthwhile to consider it
also in connection with standard mapping and estimation based on RS data. For example,
if RS-based estimates are severely shrunk towards the mean, the implications of using them
in forest planning might be significant [37].

5. Conclusions

In this study, we have demonstrated that correlated model residual errors due to
regression predictions being shrunk towards the mean make DA procedures less efficient.
We have also shown that classical calibration is a means to overcome this problem, and our
study suggests that classical calibration, in most cases, increased the accuracy of DA-based
predictions when the growing stock volume was predicted at the level of plots. The study
thus has the potential to contribute to implementing efficient DA schemes in practical forest
inventories in the future. However, such schemes would need to take into account that the
datasets available for model training and evaluation would mostly be much smaller than
the ones available in this simulation study.
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