Supplementary Information

Surface soil moisture deficit determination using the satellite data

To calculate the soil moisture deficit component, our approach involves defining it as the difference between the
soil water content at field capacity (which significantly depends on the soil type) and the actual soil water content
calculated using radar satellite data, in particular Sentinel-1.

Soil moisture deficit is the amount of precipitation or irrigation water needed to restore the soil water content back
to field capacity. Field capacity is used to characterize the maximum soil water content which is able to reach full veg-
etation development.

Thus, the moisture deficit in the upper layer of soil (mm) is defined as [S1, S2]:

m = Wge — Wy, (51)

where Wr. (mm) is soil water content at field capacity, W, (mm) is the actual soil water content;

Wr¢ is defined as water amount that can be held in the soil layer with the depth of & (m) in equilibrium after the
maximum wetting from above (due to precipitation or irrigation) and after the excess gravitational water has drained
away.

According t0 [S3], the expression for the water content at field capacity W, in the soil layer with the depth of h
layer will look as follows:

Wge =10 h " Opc * pw, (52)

where h (m)-soil layer depth; rc (%) — volume field capacity, in % to the soil volume; p,, (1 t/m?)— density of water.
The soil hydraulic properties value at standard depths, for example, at the range 0-5 cm or 0-30 cm, is calculated
as the weighted average value using numerical integration by the trapezoidal method [S4]:

[T () dx S TN (s — 1) (F (en) — (0D, (S3)

where N is the number of depths in the interval, x;, is the k-th depth, f(x) is the value of the target variable (i.e.,
soil property) at depth x;.

Considering relation (53), the weighted average value of the volume field capacity 6. (%) for the first standard
depth range 0-5 cm is calculated as the arithmetic mean

1
Orco-5s =3 (Brc.o + Orc.s)- (54)
According to [S5], the actual soil water content W, is calculated as
Waee = 10 - wge - pp - b, (55)

where w,.¢ (%) is actual soil moisture, p, (t/md) is the bulk density of the soil, h (m) is the soil layer depth.

The actual soil moisture wy,, at certain time point for expression (S5) can be obtained from satellite radar data on
the soil saturation degree, i.e., is the relative surface soil water content in the layer as the saturation percentage. Accord-
ing to [S6], the degree of soil saturation with soil moisture is connected with dependence:

SSM = ZactPb (S6)

npw

where # (in unit fractions) is the porosity, i.e., the ratio of the pore volume to the entire soil volume. From here, it is
possible to obtain an expression for the actual moisture of the upper soil layer w,., at the moment of satellite imag-
ing. By substituting this into equation (S5), one has:

Woee = 10-SMM -n - p,, - h. (S7)

Thus, expression (S1) for calculating the deficit of moisture in the surface soil layer in mm, taking into account
(52) and (57) on the basis of current satellite radar data on the degree of soil saturation, will look like:

m=10-h-p,(Opc — SSM - n), (S58)

where h (m) is the soil layer depth; note that given limited capabilities of satellite radar imagery h = 0,05 m;



Py (t/m3) is the density of water, 1 t/m3;

Orc (%) is the weighted average value of the volume field capacity on a given depth range, here rc = Op¢ o5 for the
first standard depth range 0-5 cm according (54);

SSM (%) is the soil saturation degree from satellite radar data;

n (in unit fractions) is the porosity, i.e., the ratio of the pore volume to the entire soil volume.

As can be seen from expression (S8), physical sense of the product SSM - n is the actual volumetric soil water ca-
pacity at the time of satellite imagery.

To normalize the moisture deficit in the surface layer of the soil with a depth of 0-50 mm and to define its limits,
which correspond to different levels of fire danger, one applied a scale of drought levels of the Keetch-Byram type,
which contains six ranges (in contrast to the established scale, consisting of four [S7, S8]). As it is known, the Keetch—
Byram drought index corresponds to the soil moisture deficit in some soil layers with soil water content at the field
capacity Wgc gxpp; = 203,2 mm.

KBDI is related to PFC (the percentage of actual soil water content to soil water content at field capacity) as fol-
lows (if KBDI, W,.;, Wgc are measured in mm) [19, 20]:

KBDI = 203,2(1 — PFC), (S9)
where
PFC = Wyee /Wee. (510)
In the ratio (510), W,.; is measured on a meteorological station for a soil layer of a certain type and a certain depth.
For this type and depth, the volumetric field capacity and the corresponding soil water content Wy, are set. After in-

serting expressions (S2) and (S7), taking into account (510) in the formula (S9), one obtains the Keetch-Byram drought
index expression:

SSM'n)

KBDI =203,2 (1-% (S11)

FC

As can be seen from (511), such a relationship between the index and the specified ratio takes place regardless of
the soil layer depth.

Formally, the drought index KBDI is the soil moisture deficit mgpp, in some soil layers, which is the difference
between the soil water content at field capacity and the actual soil water content Wy, gpp;:

KBDI = mgpp; = WFC_KBDI — Wact_kBDI- (512)

Taking into account (511) and (512), one obtains the soil moisture deficit expression corresponding to the Keetch—
Byram drought index, which is calculated from the moisture deficit in the soil layer 0-50 mm:

SSM-
Mucgpr = 203,2 (1 — chn)' (S13)
Taking into account expression (S8), formula (S13) takes the following form
Mygp; = 203,2 (mpv:"TFC) (S14)

Therefore, for the soil moisture deficit (513), one can use the Keetch-Byram index drought levels scale.

The methodology of converting the actual moisture deficit in soil measured at the actual field capacity at the me-
teorological stations into the moisture deficit corresponding to the index [S9, S10] was used in the National Fire Danger
Rating System [S11].

The advantage of the Keetch-Byram index drought levels scale, to which would be converted the moisture deficit
determined for the soil layer of a certain depth by in situ or satellite data, is its significant spread in fire information
systems and recognized unambiguous interpretation of drought levels and its relationship with fire danger.

The disadvantage of the classical scale of the Keetch-Byram drought index is its positive values, although the real
soil moisture deficit may be negative, which is a sign of soil waterlogging above the field capacity up until to full satu-
ration. Therefore, it is possible to introduce another additional fire danger level —“very low”. In addition, in order to
comply with the FWI scale, it is proposed to separate the very high fire danger class from the extreme level fire danger
class. Thus, the modified fire danger scale according to the Keetch-Byram index values takes the form (Table S1).



Table S1. Fire danger levels according to the Keetch-Byram index.

Index values (mm) Fire danger levels Class
<0 Very low 1
0-50 Low 2
50-100 Moderate 3
100-150 High 4
150-175 Very high 5
>175 Extreme 6

The integrated aggregate fire danger indicator is measured on a 100-point scale unified for its partial criteria. There-
fore, to normalize the surface soil moisture deficit, with the greater the number the higher fire danger level, use the

formula [S12]:

—min_. 10, (515)

Mmax~Mmin

m=

where m is the normalized surface soil moisture deficit value (reduced to a dimensionless scale from 0 to 100);

m is the moisture deficit, calculated according to (S8);

Mpmin is the minimum surface soil moisture deficit value, which corresponds to the moisture deficit at the highest soil
saturation degree (SSM = 100%) and is determined according to (S8): my,;, = 10hp,,(Orc — 100 - n);

Mmayx 1S the maximum surface soil moisture deficit value, which corresponds to the moisture deficit at the lowest soil
saturation degree (SSM = 0%) and is determined according to (S8): My, = 10hp,,Ox¢.

To determine the fire danger levels threshold values according to the normalized soil moisture deficit, we use the
following considerations.

Under the optimal conditions for the plant root system soil saturation conditions, when the surface soil moisture
deficit m = 0 (achieved at SSM - n = 6z, when soil moisture corresponds field capacity), according to (S8), the mois-
ture deficit my; = 0.

Normalized soil moisture deficit at soil moisture, corresponding to field capacity, is defined as

Aige = 100 — 72, (S16)

According to (S14), the limits for the threshold segmentation of the regulated moisture deficit in the surface layer
of soil depth from 0 to 5 cm are determined on the basis of satellite data for the six levels of fire danger (Table S2):

Table S2. Fire danger levels according to the normalized surface soil moisture deficit values ranges.

Surface soil moisture deficit values Normalized surface soil moisture deficit _.
Fire dangerlevels  Class

ranges, mm values ranges, scores
m<0 m < fligc Very low 1
0<m<ms Mpe <M < Mg Low 2
mgy < m < mygg Mgy < M < My Moderate 3
Myigp S M < Mysg Myge < M < Mys High 4
Myso S M < Myys Myse < M < Myys Very high 5
m > myqs m > My7s Extreme 6

The numerical subscript at the surface soil moisture deficit m is the Keetch-Byram index threshold values mggp;
relative to which moisture deficit thresholds are calculated in the surface soil layer.

Determination of an improved fire danger index based on the FWI index, taking into account soil moisture deficit

An improved fire danger index FWI;y,, as a generalized criterion is formed by means of a linear convolution of
partial fire danger criteria FWI and m, normalized to a single scale [0, 100]:

FWlinpr = ky - FWI + k, - 1, (S17)
where the weight coefficients are ki and k2 and satisfy the conditions of

ki=0, ¥, kj=1(G =12). (S18)



Different methods can be used to determine the coefficients k; and k,, both using machine learning and without
it [S12, S13]. If no learning is provided, the weight coefficients can be determined, in particular, directly from the values
of the partial criteria in the set of test sites: FVVdIi, m;i= 1,n.

To find the coefficients k1 and k2, one can apply the principal components method [S12, S13] and use the so-called
first modified component of the set of unified partial criteria FWI;, ; i = 1, n. This modified first component is ob-
tained as a corresponding linear regression across multiple unified partial criteria values in the test sites. According to
the results of statistical calculations, the modified first component is determined by relation (517) where the weight
coefficients k; (j = 1,2) are the squares of the corresponding components of the eigenvector of the covariance matrix
of variables FWI and i that meet to the largest eigenvalue of this matrix.

The obtained improved fire danger index FWIy,, is a numeric rating of the fire intensity from 0 to 100 and is
measured on a scale of six levels. Low values FW1;,,, indicate weather conditions with a low fire danger, while higher
values FWl;y,,, indicate weather conditions with an increased fire danger.
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