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Abstract. A method has been developed for
assessing the limits of predictability of the frozen soil
water content (according to observations at the
Nizhnedevitskaya water balance station). The
method is based on the analysis of the convergence
of a given probabilistic measure (the variance of the
calculated soil water content at a given date) to its
stable value. The soil water content was simulated by
the physically based model of heat and water transfer
in a frozen soil column during a autumn-winter
seasons. To assess variability of the modelled soil
water content at a given date, the boundary
meteorological conditions for the autumn-winter
period were simulated by the Monte Carlo procedure
using a stochastic weather generator. The initial
conditions were assigned as the constant soil
temperature and soil moisture values over the
I-meter soil column. The predictability of the soil
water content in the one-meter layer of the studied
soils has occurred to be about 1.5 months; it means
that for the forest-steppe conditions, the soil water
content before the beginning of soil freezing cannot
serve as an indicator of soil water content before
spring. Numerical experiments have shown that the
soil water content predictability: (1) grows with an
increase in the thickness of the considered soil layer
and its depth; (2) decreases for coarser soils as
compared to finely dispersed soils; (3) is more
sensitive to changes in the soil texture than to
changes in the climatic norms of precipitation and air
temperature.
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AHHOTAIUA.
MPE/IEIOB TPEICKa3yeMOCTH BIIQKHOCTH MeEp3JI0it

PaspaboTana MeTomuKa OIICHKH

TIOYBLI (o JAaHHBIM HAOJIIOIEHUH Ha

HmwxHeneBunkold  BOAHOOAIAHCOBOH  CTAHIIHH).
Meromuka OCHOBaHa Ha aHAM3E CXOAMMOCTH
3aJJaHHOW  BEpOSATHOCTHOW  Mepbl  (JUCIIEpCHU
pacdeTHOH BIAXXKHOCTH ITOYBHI Ha 33JaHHYIO JaTy) K
€e yCTOMYMBOMY 3HaueHHI0. Biarocoxaep;xanue
IIO4YBbI PACCUUTHIBAJIOCH C IIOMONIBIO (1)I/I3I/IKO-
MaTeMaTHIeCKOW MOAENH BEPTUKAIBHOTO TEIUIO- U
BJIarornepeHoca B MOYBEHHOW KOJIOHKE B OCCHHe-
UrtoOb1

BCIINYMHBI BJIA)KHOCTHU IIOYBBI, paCC‘{I/ITaHHOﬁ Ha

3UMHUAW  TIEPHO/L. OIICHUTh  BapHAIHIO
3aIaHHYI0 JIaTy, TPaHUYHBICE METEOPOJOTUUECKUE
YCIIOBUSI B TEYCHHE OCCHHEEe-3UMHETO IepHoaa

MOJICSIUPOBAIHNCH C TIOMOIIBIO MPOIeAypsl MoHTe-

Kapno ¢ wucnonp3oBaHHEM — CTOXAaCTUYECKOIO
reHeparopa  TOTOJIBIL. Hauannusie YCIIOBHSA
3aJlaBalMCh B BUAC NpOoQUICH MOCTOSHHBIX

3HAYEHUH TEMIIEPaTypbl M BIAKHOCTH TOYBHI IO
rryomHe. PacderHas oOIreHKa TIpeCcKa3zyeMOCTH
BJIYKHOCTH MOYBBI B METPOBOM CJIO€ UCCIEAYEMBIX
IIOYB COCTaBHJIA OKOJIO 1,5 MecsAneB, TO eCTh I
YCJIOBHH JIECOCTETH OCEHHSS BIAYKHOCTH ITOYBHI HE
MOXET CIY>KUTb HHIUKATOPOM €€ YBIIAXXHEHUS
nepen
YucreHHbIe

Ha4yaJlOM BECCHHETO CHETOTassHHA.

SKCIIEPUMEHTHI  IOKa3ajdh,  4TO
MPEICKa3yeMOCTh BIAYKHOCTH ITOYBBI: 1) pacTer ¢
YBCIMYCHUEM TOJIIHWHBI pacCMaTpuBacMoro CJjiosa
ITOYBHI ¥ TJIyOMHEI 3TOTO CJI0s; 2) YMEHBIIACTCS JUIs
MOYB  JIETKOTO  MEXaHHYEeCKOr0  cocTaBa 110
CpPaBHEHUIO C TIOYBAMU TSDKEJIOT0 COCTaBa; 3) Ooee
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Introduction

The study of the predictability of natural
processes is a traditional task for many geophysical
sciences. In meteorology, for example, such studies
arec based on the concepts of two types of
predictability developed in the classical works of
E. Lorenz [Lorenz, 1975]: predictability of the first
kind, due to the internal instability of atmospheric
processes, their high sensitivity to small perturbations
of the initial conditions and predictability of the
second kind, associated with the variability of
external influences with respect to the atmosphere
(ocean, land surface, etc.). The study of the physical
and factors of predictability, the
determination of its limits depending on the space-
time scales of the processes under study, the

mechanisms

identification of potentially predictable structures —
the listed and other problems of scientific
meteorology are solving on the basis of the concept
of predictability as a problem of mathematical
physics developed already half'a century ago (see, for
example, [Dymnikov, 2007]).

In hydrology, the concept of predictability over
many years is associated, as a rule, with the
possibility of constructing a forecast method that
meets the specified criteria of accuracy and lead time
(see, for example, [Shukla et al., 2013]). This
understanding of predictability is close to the concept
of “effective predictability” [Douville, 2010] or
“forecastability” accepted in meteorology, which
depends, inter alia, on subjective factors, including
the experience and methodological preferences of a
forecast developers, the characteristics of the existing
observation network, etc. Interest in the analysis of
predictability as an objective property of the
hydrological system has arisen in recent years and is
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primarily associated with studies of the macroscale
variability of soil moisture and snow cover
characteristics aimed at deepening understanding of
the contribution of low-frequency variability of these
characteristics to the dynamics of the climate system'.
In addition, publications have appeared in which
factors influencing the predictability of hydrological
processes on a river basin scale are investigated, such
as: spatial averaging of processes |[Bloschl,
Sivapalan, 1995], nonlinearity of hydrological
systems [Zehe et al., 2007], hydraulic properties of
the basin [Kumar, 2011]. There is reason to believe
that the construction of a conceptual framework for
analyzing the predictability of hydrological systems
is becoming one of the key scientific problems in
hydrology [Bloschl, 2006].

The purpose of this study is to develop a
methodological approach to assessing the
predictability limits (potential predictability) of
hydrological processes using the example of moisture
transfer processes and the formation of soil moisture
content in a frozen soil. The moisture content of
frozen soil is the main factor in the snowmelt runoff
losses during the formation of spring floods (freshets)
in the cold regions’ river basins, and the reliability of
its assessment significantly affects the accuracy of
forecasts of spring floods using the existing

operational techniques. At the same time,
measurements of soil moisture in winter are mostly
not performed in Russia (there are only point
measurement data at the experimental sites of water
balance stations and small experimental basins),
therefore, to assess the moisture content of frozen soil
before the onset of snow melting, existing forecast

methods use the so-called indices of preliminary

! Report of a Workshop on Predictability & Limits-To-Prediction in Hydrologic Systems. Washington, D.C., National

Academy Press, 2002. 138 p.
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moisture content®. Such indices are, as a rule, data on
the soil moisture content or on the low-flow runoff for
the previous autumn period. In other words, the
hypothesis is implicitly accepted that the moisture
content of frozen soil before the onset of snow
melting depends to a greater extent on the autumn soil
moisture than on moisture transfer processes in
winter. The validity of this hypothesis depends on
many factors, primarily on the weather conditions
during the winter, soil properties and vegetation
cover. A quantitative estimate of the time period
during which the influence of the previous (autumn)
conditions persists, depending on the listed factors,
constitutes the essence of the approach proposed in
the article and can serve as a methodological basis for
testing this hypothesis.

Methods
Approach to assessing the predictability limit
of a hydrological system

Consider a stochastical dynamical system
described by the equation [Dymnikov, 2007]:

‘;—Vf = B(W)+£(t) (1)
Wl,_o =Wo ©)

where W =W (t) is a state variable;
B(W) is a dynamics operator;
&(n) -

process <8l~(t) X 8j(f)> = 2dl-j5(t — t') , dij>0;

delta-correlated Gaussian random

< > — averaging operator.

In hydrology, the dynamic-stochastic equation
(1) is used to describe the soil moisture dynamics,
interannual changes in river runoff, fluctuations in the
lake level, and the dynamics of the volume of
mountain glaciers (see, for example, [Demchenko,
Kislov, 2010]. It was shown [Dymnikov, 2007] that,

under the condition d; =d , equation (1) can be

written in the form of the Fokker-Planck equation for
the probability density function p(W) :

‘Z—f +div(BW)p)=dAp (3)
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p=0.[ pdi¥ =1 (4)

The initial condition for the equation (3) is
written as:

Pl,_o =W —Wp) (5)

It was also shown [Dymnikov, 2007] that over
time, the probability density function p(W) of the

system state will converge to a stationary solution p

, and information about the initial condition will be
lost by the system. The time interval during which the
system retains information about its initial state can
be set by the time of convergence of a given
probabilistic measure to its stable value and
determines the potential predictability of the system
or the physically determined limit of its predictability.

For a complex nonlinear system, the
implementation of the described approach is possible
through experiments with a numerical dynamical-
stochastic model with random inputs, which
describes the dynamics of the system states. This
possibility will be illustrated below using the example
of a dynamic-stochastic model of moisture transfer in
a frozen soil.

Dynamic-stochastic model of water transfer in
a frozen soil

The structure of the developed dynamic-
stochastic model combines two components: (1) a
physically based model of vertical moisture transfer
in a frozen soil, taking into account the accumulation
and melting of snow cover on its surface, and (2) a
stochastic weather generator.

The physically based model is described in
[Gelfan, 2006] and based on solving a system of
nonlinear equations of heat and moisture transfer
describing the hydrothermal regime of the soil during
its freezing, thawing and infiltration of melt water,
the
transformation, the influence of over-cooled
moisture. The system of equations and methods of

taking into  account phase  water-ice

their numerical integration, the results of model tests
based on the data of laboratory and field experiments
of the Hydrophysical Laboratory of the State
Hydrological Institute and field observations at the

2 Guide to Hydrological Forecasts. Issue 1. Long-term forecasts of the elements of the water regime of rivers and
reservoirs. Leningrad, Publ. Gidrometeoizdat, 1989. 358 p. (In Russian).
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Nizhnedevitskaya water balance station are presented
in detail in [Gelfan, 2006]. The used stochastic
weather generator, which allows one to reproduce by
the Monte Carlo method long-term artificial
sequences of meteorological variables with daily
resolution at a given point (without taking into
account the spatial relationships  between
meteorological variables) is described in [Gelfan,
2007]. The paper describes the results of calibration
and testing of the weather generator based on
meteorological measurements on the territory of the
forest-steppe zone of the European Russia.

Numerical experiments design

Numerical experiments to assess the potential
predictability of soil moisture content in the autumn-
winter period were carried out using observational
data at the Nizhnedevitskaya water balance station
and were organized as follows.

Calculations were made for the period from
November 1 to March 31. Stochastic weather
generator was developed for this season on the basis
of the meteorological observations from 1969 till
2014. The initial conditions for solving the equations
of heat and moisture transfer were set as the constant
total (liquid water + ice) soil moisture content and the
constant soil temperature over the depth of a one
meter soil column. An ensemble of 1 000 random
realizations of time series of meteorological variables
(air temperature, precipitation and air humidity) with
daily resolution for the period from November 1 to
March 31 was modeled using a stochastic weather
generator. These variables were set as boundary
conditions for the calculated equations of heat and
moisture transfer in the absence of snow. If there is a
snow cover on the soil surface (its characteristics
were calculated from the generated meteorological
“inputs” using a single-layer model [Gelfan, 2006]),
the boundary conditions were set in the form of heat
and moisture fluxes at the snow-soil boundary.

Using a dynamic-stochastic model, an
ensemble of N=1 000 trajectories of changes in daily

368
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values of soil moisture Wjz=Wy(z;t;) and temperature
Tj=Tx(z;t) at different depths was calculated from
November 1 to March 31 (here £ is the number of the
calculated trajectory, £=1,2,...,1000; z=[10 (i-1); 101]
[cm] is i- th calculated 10-cm layer along the depth of
a meter soil column from its surface; i=1,2,...,10;
t=[(j-1); j1, [days], is j-th daily time interval from the
beginning of calculations j=1,2,...,151).

Each of the 1000 trajectories was calculated
under given (the same for all calculations) initial
conditions and random, simulated by the Monte Carlo
method, boundary conditions.

For each calculated step ¢ and soil layer z;, the
mean square deviation oj;(W) of soil moisture was
calculated for the ensemble N=1 000 trajectories:

G SRR

J— N
_ N :
where W, = N AZIWI.J.,( is an average over the
ensemble of trajectories value of soil moisture in the

layer z; and at the time step ¢;.

The oi(W) was specified as a
probabilistic measure, the time of convergence of

value

which to a stable value was assigned as the potential
predictability of soil moisture.

The limit of predictability 4;W) of soil
moisture (potential predictability) was estimated
from the condition:

Oy ~ Oy

A, =min(j): <a, j=1,2...,151 (7)

i
where a is the specified threshold value (taken equal
to 0.01).

Thus, the predictability limit of the process is
determined by the time period during which the
variance of the scatter of trajectories calculated for
each time step becomes a constant value determined
by external meteorological forcing (winter weather
conditions), and the effect of initial conditions (pre-
winter moisture and soil temperature) becomes
insignificant.
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Figure 1. Ensemble of trajectories of the total moisture content (mm) of the meter (top) and
upper 10-cm (bottom) soil layers of freezing soil, calculated under the same initial conditions (W(z,0)=0.15;
T(z,0)=3°C) and the Monte Carlo simulated boundary meteorological conditions
Pucynoxk 1. AucamMOIIb TpacKTOpHA N3MEHEHHS BIArOCOIePKanmst (MM) METPOBOTO CJIOS (BBEPXY) U
BepxHero 10-cM ciost mpoMep3arolei MOYBbl, pACCYMTAaHHBIX NPU HAYaIbHBIX ycioBusax (W(z,0)=0,15;
T(z,0)=3°C) u TpaHIYHBIX METEOPOJIOTHIECKHX YCIOBHUAX, CTEHEPHUPOBAHHBIX MeToJ0M MoHnTe Kapio
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Figure 2. Change in the mean square deviation (over the ensemble of 1 000 trajectories) of the freezing soil
moisture content (meter soil layer) with time-distance from the initial date (November 1).

Each line relates to the specific initial conditions

Pucynok 2. M3MeHeHHs cpeiHEKBapaTHYECKOTO OTKIIOHeHUsI (110 ancam6:1ro 1000 Tpaekropuit) 3HaueHUN

BJIaroCOJeP KaHusl METPOBOT'O CJIOS OYBHI C yJaJIEHUEM OT HayaJbHOI pacueTHoU naThl (1 HOSOPS).

Kamaaﬂ JIMHHUA Ha rpa(bmce OTHOCHUTCA K KOHKPETHBIM Ha4YaJIbHBIM YCJIOBUAM

Results and discussion

The calculated trajectories of changes in the
total moisture content are shown as an example in
figure 1.

Figure 2 shows how the value g;(W) changes
with the time-distance from the initial date of
calculation (November 1) under different initial
conditions (the total moisture content of a meter soil
layer of freezing soil is shown as an example).

Figure 2 shows that the predictability limit of
the total moisture content of the soil column,

370

calculated by formula (4) at a=1%, varies in a rather
narrow range, namely from 31 to 42 days, with the
given significant changes in the initial conditions
(W(z,0)=0.15+0.25; T(z,0)=-1.5++4°C).

In general, the obtained estimates of the
predictability of the moisture reserve for individual
10-cm layers of the freezing soil column showed that
predictability increases with increasing layer depth:
for the upper layer, predictability is about one month,
for the lower layer 90-100 cm it reaches 3 months

(figure 3).
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Figure 3. Change in the standard deviation and assessment of the predictability of the moisture content in the
meter soil layer (top figure), moisture content in the 0-10 cm layer (middle figure) and moisture content in
the 90-100 cm layer (bottom figure)
Pucynoxk 3. M3MeHeHHs CpeTHEKBAPATHYECKOTO OTKIIOHEHUSI U OLIEHKH MTPEJICKa3yeMOCTH
BJIar0CoJICpyKaHKsI METPOBOT'O CJIOS TIOUBHI (BBEPXY), BepXHero 10-cM cIios MouBHI (CpeiHUIA PUCYHOK) U
cios 90-100 cMm (HIDKHUN PECYHOK)
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Two series of numerical experiments were
carried out to assess the sensitivity of the calculated
predictability limit of the 1-meter soil moisture
content: (1) to changes in soil texture, which affects
the hydraulic and thermal parameters of the equations
of heat and moisture transfer, and also (2) to changes
in climatic norms of air temperature and precipitation
specified as parameters of the stochastic weather
generator. The results of numerical experiments are
shown in figures 4, 5. The experiments have shown
that the predictability of the 1-meter soil moisture
content increases for soils with a heavier texture,
reaching 51 days for heavy loam (figure 4). To assess
sensitivity of predictability to the climatic norms
(mean annual values), four numerical experiments
were carried out. First, the air temperature climatic
norm, 7, as the weather generator parameter was
increased by 2°C with an unchanged precipitation

HYDROSPHERE. HAZARD PROCESSES AND PHENOMENA

climatic norm (hereafter, “Scenarios 17). Second, 7,
was increased by 1°C with an unchanged
precipitation norm (“Scenarios 2”). Third, the annual
precipitation P was increased by 10% at an
unchanged air temperature norm (“Scenarios 3”) and,
fourth, P increased by 20% at an unchanged air
temperature norm (“Scenarios 4°°). The calculation
results are shown in figure 5. One can see that the
assigned changes in climatic characteristics did not
have a noticeable effect on the predictability limit of
soil moisture content.

Thus, an important property of the system
under consideration is that its predictability depends
on the internal properties of the system to a greater
extent than on the characteristics of the forcing
process. A similar result for a linear dynamical-
stochastic system was obtained analytically in
[Demchenko, Kislov, 2010].

60
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° 40
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230 +— [ [ |
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g 20 1 |l el e e
o
10 +~—{ |l e e e
O T T T 1
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Figure 4. Predictability of moisture content of a meter layer of freezing soil, depending on soil texture
PucyHok 4. IIpeckazyeMocThb Biiaro3amnaca METPOBOTO CJIOs IIPOMEP3AIOIIIEH MOYBBI PA3HOTO

MEXaHHUYCCKOI'o coCTaBa
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Figure 5. Predictability of moisture content in a mi

eter layer of freezing soil under different scenarios of

changes in climatic norms of air temperature and precipitation
Pucynoxk 5. IIpeacka3zyeMocTs Biarosarnaca METpOBOTO CJI0S ITpoMep3arolliel MOYBBI IPH 4-X CLIEHAPUSIX

M3MEHEHUI KIMMAaTHYeCKUX HOPM TEMIIEpPaTyphl BO3AyXa U OCaIKOB

Conclusions

The paper proposes a method for estimating the
predictability limits of a hydrological system based
on a dynamic-stochastic model with random inputs.
The method is based on calculating the time of
convergence of the variance of the state of the system
to its stable value. The method was applied to assess
the predictability of moisture content in a freezing
soil. Using numerical experiments with the developed
model, the following is shown.
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