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THE TEMPORAL AND SPATIAL CHA%GEABILITY OF ICE PHENOMENA AND THFIF t LONG-TERM
FORECASTS

By: T. N. Makarevich, Z. A. Yefimova, V. A. Bumyantsev, L. K. Savina, R. ¥a.
Alekseyenko, S. V. Shanochkin

(GGI, Leningrad)

Recently, the practice of long-term forecasting of ice regime elements of
rivers has come to include physico-statistical methods to a greater and greater
extent. One of these most widely used methods is the method of forecasting the
characteristics of the ice regime according to the data fields of meteorological
elements with the preliminary arrangement of these fields on the natural ortho-
gonal components - this began to be used in 1968 at the Hydrometeorological Center
of the USSR (8), and somewhat later in GGI (3). At the same time, the accuracy
of long=-term forecasts, particularly for rarely repeated vears, remains as before
far from satisfying the requirements of questions. Further research into the
possibilities of perfecting the existing methods and finding new approaches to
solving this problem are necessary.

For this purpose; the authors made a detailed statistical analysis of the
longest series of observations of elements of the ice regime on rivers with
different types of ice formations: stable -~ the northern area rivers (56 moni-
toring stations), unstable - the Danube River (20 monitoring stations), and
- transitional - the Transbaltic Rivers (27 monitoring stations). By statistical
analysis of the temporal series, one means in this case evaluating and duplicating
the properties of the initiating process which lies at the basis of the series
according to the available realizations of characteristics. The usefulness of
such analysis, if it is of course carried out correctly, consists in the possi-
bility of identifying general principles to which all or part of the temporal
series are subordinate. The next stage consists in the attempt to explain these
principles and to find possibilities of using them for the purpose of prediction.
Knowledge of the basic properties of the temporal series - changeabili ty and the
characteristics of its periodic fluctuations - aid one in solving the primary
problem « predicting the behavior of a temporal series in the future.

The successfulness of employing the most modern methods of statistically
analyzing time series - spectral and correlation analyses - depends chiefly on
the care taken in selecting data. In order to use the structural features of
time series of the observations of characteristies of ice phenomena subsequently,
one should be certain that such series are steady, or, in other words, that their
basic statistical parameters do not significantly change in the course of a
certain period of time. When plotting the forecast diagrams, an objective check
of the series for steadiness has not been nearly carried out up to this point,
which could not fail to have an effect on the results of employing some parti-
cular forecasting methods.
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A check of the steadiness of the mean value of X
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where x, is the value of the time series at the j-th moment in time, was carried
out accgpdwng to the following criterion
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The slowly changing trend in the average value leads tg an overage in the
estimate of s® and has practically no effect on the value sy. The series is
recognized as a steady-state series in relation to the average value if the cal-
culated value of ufalls into the critical region
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where n is the length of the series, tg is the quantil of the normal law.

A check on the steady-state nature of dispersions and correlation functions
was made by means of comparing the estimates of dispersion and the autocorrelation
function obtained according to the components of the successively shortening
series (Figure 1). In order to give an objective answer to the question of
whether differences between the selected estimates are significant, with respect
to those obtained by the separate components of the series, one uses the Bartlett
criterion in the case of dispersion (&), based on statistics
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while in the case of the intraseries correlation function the following statistic
was used

(6)
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Figure 1. Autocorrelation functions of the times of appearance of ice on the
Severnaya Dvina River and near Medvedka monitoring station plotted for the en-
tire series and its successively shortening
components.
1 - 70 years, 2 - 60 years, 3 - 50 years, 4 - U0 years, 5 - 30 years.

Both statistical components are approximately distributed as K?G N - 1
degrees of freedom. In the cited expressions, N is the number of components
into which the series is divided; nj; is the number of members in the i-th
component of the series; s, 1s the selected estimate of dispersion obtained
according to the i-th comp%nemt;
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where r; is the selected estimate of the intraseries correlation function
itk

upon a shift by k units, obtained according to the i-th component of the series:
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The cited analysis of time series of ice regime characteristics of rivers
with a probability reliability of 95% showed that the number of sections according
to which this hypothesis is not satisfied does not exceed the permissible value
of 5%. This enables one to consider that the existing series do not contradict
the hypothesis of weak steadiness. In other words, the warming of the climate
observed in the 1930's as well as a number of other factors, for example, the
growing role of human activity, has not yet led to the appearance of significant
trends in the basic parameters of the ice regime of rivers.

Here it is necessary to provide certain explanations on the subject of the
unsteady ice regime of rivers averaged in a series of elements and observed
earlier by certain investigators (9). Only a qualitative check of the series
for steadiness was made in the indicated works without using any objective
criteria. We shall also note that one cannot fully rely on the steadiness or
unsteadiness of a series according to selection of the finite volume. The fact
that i1t appeared to be a trend of the average volume of data available at that
time, with the existence of a large number of data, could prove to be simply
a branch of a prolonged "cycle". The opposite is also possible - the series
that seem to be steady series at a given moment in time will prove to be unsteady
in a different, longer span of time. Ian both cases there is a certain danger of
placing too much faith in the results of extrapolation with the necessity of
making a decision for a significant period of time into the future.

Unfortunately, in hydrology we are always in a position in which it is
necessary to make a decision using only the available data. Therefore, if all
of the available information indicates the absence of significant changes in
series of elements of the ice regime of rivers, our decision should recognize
the steady-state as reality. Consequently, we have every basis to employ dif-
ferent statistical methods not only with respect to an individual component of
the series, beginning in the 1930's, but alsoc with respect to the entire series
as a whole, including earlier years, which makes their very application more
well-founded.

A typical feature of a quite long time series of observations of a certain
characteristic of the ice regime of rivers is the presence of prolonged irregu-~
lar fluctuations. By studying these fluctuations, one can conclude that they
can be represented as the total of somewhat more or less regular fluctuations.
In order to study this "mixture’ of regularity and irregularity in the series
of river ice regime characteristics, spectral analysis provides the natural
approach from the mathematical viewpoint.

There exist many problems related to obtaining estimates of the spectra
and of the themes chiefly due tc a certain extent to the obvious fact that it
is not always possible satisfactorily to describe the infinite set when only
a finite number of data is given. However, te@gy fully suitable methods have
been developed for estimating spectral density f{guj), These have the following

form
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and are only distinguished by the choice of weights Ag. Here m is the point

of truncation or the maximum number of employed changes, conventionally taken

at random from the condition m < (n); R(k) is the estimate of the covariation
3

function taken upon the change in k:
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As the result of this, we initially obtain the rough estimates of the
spectrum
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where L-l =L ., L = L and then by means of smoothing we shift to the
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final estimates of j:(wj)

F0)=025L;_,40,507,4-0,25L, ...
(13)

Spectral analysis provides a quite crude method of determining the reality
of cycles by identifying whether they introduce frequency bands that correspond
to the cycles that make a contribution to the total series dispersion; it is
crude in the sense that a precise establishment of this fact requires that the
length of the series be at least 7 times longer than the length of the longest
cyele. Hence, in order to determine, for example, the verity of a 22-year cycle,
one should have data for a minimum of 150 years, while to determine the verity
for an ll-year cycle one needs data for 80 vears. Inasmuch as the reliable
hydrological series are usually much shorter, then it is clear that tasking
such cycles according to the separate series requires that we have more data
than we do.

In order to obtain more reliable ideas about the reality of the long cycles,
the single escape, to our view, consists in a joint spectral analysis carried out
according to several series with subsequent averaging of the selected spectra
for a group of rivers that are homogeneous with respect tc the correlation (spectral
functiont. When certain conditions of averaging are observed, the estimate is
equivalent %o an estimate of a spectrum which could be obtained according to a
significantly larger number of members than the length of each individual series.
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In the process of the combined statistical analysis of the time series of
the ice formation periods on rivers, covering a quite extensive territory with
varying regimes, a latent quasi-cyclical nature was identified which can provide
a certain effect when plotting the forecast links (Figure 2).
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Figure 2. Selected estimates of spectral density f(w) of the times of appearance
of ice on rivers.
1 -~ Severnaya Dvina River - Abramkove monitoring station, 2 - Vychegda River -
Sol'vychegodsk monitoring station, 3 - Danube River - Budapest monitoring sta-
tion (v - freguency, T - period}.

It should be noted that the character of this quasi cyclical nature is practically
identical in all three rivers (the northern area, the Danube, the Transbaltic
area). One can identify ll-year and 22-year cycles in the first series; certain
differences pertain to the shorter cycles - the 5 and T-year ones. The commonality
of the identified cycles indicates a single global principle of their origin.
Relative to the cycle which lasts approximately 11 years, one can confidently
state that it has a solar nature (4, 7). According to geophysical investigations,
the nabture of the 22-year cycle is evidently associated with the variable sign of
the magnetic field of two ll-year cycles, the even and odd; and in the meteorc-
logical processes the 22-year cycles frequently appear more noticeably than the
ll-year cycles (5).

We shall examine the use of cyclicity for purposes of forecasting in greater
detail applicable to the Danube River. An analysis of changeability of ice phen-
omena on the Danube demonstrated the most clearly proncunced 22-year cyclicity
in the fluctuations of the length and onset times of ice phenomena; to a signi-
ficantly lesser degree it appeared in the times of the river's freeing from ice.

An attempt is made in this study to estimate the possible effect of solar
activity in its 22-year cycle on processes of ice formation. In this case, a
method of analyzing cyclicity for hydrometeorclogical forecasts which was sug-
gested by V. N. Kupetskiy was used (2). According to the table of "epoch appli-
cation, by knowing three factors - the parity of the ll-year solar cycle, the
phase (rise or fall) and the value of Wolf sunspot numbers, the correlation
diagrams can be constructed. One can identify certain principles individually
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for the odd and even cycles in the diagrams in the form of direct and reverse
links. The value of the Welf. sunspot number is assumed to be the actual value
for the current year or for a forecast whose validity is quite high. In indi-
vidual years the links are poorly expressed and therefore the forecast for them
should not be made according to the submitted method. Such years include the
years following the maximum of the ll-year cycle, before the minimum and the
year of the minimum. Furthermore, in a number of cases the identified relaticn-
ship is vaguely expressed due to the instability of characteristics of the ice
regime and the limited nature of the series - the observations encompass a total
of 3 or 4 22-year cycles, which hinders its statistical basis.

The authors compiled verification forecasts of the times of appearance of
ice for years of the current 20-year cycle (1964 - 1971) during these years in
the region of the even 14, 16, and 1l8-year ¢y  :=. There were unsatisfactory
results from 8 years in 2 instances (1965 and v ”', in 6 cases the error did
not exceed the permissible one and of these, i 5 ..ses it was 0 + 5 days (see
the table).

One can anticipate phases of development of the Danube ice regime in up-
coming years according to the prediction of the Wolf sunspot numbers. The authors
have compiled a forecast of the length of the ice phenomena and the times of their
onset for 1973 - 1974 which was fully valid. '

Validity of Forecasts of Dates of the Appearance
of Ice on the Danube River

Date of Appearance of Ice
Year According to )
Forecast Actual Error, days
1964-65 13711 10711 3
1965-66 15/X11 13/1 29
1866-67 9/1 14/1 3
1867-68 19/X11 16/X11 3
1968-69 16,1 24/X11 23
1969-70 6/1 24/X11 13
1970-71 ’ 18,1 141 4
1971-72 i7/1 168/1 i
Norm . 3/1
tadd 13
Py 75

‘ Our investigations of the character of the relationship of solar activity
with the ice phenomena showed that it is particularly clearly manifested in
the extreme years, with respect to icing.

We shall examine an example of a similar relationship of the duration of
the ice phenomena, the greatest assigned value (according to the Danube data)
with the Wolf sunspot numbers in the current year. As is evident in Figure 3,
the highest correlation coefficients characterize years whose ice phenomena are
prolonged (over 35 - 40 years) and years with mild development of ice phenomena
(duration less than 20 days).

-7 -



a6 P Figure 3. Relationship of correlation co-
- efficients r between the duration of ice
05 w?““‘iﬁ ‘ phenomena on the Danube River {Budapest -
’ /l 5 - Mokhach), the highest set value Tp, and
the Wolf sunspot number for January of
04 ! the current year and the value of Tp,
02 [ The small circles indicate the number of
/ years.
82
/ ‘ With the exception of cases near the average
01 multiyear value of duration, the ccrrelation
' 27 coefficient sharply increases - from 0.32
, } to 0.58.
j Investigation of the changeability of
-01 ice phenomena in comparison with cyclicity
” / made it possible to obtain a certain idea
_024? A\‘ about the tendency of development of ice
. \fi #/ \%g ! conditions in succeeding years. It is
47 % naturally assumed that for this purpocse data
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the first stage of this kind of investigation.
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MCDERN PRINCIPLES OF DEVELOPING METHODS OF LONG-TERM FORECASTING OF
RIVER FREEZING AND THAWING ‘

By: Ye. I. Savchenkova, Ye. S. Karakash, N. D. Yefremova, and
Ye. G. 4ntipova

(The Hydrometeorological Center of the USSR,
Moscow)

During the development of a method of long-term forecasting of the appearance
of floating ice, it is expedient to estimaie when the autumn cooling of the water
begins with a high degree of timeliness and how intensively it will occur. The
course of water cooling depends in the final analysis on the development of at-
mospheric processes, and the frequency and intensitv of waves of cold and heat.
Nearly all methods of long-term forecasting of the times of appearance of ice
are based on an analysis of atmospheric processes in the months that precede
the appearance of the ice.

Attempts to use statistical methods for investigating atmospheric processes
and their interrelationships have been made for a long time. Correlation analyses
have usually been used. Many synoptic rules {the method of analogs, rhythms,
ete.) that are used in long-term weather forecasts have been the result of the
statistical generalization of materials. Still, their use in hydrology doss not
always provide good results.

Regional characteristics of the synoptic processes are used during the
development of methods of ice forecasts. These characteristics well reflect
the temperature of the air near the ground or its deviation from the noramal
value. Thus, for example, the duration of the western shift in November, which
carries heat in the period of freezing of the upper and middle Volga, depends
upon the developed temperature contrast between the sea and the land. This
contrast is estimated according to the difference hetween the ground and water
surface air temperatures. When the westerly contrast shift is prolonged but
not great, this means that the ocean is supercooled while the continent is warm
and the air moves over the homogeneous wnderlying surface without experisancing
the effect of thermal heterogeneity of the sea and dry land.

Central Asia can serve as another example. The winter synoptic processes
of this territory are characterized by predominance on the southwestern peri..
phery of the Siberian anticyclone, which can be either cold or warm. Depending
upon this factor, the winter in Central Asia is severe, with a prolonged ice
cover on the greater extent of the Amudar'ya and Syrdar'ya Rivers with floating
ice on rivers in the extreme south, or is so warm that the ice cover only
exists in the low water stretches of the Syrdariya River. Inasmuch as the
Siberian anticyclone begins to form as early as September, then by November
the distribution of air temperature in its vicinity reflects the conseguences
of the predominant synoptic situation, namely the temperature of the invading
air masses and their transformation.

This process is relatively stable ard the anomaly of atmospheric tempera-
ture in the western part of the Siberian anticyclone in November se vo~5 as a
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Despite the fact that the method of expanding the meteorological elements
according to natural orthogonal functions has a veritable number of valuable
properties which have been examined in the literature in sufficient detail (2,
4y, still it is very complex for purposes of computation since it requires
computer calculation, and of course, is not the only method of obtaining meteoro-
logical information. The use of this method in the Laboratory of Ice Forecasts
of the Hydrometeorclogical Center of the USSR began in 1968 to develop long-term
forecasts of the appearance of floating ice on rivers (5, 6, 8). The concept of
nature ' components for use in long-term forecasts of ice phenomena on rivers
requirss additional research. With this goal, it is necessary to analyze atmos-
pheric processes of the Northern Hemisphere, and to choose regions above which
the processes determine the development of ice phenomena on the sbudied rivers;
it is only in this case that the natural compouents can correctly reflsct char-
acteristics of the synoptic processes.

Afterward, the pressure and temperature fields as well as the Hgpg field
were expanded according to the natural component. The effect of expanding the
field intc components consists in that the information about the field component
of a field formed by many points is concentrated in a Tew components which ade-
quately fully impart the basic properties of the initial field. During expansion,
a process of successive separation of the field intc totalities of fields occurs;
evidently, those types of circulation which are most frequently encountered and
yield an estimate of the weights of these fields of the examined sel.

The latter circumstance, i.e., the possibility of presenting the initial
field in the form of a set of a limited number of fields having a certain type
of circulation, led to the idea of comparing them with sets of fields obtained
when the field of times of ilce appearance on the rivers was expanded. Fields
of anomalies of air temperature for October were compared with flelds of devia-
tions of the dates of ice appearance after 1 October on the Severnava Dvina,
Pechora, the upper course of the Kama, the Irtysh, the 0b', Yenisey, Lena and
Amur Rivers.

Table 1 gives the results of this comparisocn according to the amount of
information on the initial field contained in 1, 2, or more {(up Lo 10) expansion
fields. It follows from the tabular data that already the first 6 components
contain 91% of information about the initial air temperature anomaly field in
October and 95% of the date fields of ice appearance.

Table 1
Summary Information (%) About the Air Temperature Anomaly for October and the
Times of Appearance cf Ice, Contained Successively in the First Ten Expansion

Fields
Number of expansion
fields 1 2 3 b 5 6 7 8 g 10
Air temperaturs
anomaly L3 63 75 83 89 91 93 95 96 9B
Times of ice
appearance 80 85 88 g2 94 95 g6 97 98 98



Maps of the eigenvectors of the temperature anomaly field expansion for
October and the dates of ice appearance were drawn. The direction of the iso-
lines which outline the uniform values of natural components are similar.

The first eigenvector (X1) of the ice appearance dates contains 80% of
the information. The region of negative values encompasses the Yenisey River,
the lower course of the Ob' River, the upper course of the Amur River and the
Pechora River. The zero line runs through the city of Troitsko-Pechorskoye
(the Pechora River), Cktvabr'skoye tributary (the Ob' River), the city of
Krasnoyarsk (the Yenisey River), and through the upper course of the Shilki
and Arguni Rivers. It crosses the Amur River at the city of Vliagoveshchensk.
Such a layout of the zero line corresponds to a 90% frequency curve of the
dates of ice appearance on 31 Qctober, cited in a work (3).

The layout of the foci of positive and negative values (the points) on
the map of eigenvector X1 signifies that when the ice appears early on the
Lena and Yenisey Rivers, as well as on the lower courses of the Ob' and
Pechora Rivers, it is more probable to anticipate the appearance of ice later
than normal on the middle course of the 0b' River, on the Irtysh River, on
the upper course of the Kama River, and on the Severnaya Dvina Rivers.

In order to obtain a quantitative characteristic of the relationship
between eigenvectors, coefficients of expansion for a 30-year sgeries of
temperature anomaly fields and dates of ice appearance were correlated.
Table 2 gives the values of the obtained correlation coefficients. It is
characteristic that the highest values of the correlation coefficients were
obtained with uniform expansion coefficients (with the excepticn of Bg and
87)e

The zero line outlines a region of disposition of the Siberian anti-
cyclone on the maps of anomaly of the xp temperature field. In these cases,
the ice appears on the upper courses of the rivers earlier, which is due to
the cold anticyclone weather associated with the Siberian anticyclone.

Field X3 of the ice appearance dates is characterized by itis meridional
nature. The appearance on rivers of this type can be due to two character-
istic processes: the invasion of anticyclones from the Barents Sea into the
Ob' River basin, and the invasion of anticyclones from the Karsk Sea to the
middle course of the Lena River.

These three fields not only determine the time of appearance of the ice
on the rivers, but alsc determine to a certain extent their distribution for
different rivers in time. Hence, in the future during the forecasting of ice
appearance times, the established affinity in the distribution of natural
components of tne eigenvectors of pressure and temperature anomaly fields for
the month preceding the appearance of the ice and the fields of ice appearance
dates can also predict the course of the process of river thawing in time, with
a certain degree of probability.

During the development of methods of long-term forecasts of the ice
appearance times on rivers of the northern ETS (the Severnaya Dvina and the
Pechora), of Siberia (the Ob', the Irtysh, the Yenisey, the Angara and the
Lena), and of the Far East (the Amur), it was established that obtaining the
forscast indicators for October, i.e., for the month in which, as a rule, ice
formation begins on the listed rivers, it is best to use the characteristic of
atmospheric circulation for July and August.



Table 2

Value of Correlation Coefficients Between the Expansion Coefficients Relevant
to the Natural Components of the Air Temperature fAnomaly in October (By - 510)

and the Dates of Ice Appearance (in deviations from 1/X) (Bl _ lG}

bBxpansion

Coefficient By B, By B Bs B, By By B, B
84 (3,39 -0, 36 —0, 13 —(,02 0,09 0,37 0,08 0,23 ~{,05 —{3,30
By 0,17 -0, 87 - 0,03 0,18 —0,30 —(,21 (), 17 —~(,20 —0.02 0,056
B, 0,37 —0,28 0,61 0,21 0.18 —@,19 0,13 6,04 0,11 —0,06
By 0.02 -0, 19 0,31 0,22 -(,01 ~0,03 —0,30 0,34 0,05 0,18
Vi 0,01 0,36 0,18 —~0,19 —0,18 0,03 —0,07 0,10 0,02 —0,23
By --0,07 8,06 0,02 0,01 0,08 —0,48 0,01 0,04 —0,07 —0,19
By 0,20 -0,26 0,29 0,20 -}, 14 0,10 --0,30 -0,01 0,12 —0,13
By ~0,31 0,05 0,01 0,04 --(,00 - 0,25 0,01 0.49 —0,23 -0,21
g —(,22 ~0,16 —0,36 0,20 0,06 —0,08 (1,26 —0,16 -}, 50 —0,11
Bio -0,07 0,16 0,04 -0,14 -—0,05 0,09 -—(,37 0,05 0,24 -0,37

(Note: commas should be read as decimals.)
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Coefficients of expansion of the pressure and temperature anomaly fields were
used as this characteristic, according to the natural component in a certain
region of the Northern Hemisphere. This is significant for the given river
basin. The coefficients of expansion of the meteorological element fields for
September for certain rivers, as, for example, the Amur, is intimately related
with the times of appearance of the ice, which makes it possible to use it to
refine the long-term forecast.

The intimate relationship of the atmospheric processes of July, as well
as those of August and September, with the appearance of the ice on rivers,
which occurs in October, is not random, but is confirmed by the investigations
conducted by a number of authors who identified an association between the
temperatures of the air in July (August and September) and October (7).

The long-term forecast of the times of ice appearance on the Severnaya
Dvina, Pechora, Ob', Irtysh, Yenisey, Angara, Lena and Amur rivers involved
taking the parameters of expansion as the basiec arguments according to the
natural components of the pressure and temperature anomaly fields for July -
September in different sectors of the Northern Hemisphere. The characteristic
sectors were chosen as the result of a careful analysis of atmospheric processes
in these months of the year, when the appearance of ice was observed at times
which significantly deviated from the average multiannual times.

In order to obtain the forecasting relationships for the Amur, Y.aisey
and Angara rivers, it was necessary to use the parameters of expansion of the
pressure and temperature anomaly fields of the air over eaitern Siberia and
the Pacific Ocean as arguments; for the Pechora River, the lower course of
the Ob' and Lena rivers - those over Canada, while for the middle and upper
courses of the Lena River,; those over western and eastern 3iberia had to be
used. For the Severnaya Dvina, the 0b' {(excluding the lower course) and the
Irtysh rivers, 1t is necessary to have the parameters of expansion of the
pressure and temperature anomalies over the Atlantic Ocean, Europe, and
western Siberia. ‘

As an example, we cite the equation which can be used to compile the
forecast of ice appearance dates according to the July data for the Severnaya
I'vina River near the city of Kotlas:

- - 0"2 " o { L3 - -‘c » it 32‘
AD 3.5 + 1 QBl + 1 732 1 183 + 1 HBM 0 BS
where AD is the deviation of ice appearance times from the normal date near
the city of Kotlas; By ~ By are the expansion coefficients of temperature
anomaly fields in July over ETS and western Siberia; Bg - Bg are the field
expansicn coefficients of the pressure anomaly in the same location.

- 1.3 565

The number of field expansion ccoefficients over each reglon was selected
on the basis of estimating the contribution of the individual components to
total dispersion. As has been shown in many studies, the primary contribution
falls to the first ten members of the sexpansicn, which reflect the most sig-
nificant field characteristics; of these, no more than 7 usually enter the
forecasting equations. This is because when the number of variables increases,
the requirements made upon the volume of initial data rapidly grow and the

- 15 -
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stretch where ice formation begins; h and v - respectively, the average depth and
average flow rate on the heat exchange stretch (i.e., on a length 1g); k and d -
parameters which characterize heat exchange with the atmosphere; i tq - waber temp-
erature at the beginning of the stretch; 0 - femperature of the air averaged over
the stretch; g - influx of heat from the ground and subterranean water over the
stretch.

Since most of the initial values are taken as averages over a stretch whose
length lp is the sought value, then the calculation is made by the method of
successive approximation (3). ‘

2. Improvements have been made in the method of forecasting the dates of
ice cover (the dates of formation of ice necks on rivers). The relationships
between the critical temperature of ice cover formation ©,., on the one hand,
and the totals of negative air temperatures at the point of formation of the neck
(Z6y) and on the path of movement of the ice (IB8y), as well as the hydraulic-
morphometric parameters, on the other hand, have been determined by the dimension-
alities' method. When obtaining the calculation equations, the materials of
aviation surveys and special observations carried out by the Gidrcenergo-
proyekt were used. The result was obtaining the following two equations:

3.56019350.%0 (3)
TS o6 5,30
cr (Ze) " (Ma)”
and
0 mmﬁ,éfaz( b\
er 2;9.»,) ()

A check showed that the accuracy of the calculation made according to the
equations (3) and (4) is significantly higher than that yielded by the previous
Shulyakovskiy equations (10). The comparison also showad that the equation (4),
despite the fact that it is only slightly simpler, has poorer accuracy than
equation (3). Equations (3) and (4) are identically applicable for calculating
the beginning of the ice cover formation on rivers with natural and regulated
water regimes.

3. Great changes have occurred in the field of short-term forecasts of the
Spring ice phenomena. A model of the debacle process has been develcped which
takes into account the primary property of the melting ice - the reduction in
its strength.

hie ice cover on the reservoir is viewed as an infinite or semi-infinite

plate lying on an elastic base and subject to a vertical wind load (1). The
condition of its destruction is the following

(5)
here ¢ is the relative destructive stress of bending, equal to ofog; ¢ - des-

tructive stress of the melting ice; 0g - destructive stress for ice not exposed
to the effect of sunlight and having zero temperature; h - thickness of the
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model of the process of destruction of the melting ice which is the basis of the
methods of calculating and forecasting the dates of debacle of rivers and reservolrs

It has been established that the strength of the melting ice decreases under

the effect of solar radiation, namely:
o] — STV
e=(1-V' %)

¥

(9)

where S is the amount of heat of solar radiation absorbed by the ice (calfcmg);
SQ is the amount of heat of solar radiation at which the ice totally loses
strength. On the average for rivers and reservoirs, Sp = 47 cal/cm3, but it
can fluctuate within broad limits (1) depending upon the structure of the ice.

The amount of heat S over the course of the melting period continuously
accunulates and depends upon the amount of solar radiation that strikes the
ice, the thickness of the ice in which the absorption of solar radiation occurs,
as well as the thermal balance in the upper surface of the ice cover. When
there is a negative thermal balance, the heat S accumulated by the ice in the
form of melt water in the ice layer partially and occasionally fully is expended
(i.e., the melt water again freezes).

The value of ¢ is calculated in parallel with the calculation of ice thick-
ness. A precise determination of ¢ and h for the given days requires a layer-
by-layer calculation taking into account the distribution of absorbed solar
radiation through the thickness of the ice. This method is laborious without
using a computer, but is preferable if one has a computer, particularly when
establishing the forecasting relationships.

A less laborious method that does not require a computer but is alsoc less
accurate can also be successfully used, particularly for compiling the operating
forecasts (2).

The method of calculating the strength of the melting ice cover made it
possible to issue a new type of forecast, namely a forecast of the thickness
and strength of the ice cover on reservoirs. This forecast is used to deter-
mine the optimum time of beginning the operation of lake icebreakers.

5. The transition from the empirical methods of forecasting to the physico-
statistical ones required refining the physical and mechanical properties of the
ice and snow as well as the development of a method of determining 2 number of
new ice characteristics. For example, the albedo of melting ice was refined
(4, 5), and a relationship of the ice albedo with meteorological conditions was
established. The concept of the capacity of the ice to abserb selar radiation
(1, 7), etc. was expanded.

Determining the influx of the heat of solar radiation to the ice cover
required reliable information about the albedo of the ice and its absorbing
capacity. It became clear that the albedo of the ice is a variable value as
the result of analyzing and generalizing available observation materials., Al-
bedo depends upon the condition of the ice surface and upon meteorological
conditions. A relationship of albedo with the course of air temperature, the
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type of precipitation and overcast was established for the Lena River. This
makes it possible quite accurately to calculate albedo for each day of melting
(5). At precisely the same time, the average value of the ice albedo is quite
constant over the entire melting period (0.30 - 0.35).

Analysis of the observation materials of different authors relating to the
absorption of solar radiation by the ice showed that ice absorbs the Sun's rays
selectively and the spectrum of radiation striking the ice surface is extremely
heterogeneous and depends upon the atmospheric humidity, overcast and height of
the Sun. Therefore, the absorption of sclar radiation by the ice is not sub-
ordinate to the Buger-~Lambert law, bubt is approximately described by the following
empirical formula

I = ewch (10)
I

0

where Ip is the radiation entering the ice; I is the radiation passing through
ice having a thickness of hj; ¢ is the absorption factor, which depends upon the
structure of the ice.

factor for the ice cover of
ciples of the change in any
regions is a problem for years

The precise determination of the absorption
different water objects and establishing the princ
absorption factor in different physico-geographic
in the immediate future.

The calculation of the thermal balance on the surface of the water in Autumn
or on a surface of the melting ice in Spring requires precise values of the meteor-
ological elements over these surfaces. The temperature difference, atmospheric
humidity and wind velocity over the water and ice surfaces and over dry land is
sometimes so great that it can totally distort the results of calculating ice
melting if the data of a shore meteorological station are used without making
the reducing corrections in them. The difference in the value of meteorclogical
elements is especially high in Spring, after the snow has melted away from the
seil. At this time the air temperature over dry land can be 5 = 70 higher than
over the ice cover.

The observations showed that the difference in temperature and humidity of
the air over dry land and the ice cover depends not only on the absolute value
of these elements, but also on the degree of overcast and wind (5). &s a rule,
the larger the water object, the greater the change in meteorclogical elements
above it. However, these differences can be significant even above a compara-
tively small river as a consequence of the deep cut of the channel or the level
of protection of the shore meteorological observation station. Hence, in order
to obtain reliable data about the thermal balance, one should establish the
transition coefficient from the shore metecorological station to the examined
object. This is a problem for the immediate futurs.

6. The transition to the physico-statistical and calculation methods of
forecasting ice phenomena does not signify abandoning the more simple forecast
relationships, 1f they do not coentradict the physical concept about the process
and provide accurate results. For example, it is known that the calculation method
of forecasting the Autumn ice phenomena does not rule-out the use of physico-
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statistical relationships structured on the basis of a multiannual series of
observations. Furthermore, the simple relationships occasionally provide more
accurate results than the calculation methods. For example, forecasting the
dates of the ice cover according to the total of negative average daily air
temperatures and the critical temperature determined on the basis of water
level can be more accurate than that done according to the calculation method
because it is difficult to determine the necessary hydraulic-morphclogical
characteristics for the calculation.

The calculation of ice strength (value ¢) is quite laborious and requires
information about metecrological slements. At precisely the same time, when
one is compiling thes debacle forecast (according to the prepared method), par-
ticular accuracy in determining ice strength is unnecessary. Therefore, the
possibility of determining the relative strength of the ice cover ¢ according
to the number of days n from the onset of melting (from the date of the snow's
departing the ice) and the initial ice thickness hg was investigated. The
following expression was obtained for the Ussuri River (8):

qw:-(i e gf *—é—ﬁ:f

\ WGGhg {11)

Equation (11) is also suitable for other rivers, specifically for regions
where the Spring is usualls sunny (Siberia, the Far East).
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CALCULATING THICKNESS OF THE ICE COVER ON RIVERS AND RESERVOIRS FOR
ICE PHENOMENA FORECASTING PURPOSES

g

ty: V. V. Piotrovich, V. Ya. Amineva

€

(The Hydrometeorological Center of the USSR, Moscow)

The accuracy of forecasting the thickness of the ice cover on rivers and
reservoirs, as well as the time of debacle and their clearance from ice depend
to a significant degree on the correct estimate (diagnosis) of the current ice
thickness. Today, the diagnosis of ice cover thickness is generally based on
standard observations of the water-metering station. As is known, in a number
of cases these observations poorly characterize the thickness of the ice on the
water object in general. The materials cobtainsd from ice measuring surveys
carried out on rivers in the European Territory of the USSR show that the thick-
ness of the ice at the stations in the initial period of icing is usually less
than the average thickness of the ice on river 3tretches near the stations, while
in Spring, on the contrary, it is greater. Differences in individual years have
reached 10 - 12 cm and more. The causes of this are obvious. In the Autumn, the
ice forms near the shore (ashore) earlier; at the end of Winter and in the pericd
of the Spring thaw the ice cover is thinner in the shore zone than in the middle
of the river due to the influx of warm ground and melt waters from the shore.

For the Qka River (10), the correlation coefficients of the relationship
of ice thickness at the stations from the middle in the siretch of river or on
a stretch of river near the station fluctuate from 0.84 to 0.91. Deviations
within limits of %2 om had a guarantee factor of 29 - 44% and within limits of
£10 cm -~ 82 - 91%. The greatest deviation reached 20 cm in the presence of
polynias (stretches of clear water in ice) and the Autumn ice accumulations.

leasurements made on a characteristic stretch of water and shallows of the
Qka River near Novinka station confirmed the established opinion regarding the
thinner ice in shallows. This is explained not only by an elevated influx of
heat to the ice from water in the shallows, but zlso by the later establish-
ment of the ice cover and the excessive accumulation of snow in individual years
on the rough surface of the ice cover.

The height of the snow on the ice measured at stations on the 0Oka River
was most often lower Lthan its average height on the hydrometric stretch of
water (correlation coefficients of about 0.30). This indicates the necessity
of changes in the set-up of observations made of snow at the stations.

Tne people who devised the method of calculating the thickness of the ice
which is presented below have as their goal not only to enhance the accuracy
of diagnosing the current thickness of the ice, but also determining it for a
multiannual series of past winters. These data arse necessary during the
development of a method of long-term forecasting of the dates by which the iece
achieves a certain thickness, the debacle times and the times at which water
objects are clear of ice, as well as for cther purposes.
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The basis of the method of calculating the build-up in thickness of the ice
cover from the lower surface is a variation of the known Stephan formula. The
formula characterizes the steady process of build-up in the absence of a ready
ice material and an influx of heat from the water to the ice:

AH M'Ts
- 4, (1L
1 Ly (H’G«}u }*i fz}

I'Il tfs Y

where tj s - temperature of the surface of the ice or snow on the ice; L -
heat liberated during the crystallization of water (80 cang) AT - time;
py - density of the ice cover (assumed to be 0.91 gfcm Y3 HG and hgy - thickness

of the ice cover and height of snow on the ice (cm); Ay and Ag - respectively,
heat conductivity of the ice cover {(assumed to be O. 6052 cal/(ecm - degres -sec)
and snow on the ice.

In order to determine the maximum pre-Spring ice thickness on rivers (2)
and reservoirs (4), the eﬁtlre period of ice build-up is divided into cycles
(A1) of varying duration. Ths boundaries of the cycles are days with snowfalls,
snow drifts and thaws whizh a*te& the thermal equivalent of the snow-ice cover
by severzl tens of centimeters. When the ice is thin and has no snow on it,
the duration of the cycles should be reduced to a day. When one has persistent
anticyclone weather and a significant layer of snow on the ice, one can assume
that &4t = 10 days or more.

After substituting the values of heatl conductivity, density, and other
constants of the ice, formula (1) acquires the following form for calculating
ice build-up

3{’,‘.!‘? -
AH = — 6N ™ i

n! ¥
(A3+ fz&} (2)

where Ity - the sum of mean daily air temperatures for the meteorological sta-
tion; N - transition coefficient from air temperature al the meteorcloglical
station to temperature of the surface of the ice and snow on the ice;
o A . ' o e . -
HI + 1 hs - average thermal equivalent of the snow and ice cover for the

A

s

R 0 . , . - e o

cyvele; HI - thickness of the ice cover at the beginning of the cycle. The
thickness of the ice at the end of the given cycle is in fact the initial
thickness for the next cycle and is assumed to be Hg + éﬁz.

4 comparison of the umeteorclogical datza over the ice of a number of water
objects and over dry land has shown that the meteorclogical stations on dry
land at which wind velocity 1is similar to their values over the water object
are more prepresentative; the distance to the meteorclogical station has less
significance. Therefore, the meteorclogical stations exposed to the wind are
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