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Abstract

The basic scientific tool for predicting is called a “forecast model”, a mathematical model underpinned by observations.
Generally, it is the evolution of some parameters of the present-day law(s) over time that are considered of fundamental
importance in a specific case. The relevant available data are obviously limited to the past period of time, which is admittedly
a limited period in most cases, when the law in question is considered valid and verified with sufficient precision — while
no direct information is available about the future trend. A mathematical (set of) function(s) is extrapolated ahead over
time to show present and next generations what they should be supposed to observe in the future. A problem arises from
the fact that no (set of) mathematical function that could be used for a model is infinitely “flexible”, i.e. apt to “correctly”
interpolate any cluster of data, and the less a data set is, the less the parameters of the function(s) are. A data consistency
is considered good when there is a balance between a mere “copying” the behaviour over time (e.g. when a function has to
follow a given profile) and a satisfactory “averaging” the behaviour, especially over longer periods of time, without “masking”
changing points. Furthermore, the data uncertainty is an embellishment, which the information often lacks, provided with
extrapolations. Instead of it, the data uncertainty must be taken into account, and appropriate information must always be
provided, since the quality of the adjustment of the available data is crucial for the quality of the subsequent extrapolation.
Therefore, the forecast should better consist of an area (typically increasing its width over time) where future determinations
are assumed to fall within a given probability range. Thus, it should be perfectly clear that the extrapolation of the past
data into the future, i.e. a current evaluation that can be propagated to next generations, is affected by a high risk and that
careful precautions and limitations should be taken.
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found, especially when the uncertainty of the available
data should be taken into account.

1. Introduction
The studies at high level in metrology allow the

scientist to acquire a special competence in treating
experimental data, understanding their features and
the level of confidence that one can assign to them,
especially those related to the uncertainty. Scientists in
other disciplines, on the contrary, often do not have
the necessary feeling for the need to use specific tools
and refined procedures when the data analysis goes
beyond simple examination.

This under-estimation is not infrequent and often
makes a procedure very critical, like the extrapolation
of data not founded on solid bases: excessive length of
the extrapolation, though appealing for non-scientific
purposes, or insufficient control over the constrained-
level of the portion of the used function, is often

This paper, after recalling the foundation of
science, addresses the urgent popular issue of the
extrapolation of experimental data ahead over time for
forecasting purposes (i.e. when no information is still
available), and presents the difficulties and limitations
that are intrinsic in that task, and the consequent
risk of propagating false information, especially in the
field of thermodynamics. As an example, the paper
will explicitly address the specific discipline of cli-
mate forecasting, which is very popular today.

2. Science as the crossroad of disciplines
Science is a complex frame and the crossroad of
different disciplines. The modern scientific method
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according to the Britannica definition is: “a mathe-
matical and experimental technique employed in the
sciences. More specifically, it is the technique used in
the construction and testing of a scientific hypothesis.
The process of observing, asking questions, and seeking
answers through tests and experiments is not unique
to any one field of science. In fact, the scientific
method is applied broadly in science, across different
fields. Many empirical sciences ... use mathematical
tools borrowed from probability theory and statistics,
together with outgrowths of these ...”

One crossroad is between experimental observations
and theoretical studies, which are two disciplines that
are interrelated, one providing experimental data, and
the other one being responsible for the inference of
the underlying “laws”: in general, it is difficult to state
which one comes first in the scientific process.

Another crossroad concerns philosophy, in terms
of which “...philosophers of science have addressed
general methodological problems, such as the nature
of scientific explanation and the justification of in-
duction”, according to the same Britannica.

In both cases, one needs to intercommunicate
the findings and hypotheses in a lexical form (oral or
written) to the Community. Only the “language” is
different: in case of theory, it is the mathematical one,
which is considered a universal symbolic tool (carrying
no ambiguity); in case of data, it is a universally defined
and accepted symbolic language (typically algebra);
in case of the philosophical foundations, it is a logi-
cal symbolic language or its idiom, i.e. a specific local
language.

In all cases, it is assumed that next generations
will also be able to correctly understand the past
and present communications — directly or through
historical education — and compare them with their
novel findings.

This assumption means that the previously
transmitted information may be invariant over time,
but it does not mean that the whole previous know-
ledge remains invariant over time because the main
science goal is to progress in knowledge, possibly also
correcting, or even contrasting (Kuhn’s revolutions),
the previous one.

3. Prediction in science

One of the most popular expectations of the non-
scientific Community is that science allows prediction.
However, quite often, that expectation does not realize
that the prediction itself is always limited to a certain
level of confidence and never provides any certainty
in statistical meaning. Scientists, on the other hand,
are expected to not ignore the latter fact as they are
supposed to never ignore the uncertainty associated
with any of their findings or thinking, and the possibility
for errors in them, or of the evolution affecting them.

However, as amply discussed in philosophy of
science, the problem is about how to take the doubt

or the (conditional) certainty into account. This issue
is particularly critical when concerning the top-level
of the knowledge pyramid: the recognized “laws of
nature”, even when expressed in their less ambiguous
mathematical form.

A law 1is basically assessed to be valid by
intersubjective consensus until a contrast is
“demonstrated”, empirically (by observations), or
formally (from mathematical contradictions). Actually,
there is a third possible reason, which is connected to
the human ways of communicating with each other:
the contradiction as regards the foundations of human
logic, e.g. concerning the cause-effect principle.

In conclusion, approaching truth is a “vast
programme” (how can we understand whether we
are approaching it if we do not know where it is, as
observed again by Kuhn?), and the scientist should
be humble in this respect because here another basic
feature of science comes. It consists of the fact that
science, basically, is not looking for “truth”, but
simply for a consistent explanation — satisfactory to
us — of facts by a sufficiently long roadmap made of
observations showing a sufficient degree of repeatability
and of theoretical inferences.

According to the above roadmap, a diversity of the
positions almost invariably and intrinsically confronts
with each other, requiring time and often adjustment
to advance in knowledge until an issue can converge
univocally and be considered acceptable by the whole
Community. Nobody today still believes that the
Earth is flat, but it took centuries of disputes and of
experimental evidences before getting the certainty that
the spherical model is the right one for us. In this
case, the conclusion may have been made ecasier by the
fact that the discipline of mechanics can be considered
simpler to manage as regards the other ones, namely
thermodynamics.

One of the tools, which is used by the followers of
each position to support it, is the use of a well-known
method — very much appreciated outside the science —
to show how good a prediction can be obtained from
the asserted position, i.e. how well the yet “unknown”
looks like to follow the “known”.

The basic scientific tool for performing the
prediction is called a “forecast model”, a mathematical
model underpinned by observations [1]. Generally, it
is the evolution of some parameters of the present-day
law(s) over time that are considered of fundamental
importance in a specific case.

The relevant available data are obviously limited to
the past period of time, which is admittedly a limited
period in most cases, when the law in question is
considered valid and verified with sufficient precision.
That is a risky task because in most cases the past
precision has increased with the time, being that a goal
of experimental science, but not always the data that are
“weighted” for their precision, so the confidence in the
precision of the function adjusted to these data could
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already be affected by the precision inhomogeneity.
Then a mathematical (set of) function(s) is extrapolated
ahead over time to show present and next generations
what they should be supposed to observe in the future:
this is commonly done for the weather forecast,
normally for a subsequent period of a few days — why
not more?

4. Modern use of prediction

The expected duration of the prediction validity
depends, first, on the considered law: in case of
mechanics, e.g. the orbit of the big sky bodies like the
Earth, the forecast can confidently be done for extremely
long periods of time. In case of thermodynamics (see
later), most of us know very well the uncertainty about
the weather forecast, which is a branch of it.

With the rapid spread of informatics, the use of
computer models has rapidly grown up and became
one of the preferred tools in the Internet socials for
“informing” people. This has pushed an increasing
number of scientists to exercise in this risky field —
risky because the boundary between the science and
politics is almost invisible and certainly quite uncertain.

Then, a problem arises from the fact that no (set
of) mathematical function that could be used for a
model is infinitely “flexible”, i.e. apt to “correctly”
interpolate any cluster of data, and the less a data set
is, the less the parameters of the function(s) are. A data
consistency is considered good when there is a balance
between a mere “copying” the behaviour over time
(e.g. when a function has to follow a given profile) and
a satisfactory “averaging” the behaviour, especially over
longer periods of time without “masking” changing
points.

Consequently, there is normally a balance between
the number of data available — and the period length
during which they were taken — and a future period
where the function so obtained can “safely” be
extrapolated providing a safe forecast — i.e. remaining
accurate while behaving without any constraints except
those (purely mathematical) set by the function itself.

For example, if the “safe” observation time is
considered 50 years, it is hardly possible to imagine
any sensible extrapolation to a further period of the
same length, and the shorter the period length is,
the more the variation in the extrapolated period can
be problematic, especially for rapidly increasing (or
decreasing) function derivatives or for non-simple
shapes of it.

Furthermore, the data uncertainty is an
embellishment, which the information often lacks,
provided with extrapolations. Instead of it, the data
uncertainty must be taken into account and appropriate
information must always be provided (which does not
happen in many instances) since the quality of the
adjustment of the available data is crucial for the
quality of the subsequent extrapolation. There are
instances when the data uncertainty is so large that

their consistency is already sufficient to consider them
unreliable and the extrapolation meaningless. The
adjustment of the weighted data is always advised to
limit this deficiency.

More frequently, providing the results from more
than one model is preferred as a multiplicity that may
allow an indirect evaluation of the forecast possible
variability. This comparison of models can certainly
mitigate the risk of false extrapolations if made with
different adjusting (set of) equations — and of different
complexity — on the same data.

Therefore, the forecast should better consist of an
area (typically increasing its width over time) where
future determinations are assumed to fall within a given
probability range. Generally, the trend is monotonic
because changing points cannot usually be foreseen.
In a few cases, the latter are also foreseen: in that
case, the extrapolation can also show a change in
the sign of the first or/and of the second derivative
(e.g., a future decline in the local/world human
population, or exhaust/born of causes for the past/
present trend).

5. A few examples of predicting the Earth thermo-
dynamic parameters

A particularly risky field of prediction is that for
thermodynamic phenomena, e.g. dominating on our
planet.

The field of mechanics is generally simpler to
handle because it is basically deterministic and little
time dependent even when having a dynamics, and
being most often limited to studies on a few bodies.

The extension of studies to “many bodies” is
totally a different affair — a bit less in the astronomic
field — when considering the “colligative” behaviour
of a “discrete ensemble of bodies”, i.e. depending on
the body numerosity only, and not on their chemical-
physical nature. This is the case of thermodynamics.
The difficulties are usually somewhat mitigated by
considering its dynamics as a sequence of equilibrium
states, in which case granularity is usually ignored, and
continuous mathematical functions are used to describe
the time behaviour (stationary systems).

However, that is a simplification that cannot
hold in too large systems when the validity of models
extrapolated ahead over time becomes more and more
questionable, especially in non-homogeneous systems
and in case of complex (physical-chemical) interactions
between bodies, or in the case of discrete systems. The
development of science for the case of discreteness in
physics and chemistry is accelerating, but at present,
it is still quite unsatisfactory. This topic has already
been addressed in a previous paper [2].

Thus, in the current situation, the increasing
importance of reliable forecast for a much longer
span over time than presently available for weather
forecast cannot be considered sufficient to match
with the present development of sound mathematical
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Fig. 1. Mean Global Earth Surface Temperature, 1880-2021 [7]. The long-term adjustment has an annual increase of (+0.10 + 0.14) °C
in the range of 1910-2020. The shorter-term adjustment of the IPCC shows a quite larger annual increase of (+0.17 + 0.21) °C in the

range of 1950-2020

and statistical tools, requiring considerable progress to
cover the expectations of the next generation.

Current unresolved problems in Climate analysis
have already been noted by authors in Philosophy of
Science and on Environment, e.g.: “Non-epistemic
values pervade climate modelling, as is now well
documented and widely discussed in the philosophy
of climate science”, [3], and “Internal variability in
the climate system confounds assessment of human-
induced climate change and imposes irreducible
limits on the accuracy of climate change projections,
especially at regional and decadal scales” [4].

A few examples are given to bring evidence of
how critical can be the forecast over a long period
of the future natural behaviour concerning popular
parameters in climate forecast, such as the Earth global
temperature and global sea-water level.

0.3-
(f) Antarctic ice sheet mass loss
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Fig. 1 shows a prediction of the Mean Global
Earth Surface Temperature for 1880—2021 from
NOAA [5] compared with the prediction from IPCC
by making an author’s adjustment of the original data,
where the adjustment over a longer period indicates
a quite lower annual increase, and with a better
adjustment s.d. (Note: the s.d. of the adjustment should
not be confused with the accuracy of the temperatu-
re data, which, arising from a collation of the data
from meteorological stations, cannot be better than
+ 0.5 °C [6—7]).

Fig. 2 shows the IPCC prediction of the Mean
Sea Level increase up to 2300 (!) according to different
models [8]. It is difficult to believe that a mathematical
model can be so accurate for such a long future period
without a high risk, being based on a much shorter
period of observations, during which the level increase
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Fig. 2. Forecast of the Mean Sea Level Increase up to 2300 [8]. The PNAS 2016 (not shown) [9] prediction is from (+0.4 £ 0.1) m to

(+0.85 + 0.25) m up to 2100 depending on the model
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has been limited to less than +0.1 m (uncertainty un-
reported), the same risk affecting the extrapolation up
to 2100.

6. Final remarks

It should be perfectly clear that the extrapolation
of the past data into the future, i.e. a current evaluation
that can be propagated to next generations, is affected

predicting to measure the reliability that one can assign
to them. In many fields of prediction, this important
parameter is not available, though it can extremely vary
from case to case.

One basic reason is that a correct and full
uncertainty analysis is not performed, in particular
because an uncertainty budget [10] is not compiled,
like in the current case of the climate field, or is not

by a high risk. Risk level is rarely used as a tool for = made available.

HeBu3HaveHICTh y pa3i BiACYTHOCTI iH(gopMmamii:
eKCTPanoJslis JAHUX Y 4Yaci, 3 NpUKJIaJIaMM MojeJiei
MPOrHO3YBAHHA KJIIMATY
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AHoTauis

OCHOBHMII HAyKOBUII iHCTPyMEHT, IO BUKOPWCTOBYETHCS JIsSI TIPOTHO3YBAHHS, MAa€ HA3By “MOIENb MPOTHO3Y’ —
MaTteMaTU4Ha MOJe/b, MiIKpiruieHa CrocTepeXeHHSIMHU. 3a3BUUaii 11e eBOJIIOLIS B Yaci JesiKMX MapaMeTpiB CydacHOTO 3aKOHY
(3aKOHIB), 110 BBAXAIOThCSI MPUHILIMIIOBO BaXXJIMBUMHU B KOHKPETHOMY BMIAAKy. O4eBHIHO, IO BiAIOBiAHI MOCTYIHI HaHi
00MexXeHi MUHYJIUM MepiofioM Yacy — 3arajibHOBU3HAHO, 110 B OLIBLIOCTI BUMAKIB 1Iel Mepiof € 0OMEeXEeHUM, KOJIU 3aKOH,
IO PO3IJISIAEThCSI, BBAXAETHCSI MIMCHUM 1 MEepeBipeHUM i3 JOCTATHBOIO TOYHICTIO — Yy TOM 4ac, K IpsMa iHdopMalis
Mpo MaiiOyTHIO TEHAEHIIiI0 He MOXe OyTW JOCTYMHOIO. 3a3BuMyail MareMaThuyHa (byHKIisSl eKCTparoJIOEThCS y Yaci, 1100
M0Ka3aT HUHIIIHBOMY Ta HACTYMHUM IMOKOJIHHSIM Te, L0 BOHMU, SIK MPOTHO3YETHCS, 3MOXYTh CIIOCTEPIraTy B MalilOyTHbOMY.
[IpobaeMa BUHUKAE yepe3 Te, IO XOAHA MaTeMaTUyHa (PyHKIIis, Ky MOXHa OyJg0 O BUKOPUCTOBYBATU IS L€l Mojeli,
HE € HeCKiHYEHHO “THYYKOI0”, TOOTO 3IaTHOIO “IpaBUJIbLHO” iHTEPHOJIOBATU OyIb-KWi HAOIp JaHUX, i YUM MEHIUMH Lieit
HaOip, TMM MeHIi nmapamerpyu (QyHKIi. BianmoBigHiCTb JaHUX BBAXKAETHCS XOPOIIOK, KOJU iCHYE OajaHC MiX IMPOCTUM
“KomitoBaHHSIM” TOBEIIHKM B Yaci (Hampukiaa, KoJu (hyHKIIsI Mae JOTPUMYBATUCS 3a4aHOro npodijio) Ta 3al10BiIbHEHUM
“ycepemHeHHSIM” TIOBEHiHKM, OCOOJMBO 3a OLTBLI TpWBaji mepiogy dacy, 0e3 “MacKyBaHHsS~ TOUYOK, IO 3MiHIOIOTHCS.
KpiMm TOro, HeBM3HAYEHICTb JaHMX € MPUKPACOIO, sIKa 4acTO BiACYTHsI B iHdopmallii, 110 HAIAETbCA 3 €KCTPATOJISILIEO.
3aMicTh 1IbOTO HEOOXiTHO BPAXOBYBATWM HEBMU3HAUEHICTh HAHUWX i 3aBXIM HAAaBaTH BINIMOBiIHY iHopMalilo, amke SKiCTh
HaJIarO/KeHHs HasiBHUX JaHUX Ma€ BKpaill BaxJIMBe 3HAUEHHS Uil SIKOCTi HACTYIHOI eKcTpamnoJsiii. BianosinHo kparie,
SIKIIIO MPOTHO3 CKJIAMA€EThes 3 00JacTi (110 3a3BMYail PO3IIMPIOETHCSA 3 YaCOM), Y MeXaX SIKOi JIOIyCKA€eThCs, 110 MaiOyTHi
BU3HAUEHHS TMOTPAIUISIOTh B Jiala30H 3alaHoi WMOBiIpHOCTI.

Takum yMHOM, Ma€ OyTU LIJIKOM 3pO3YMiso, 110 eKCTPAIosllisi MUHYJIUX JAHUX Y MailOyTHE, TOOTO MOTOYHA OIliHKa,
Ky MOXe OyTW TIepellaHO HACTYITHUM ITOKOJIiHHSIM, IOB’S3aHa 3 BMCOKHUM PU3WUKOM i IO CJIiJ BXWBATU PETETbHUX
3aM00IXKHUX 3aXOiB Ta OOMEXEHb.

KirouoBi cioBa: piBeHb pU3MKY;, MOJEIb MPOrHO3Yy; HEBU3HAYEHICTh JaHMX; TOUYHICTh MOJIECIIOBAHHS;, HaIiliHICTh
[IPOTHO3YBAHHSI.

HeonpeneneHHOCTh B Cjiyyae OTCYTCTBUSA MH(pOpMALMM:
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MOJeJieid MPOrHO3UPOBAHUSA KIMMATA
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AHHOTAIMSA

B crathe paccmaTpmBaeTCs aKTyaJbHBI BOIPOC OLIEHWBAHWSI HEOIPEACICHHOCTH TIPU DKCTPANOJSIUNA JaHHBIX BO
BpeMeHU. [Ipy 3TOM MCHOIB3YeTCs MOIENIb IPOTHO3a — MaTeMaTU4ecKasi MOME/b, ITOIKpPEeIIeHHas HaOJIOOeHMSIMU Kak
OCHOBHOM Hay4YHBIA WHCTPYMEHT, MCITOJIb3YEeMbIil UISI MPOTrHO3MpOoBaHUs. [TOCKOJNBKY IOCTYITHBbIE JaHHBIE OrpaHWYCHBI
MPOLIIBLIM TEPUOAOM BPEMEHM, a MpsiMasi MHMOpMaIvs O Oyaylieil TeHACHLUMHW HE MOXKET OBbITh MOCTYITHOH, TO MpU
MPOTHO3MPOBAHUM BO3HMKAET IMpoOJieMa M3-3a TOrO, YTO HM OJHA MaTeMaThdecKash (PYHKIIMSI, KOTOPYIO MOXKHO ObLIO
OBl MCITOJIb30BaTh [JIsI 3TOM MOIEIM, HE CIOCOOHA JOCTOBEPHO MHTEPIOJMPOBATh JII00OOI Habop maHHBIX. Kpome Toro,
HEOMPEeAeICHHOCTh JaHHBIX YacTO OTCYTCTBYeT B MH(OPMAIUM, MPEIOCTABISICMOI ¢ 3KCTPATIOJISIIUCHA.

TakuMm 06pa3oM, TOJKHO OBITh BITOJIHE MOHSTHO, YTO SKCTPAITOJISIIUS IMPOLUIBIX JaHHBIX B OyIylee, TO €CTh TeKyIlas
OLIEHKA, KOTOPAasi MOXET ObITh ITepeqaHa CAeAYIOIIMM ITOKOJIEHUSIM, CBSI3aHa C BLICOKMM PUCKOM U 4TO CJIEAYeT IPUHUMATh

THIATCJIbHBIC MEPBI MPEAOCTOPOXKHOCTU U OTPaHHUYCHUA.
PaCCMOTpCHI)I IIPUMEPLI SKCTPAMOJAIUNU JaHHBIX, CBA3aHHBIX C IIPOTHO3MPOBAHUEM KiIMMaTa.

KiroueBbie cioBa: YPOBCHb pHCKaA; MOICJb IIPOrHO3a; HEONPCACICHHOCTb OAHHBIX; TOYHOCTH MOACIMPOBAHNA,
HaJCXXHOCTb IMPOIrHO3MPOBAHUSA.
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