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Ab stract—The pa per pro poses a new method for the in te grated as sess ment of aquatic eco sys tems
based on dis solved ox y gen con cen tra tion and wa ter body tem per a ture. The study proves the va lid ity of
as sess ing the state of aquatic eco sys tems in terms of en tropy change and the pos si bil ity of as sess ing the
eco log i cal state of wa ter bod ies based on the point val ues of the en tropy in dex. The al go rithm for the
cal cu la tion of the en tropy in dex based on wa ter tem per a ture and ox y gen con cen tra tion ac cord ing to
point mea sure ments is de scribed, and the the o ret i cally rea soned scale for the es ti ma tion of the state of
wa ter eco sys tems is pro posed. Based on long-term data on dis solved ox y gen and wa ter tem per a ture ob -
tained at the sta tions of the state ob ser va tion net work and Roshydromet au to matic wa ter qual ity con trol
sta tions, as well as on ex per i men tal data, the en tropy in dex is cal cu lated for some wa ter bod ies in the
Rus sian Fed er a tion. The ad van tages and pros pects of prac ti cal ap pli ca tion of the method for the sur face
wa ter mon i tor ing are dis cussed.
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IN TRO DUC TION

The prob lem of de ter mi na tion of the qual ity of wa ter in wa ter bod ies based on the set of its phys i cal and
chem i cal prop er ties, in clud ing the con cen tra tion of pol lut ants, is suc cess fully solved in the sys tem for mon -
i tor ing the state and pol lu tion of nat u ral wa ter im ple mented by Roshydromet. Hydrochemical ob ser va tions
at 2485 gag ing sta tions cover 1180 wa ter bod ies. The de ter mi na tion of the eco log i cal state based on as sess -
ing the state of liv ing com po nents of wa ter bod ies formed un der given phys i cal and chem i cal con di tions is
car ried out at 274 gag ing sta tions on 121 wa ter bod ies. Such in sig nif i cant level of ob ser va tions is caused by 
the fact that the as sess ment of the eco log i cal state of aquatic eco sys tems is based on tra di tional
hydrobiological ap proaches, that re quire sig nif i cant la bor costs and the avail abil ity of spe cial ized and
highly qual i fied staff. In ad di tion, there is a meth od olog i cal prob lem of as sess ing the eco log i cal state.
Namely, ar chaic meth ods based on saprobity, bi otic, and other in di ces are used, not to men tion the fact that
the as sess ment of in di vid ual bi otic com mu ni ties is not iden ti cal to the as sess ment of the state of the eco sys -
tem as a whole.

The so lu tion to the prob lem of in te grated eco log i cal as sess ment of the wa ter body state is, in the au -
thor’s opin ion, in the area of ther mo dy nam ics, with its mac ro scopic ap proaches to the de scrip tion of com -
plex self-organizing sys tems.

DATA AND METHODS

The o ret i cal ap proaches to the as sess ment of the state of aquatic eco sys tems based on ther mo dy namic
pa ram e ters have been de vel oped and ver i fied in nu mer ous ex per i ments [3–5, 7]. A change in the en tropy of
an aquatic eco sys tem caused by the photosynthetic pro duc tion and de struc tion of or ganic mat ter is pro -
posed as a cri te rion of the gen er al ized eco log i cal state of a wa ter body; it is pos si ble to cal cu late this pa ram -
e ter us ing the con cen tra tion of dis solved ox y gen and wa ter tem per a ture [6]: 
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where DSt = S2 – S1 is the en tropy change (the lower in dex t in DSt means that the time t = const, i.e., the
entropy change de pend ing rather on tem per a ture than on time is con sid ered); T1 is wa ter tem per a ture in a
wa ter body; T2 is wa ter tem per a ture cor re spond ing to the 100% sat u ra tion with ox y gen at the mea sured
con cen tra tion. The en tropy change cal cu lated us ing (1) is a char ac ter is tic of pro duc tion and de struc tion
pro cesses at a given time point and rep re sents a de riv a tive of en tropy with re spect to tem per a ture. Af ter
that, sim i larly to the pro duc tion-destruction pa ram e ters, it is pos si ble to com pute the time de riv a tive for the
en tropy change in the day light and in the dark [6]; it is also pos si ble to use the ra tio of the ob tained val ues
for as sess ing the aquatic eco sys tem state based on the known cri te ria of the bal ance ra tio [1].

Un for tu nately, the pro posed method can not be widely im ple mented to the mon i tor ing prac tice at the
Roshydromet state ob serv ing net work. The lim i ta tions are as so ci ated with a need in ob tain ing data on min i -
mum and max i mum daily ox y gen con cen tra tion and wa ter tem per a ture, i.e., at least twice a day. This can be 
im ple mented only at au to matic sta tions, the num ber of which at the Roshydromet net work is lim ited. 

At the same time, the value of the en tropy change at a given time point can be pre sented as a re sult of the 
pre vi ous intra-reservoir pro cesses, and, thus, it is pos si ble to con sider the point val ues of the en tropy
change as an ad e quate re sult ing es ti mate of the eco log i cal state of the wa ter body at a given place, that was
formed dur ing the pre ced ing pe riod. This is con firmed by par al lel cal cu la tions based on data on the daily
dy nam ics of wa ter tem per a ture and ox y gen con cen tra tion ob tained us ing the mo bile au to matic sta tion of
wa ter qual ity con trol (ASKV-P, Taifun Re search and Pro duc tion As so ci a tion) on the Zhizdra River.

Fig ure 1a pres ents the en tropy change DSt com puted from point mea sure ments of ox y gen con cen tra tion
and wa ter tem per a ture in the morn ing un der the min i mum ox y gen val ues, as well as the change in the dy -
nam ics of the bal ance ra tio R/P (R is the de struc tion of or ganic mat ter in the dark, P is the pri mary pro duc -
tion in the day light) cal cu lated from the daily ox y gen con cen tra tion vari a tion. It should be stressed that the
en tropy change is cal cu lated us ing min i mum daily ox y gen val ues as they most ad e quately in di cate a re sult
of the in ter ac tion of two op po site pro cesses of photosynthetic pro duc tion and de struc tion of or ganic mat ter
within a di ur nal cy cle. As clear from the fig ure, the graphs of R/P and DSt ex hibit sim i lar trends, and the en -
tropy change DSt lags be hind the change in the bal ance ra tio R/P by 2–3 days. This cor rob o rates a va lid ity
of the point es ti ma tion as a re sul tant of the pre ced ing pe riod and al lows as sess ing the eco log i cal state of wa -
ter bod ies based on the Roshydromet ob ser va tions of ox y gen con cen tra tion and wa ter tem per a ture. 

The sim i lar re sults were ob tained from the com par i son of the dy nam ics of R/P and DSt in mesocosms, in
the ex per i ments on study ing the im pact of cad mium on the model wa ter eco sys tems (Fig. 1b) [4].

Thus, the tra di tional hydrochemical pa ram e ters gain a deeper ther mo dy namic sense: they char ac ter ize a
de vi a tion of en tropy of the aquatic eco sys tem from the cer tain nor mal, whose de gree de ter mines a level of
its wellbeing. 

The pre vi ously pub lished pa pers have re peat edly em pha sized the value of ther mo dy namic ap proach for
as sess ing the eco log i cal state of wa ter bod ies, that al lows giv ing a mac ro scopic de scrip tion of their state in
uni form terms and com pa ra ble val ues re gard less of re gional fea tures and typology [3–5, 7]. For fur ther de -
vel op ment of this ap proach us ing the tra di tional hydrochemical pa ram e ters (dis solved ox y gen con cen tra -
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Fig. 1. The change in (1) en tropy DSt and (2) bal ance ra tio R/P (a) in the Zhizdra River and (b) in the model wa ter eco sys tem
(mesocosm) un der in flu ence of cad mium sul fate.



tion and wa ter tem per a ture) to cal cu late the en tropy change and for the for mal iza tion of the es ti mates, it is
nec es sary to form a the o ret i cally rea soned scale of the state as sess ment. 

As fol lows from for mula (1), to cal cu late the value of DSt, the value of T2 (wa ter tem per a ture
corresponding to the 100% sat u ra tion with ox y gen at the mea sured con cen tra tion) is de ter mined us ing the
ox y gen sol u bil ity ta ble. For ex am ple, the ox y gen con cen tra tion mea sured in the wa ter body was equal to
8.91 mg/dm3, which cor re sponds to sat u ra tion con cen tra tion (equi lib rium con cen tra tion) at the tem per a ture 
of 21.0°C or 294.15 K. For the sake of brev ity, let us call it “equi lib rium” tem per a ture. Wa ter tem per a ture
mea sured in the wa ter body was equal to 15°C or 288.15 K. The en tropy change DSt = ln(T2/T1) = 0.021.

The lim it ing val ues of the en tropy change DSt in the wa ter body can be com puted pro ceed ing from the
ex treme the o ret i cally pos si ble com bi na tions of the val ues of ox y gen con cen tra tion and tem per a ture mea -
sured in the wa ter body. 

Let us as sume that if wa ter tem per a ture in a wa ter body T1 = 273.15 K (0.0°C), the mea sured ox y gen
con cen tra tion C = 0.0 mg/dm3. Ac cord ing to the ox y gen sol u bil ity ta ble, this cor re sponds to the equi lib rium 
tem per a ture T2 = 373.15 K (100°C). In this case, the en tropy change is max i mal: 
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Such de vi a tion of en tropy im plies al most the com plete ab sence of pho to syn the sis, and the in va sion is
com pletely lev eled by the ox y gen con sump tion for the ox i da tion of or ganic and in or ganic com pounds.
With the known as sump tions, such state can be in ter preted as an eco sys tem death and is ac tu ally found in
some wa ter bod ies  sub jected to ex treme pol lu tion.

If wa ter tem per a ture T1 = 373.15 K (100°C), the mea sured ox y gen con cen tra tion C = 14.62 mg/dm3,
which, ac cord ing to the ox y gen sol u bil ity ta ble, cor re sponds to the equi lib rium tem per a ture T2 = 273.15 K
(0.0°C). In this case, the en tropy change takes a the o ret i cally min i mal value:
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How ever, the eco sys tem life can not ex ist at wa ter tem per a ture of 100°C (with an ex tremely rare ex cep -
tion of geo ther mal sources, where in di vid ual pop u la tions may ex ist, but there are no eco sys tems). The max -
i mum wa ter tem per a ture in the World Ocean is about 36°C [2], this value should be taken as an ex treme, at
which the eco sys tem life is pos si ble. This means that if wa ter tem per a ture T1 = 309.15 K (36°C), the mea -
sured ox y gen con cen tra tion C = 14.62 mg/dm3, which, ac cord ing to the ox y gen sol u bil ity ta ble, cor re -
sponds to the equi lib rium tem per a ture T2 = 273.15 K (0.0°C). In this case, the en tropy change takes a min i -
mal value:
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The men tioned range from 0.312 to –0.123 is di vided into five classes cor re spond ing to one or an other
state (see Ta ble 1). The num ber of classes cor re sponds to the num ber of in ter vals used to clas sify a de gree
of wa ter pol lu tion ac cepted in Roshydromet. The neg a tive val ues of DSt cor re spond to the oversaturated ox -
y gen so lu tion, whose ex is tence is lim ited in time; it is ex tremely rarely found in the real wa ter bod ies and is
un likely in the morn ing, when the ox y gen con cen tra tion in wa ter is mea sured ac cord ing to the method.
There fore, the neg a tive val ues of en tropy were in cluded to the first class cor re spond ing to the most fa vor -
able eco sys tem state. For the sake of brev ity, here in af ter the value of the en tropy change DSt is called the
en tropy in dex.
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Ta ble 1. The clas si fi ca tion of the eco log i cal state of wa ter bod ies

Wa ter qual ity class En tropy in dex Eco log i cal state

1
2
3
4
5

–0.123…0.062
0.063–0.124
0.125–0.187
0.188–0.249
0.250–0.312

Ex tremely fa vor able
Fa vor able
Sat is fac tory
Un fa vor able
Ex tremely un fa vor able



RE SULTS AND DIS CUS SION

The es ti mate of the eco sys tem state us ing the en tropy in dex based on the pro posed scale that in di cates
the eco sys tem wellbeing, can not al ways co in cide with the pol lu tion level es ti mate. This is ex plain able and
does not con tra dict the mean ing of the es ti mates. The de gree of pol lu tion char ac ter izes the en vi ron men tal
qual ity, and the de vi a tion of en tropy from the nor mal char ac ter izes the state of the eco sys tem that ex ists in
the given en vi ron ment, i.e., the re sult of the pol lu tion im pact. The state of the eco sys tem, the level of its
wellbeing should not be di rectly linked to the de gree of pol lu tion of a wa ter body for some rea sons. One of
the rea sons is the pos si bil ity of the eco sys tem ad ap ta tion to neg a tive im pacts, and the other is pos si ble
trans for ma tions of pol lut ants in nat u ral wa ter, that lead to changes in their toxic prop er ties. How ever, it is
ob vi ous that an in crease in the con cen tra tion of pol lut ants in wa ter up to the crit i cal level or their long-term
im pact can ex ceed the ad ap ta tion po ten tial of eco sys tems, which will lead to the change in their state.

The in con sis tency of equat ing the level of pol lu tion and the eco log i cal state of a wa ter body is well re -
vealed dur ing the field ex per i ments with con trolled in tro duc tion of pol lut ants. Fig ure 1b pres ents the
graphs of vari a tions in R/P and DSt in the mesocosm, where cad mium sul fate was in tro duced once at the be -
gin ning of the ex per i ment, its con cen tra tion be ing 100 times higher than the max i mum per mis si ble one. Let 
us skip the de tailed dis cus sion of the re sponse of the model eco sys tem to the toxic im pact and note that its
state is within fa vor able. Sim i lar re sults were ob tained in nu mer ous ex per i ments in mesocosms us ing dif -
fer ent toxi cants with dif fer ent con cen tra tion val ues and im pact vari ants [5, 8].

To il lus trate the ap pli ca tion of the above classifier (Table 1), the as sess ment of the eco log i cal state for a
num ber of wa ter bod ies us ing the en tropy in dex was car ried out in com par i son with the wa ter qual ity class
based on the spe cific combinatory in dex (Fig. 2). For clar ity, know ingly clean wa ter bod ies (in par tic u lar,
Lake Baikal, that is a pri ori con sid ered as a ref er ence wa ter body) and ob jects with an ex tremely high level
of pol lu tion were se lected. Long-term data on the ox y gen con cen tra tion and wa ter tem per a ture ob tained
from the state ob serv ing net work were used for cal cu la tions. 

The es ti mates of the eco log i cal state of the pre sented wa ter bod ies in sig nif i cantly dif fer from the pol lu -
tion level es ti mates but ba si cally cor re spond to the wa ter qual ity class. The lev els of pol lu tion of the
Dachnaya, Pel’shma, Okhinka, and Nyuduai rivers are es ti mated by the val ues of spe cific combinatory in -
dex within 5.5–8.3, which cor re sponds to the 4th–5th wa ter qual ity classes. The graphs of en tropy in di ces
for these rivers char ac ter iz ing their eco log i cal state as un fa vor able and ex tremely un fa vor able are sit u ated
in the same re gion. The en tropy in di ces of pure wa ter bod ies char ac ter ize their eco log i cal state as ex tremely 
fa vor able and fa vor able. The most fa vor able state is reg is tered for the Lake Baikal eco sys tem. At ten tion
should be paid to the pat tern of the en tropy in dex dy nam ics for wa ter bod ies with dif fer ent lev els of pol lu -
tion. Pure, more fa vor able wa ter bod ies are char ac ter ized by more sta ble val ues of the en tropy in dex. This

RUSSIAN METEOROLOGY AND HYDROLOGY   Vol. 45   No. 11   2020 

ENTROPY INDEX: NEW OPPORTUNITIES IN ASSESSING 781

Fig. 2. The en tropy in dex of wa ter bod ies DSt (the ro bust re gres sion is the curves, the lin ear trends are the straight dot ted lines
of cor re spond ing color) in com par i son with the wa ter qual ity class (WQC) based on the spe cific combinatory in dex of wa ter
pollution. (1) The Dachnaya River; (2) the Pel’shma River; (3) the Okhinka River; (4) the Nyuduai River; (5) the Pregolya
River; (6) the Vite River; (7) the Lena River; (8) Lake Baikal.



reg u lar ity is im por tant for as sess ing the state of wa ter bod ies. It in di cates that eco sys tems which are not
sub ject to anthropogenic load and are in their nat u ral state, pro vide  bal anced en ergy con sump tion in the
sta tion ary mode. It should be stressed that, in this con text, the sta bil ity does not mean the re sis tance of eco -
sys tems to ex ter nal im pacts. These pe cu liar i ties can in di cate an un nat u ral state of aquatic eco sys tems in
pol luted wa ter bod ies that reg u larly re spond to neg a tive ex ter nal im pacts.

 CON CLU SIONS

The pro posed ap proach based on the en tropy in dex al lows us ing tra di tional hydrochemical pa ram e ters
(data on the con cen tra tion of dis solved ox y gen and wa ter tem per a ture) to solve the prob lem of in te grated
as sess ment of the eco log i cal state of wa ter bod ies. The ad van tages of such ap proach are ev i dent. The base
for the en tropy in dex cal cu la tion is reg u lar data ob tained at the sta tions of all cat e go ries of the state ob ser -
va tion net work. The tech nique for the de ter mi na tion of ox y gen con cen tra tion in wa ter is sim ple and re li -
able, and the pos si bil ity of us ing the in stru ments (oximeters) sig nif i cantly sim pli fies mea sure ments and
does not re quire highly qual i fied staff. The im ple men ta tion of mea sure ments in an au to mated mode with
the trans mis sion of data via wire less com mu ni ca tion chan nels al lows ob tain ing in for ma tion about the state
of wa ter bod ies in real time and, if needed, mak ing timely man age ment de ci sions.

The pre sented method for as sess ing the eco log i cal state of wa ter bod ies can be a base for op ti miz ing the
sys tem for the mon i tor ing of the state and pol lu tion of sur face in land wa ter. The as sess ment of the ther mo -
dy namic state of aquatic eco sys tems in spe cific phys i cal and chem i cal con di tions al lows eval u at ing an in te -
grated im pact of pol lut ants. The en tropy in dex can be a fi nal es ti mate of the eco log i cal state of the wa ter
body clas si fied as fa vor able; if the wa ter body is clas si fied as un fa vor able, the in dex can be a base for mak -
ing de ci sions on more de tailed in ves ti ga tion. Such dif fer en ti ated ap proach to the as sess ment of the eco log i -
cal state al lows re duc ing the num ber of pol lut ant ob ser va tions in fa vor able wa ter bod ies and pro vid ing the
de tailed in ves ti ga tion of un fa vor able ones.
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