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SOUHRN

V letech 2014-2019 bylo na izemi Ceské republiky historické sucho. Oddélenf hyd-
rologie a hydrogeologie Vyzkumného Ustavu vodohospodaiského T. G. Masaryka
provadi dlouhodobd hydrologickd a hydrogeologickd pozorovani v povodi
horni Metuje, kde se toto sucho vyrazné projevilo. Horni ¢ast povodi feky
Metuje se nachazi v geologickém Utvaru polické kifdové panev (dale jen policka
panev). Diky malo propustnému podloZi a velké mocnosti kfidovych piskovcl
je zde velkd zésoba kvalitni podzemni vody, kterd je odebirdna pro vodéaren-
ské zadsobovani mnoha obci a mést ve vychodnich Cechach. Sledované povodi
je uzavfeno vodomérnou stanici na fece Metuji, ve mésté Teplice nad Metujf
(M XII). Stanice je umisténa na vodnim toku v malé vzdalenosti pod skalskym
zlomem. Struktura skalského zlomu je pro proudéni podzemni vody nepro-
pustnd a zlom pfricné protinad cely rozsah polické panve. Na skalském zlomu
a nad nim jsou vydatné prameny a je zde pfima dotace podzemni vodou do
reky, takZe k profilu vodomeérné stanice je povodi pro hydrologickou bilanci
uzavrené. Tato uzavienost povodi umoznuje relativné presné rozdéleni vody
srazkové na vypar, povrchovy odtok a podzemni odtok. Ve stfedu povodi horni
Metuje je provozovéna meteorologicka stanice Buc¢nice, dale tu probfhd méfenf
hladiny podzemnf{ vody hlubokych kolektord a mélkého kolektoru pozoro-
vacimi vrty a pozorovani doplikovych vodomérnych stanic na Metuji a na
Zdonovském potoce.

Pro rozbor problému sucha byla fesena hydrologickd bilance povodi.
Dostupna data od roku 1970 do roku 2019 byla zkontrolovéna, zpfesnéna a zpra-
covéna modelem Bilan. Vstupy modelu jsou fady atmosférickych srazek (P)
a teplot vzduchu (T). Parametry modelu jsou kalibrovany na shodu pribéhu
celkového méfeného odtoku z povodi (R) a modelovaného odtoku (RM).
Vystupem modelu je modelovany odtok z povodi (RM), vypar (ET), dotace pod-
zemnf{vody a zdkladnf odtok (BF). Bilan déle pocitad potencidlni evapotranspiraci
(PET) a zdsobu podzemni vody (GS).

Teplota vzduchu méfend na klimatické stanici Bu¢nice ma za dobu pozoro-
vani trvaly stoupajici trend 0,04 °C/rok. Ke zjisténf podilu tohoto oteplovéani na
suchém obdobi 2014-2019 a také k urceni celkového vlivu na odtok z povodi
byly programem Bilan modelovany hydrologické poméry v povodi i pro varian-
tu bez tohoto oteplovani.

Vysledkem bylo zjisténi primarni pficiny sucha — tou byl pokles atmosfé-
rickych srazek oproti prdméru o 8,6 mm/mésic a odpovidajici pokles odtoku.
V modelové varianté bez dlouhodobého otepleni byl nizsi vypar o 4 mm/mésic
a o tuto hodnotu by byl mensi také pokles odtoku. V celkové hydrologické
bilanci ma dlouhodobé oteplovani vzduchu pfimy vliv na rdst vyparu, jehoz
nasledkem je pokles celkového i zdkladniho odtoku. Dlouhodoby pokles
odtoku na zavérném profilu M Xl ma trend 2 I/s/rok.
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ABSTRACT

In the years 2014-2019, there was a historic drought in the Czech Republic.
The Department of Hydrology and Hydrogeology of the T. G. Masaryk Water
Research Institute has been carrying out long-term hydrological and hydro-
geological observations in the upper Metuje basin where this drought mani-
fested itself significantly. The upper part of the catchment area of the Metuje
River is located in the Police Cretaceous basin geological formation. Due to
subsoil with low permeability and great thickness of Cretaceous sandstones,
there is a large storage of quality groundwater, which is used for water sup-
ply to numerous municipalities and towns in Eastern Bohemia. The monitored
catchment area is closed by a water gauging station on the Metuje River in the
town of Teplice nad Metuji (M XII). The station is located on the river in a small
distance below the Skalsky fault. The structure of the Skalsky fault is imperme-
able to groundwater flow and the fault transversely intersects the whole Police
basin. There are abundant springs above and at the Skalsky fault and ground-
water is directly recharged into the river there. Up to the profile of the water
gauging station the river basin is thus hydrologically closed. This feature of the
catchment area allows a relatively precise division of precipitation into evapo-
ration, surface runoff and groundwater runoff. The Bu¢nice meteorological sta-
tion is operated in the centre of the upper Metuje basin. Groundwater levels
of deep aquifers and one shallow aquifer are measured by observation wells
there. Additional water gauging stations operate on the Metuje River and on
the Zdorovsky Creek.

To analyse the issue of drought, hydrological balance of the river basin was
used. Available data from 1970 to 2019 were checked, specified and used as
an input into the Bilan model. The input into the model consisted of series
of atmospheric precipitation (P) and air temperatures (T). Parameters of the
model were calibrated to match the values of series of total measured runoff (R)
and modelled runoff (RM). Outputs of the model include modelled runoff from
the river basin, evaporation (ET), groundwater recharge and base flow (BF). The
Bilan model also calculates potential evapotranspiration (PET) and groundwa-
ter storage (GS).

Air temperature measured at the Bucnice meteorological station has a con-
tinuous upward trend over the observation period (a gradient of 0.04°C/year).
In order to determine the contribution of warming to the drought of 2014-2019
and its overall impact on runoff from the basin, hydrological conditions in the
basin have been modelled by the Bilan programme also for a variant without
this warming.

This has resulted in determining the primary cause of the drought, namely
a decrease in atmospheric precipitation by 8.6 mm/month in comparison with
the average, and a corresponding decrease in runoff. In the modelled variant



UvoD

Vletech 2014-2019 zaséhlo Uzemi stfedni Evropy historické sucho. Bezprostfedni
pficinou sucha byly opakujici se dlouhodobé nezvyklé cirkulacni podminky,
které branily postupu frontalnich systémd do stfedni Evropy. Zda je tato zména
proudeni ojedinélou anomalif, periodou pravidelného cyklu, nebo nésledkem
zmén klimatu, bude mozné vérohodné posoudit az zpétnée. V tomto pfispévku
bude upresnén podil dvou hlavnich pficin sucha — nizsich atmosférickych sra-
Zek a zvysené teploty vzduchu.

VUV TGM provadi dlouhodobd a nepretrzitd pozorovani klimatickych, hydro-
logickych a hydrogeologickych parametrd v povodi horni Metuje, data ziskana
z téchto pozorovani byla pouzita k analyze problematiky sucha v daném regionu.

HYDROGEOLOGICKE POMERY
POVODI HORNI METUJE

Schematickd situace horniho povodi Metuje je na obr. 1. Sledované Uzemi je
povodi horni Metuje po polohu vodomérné stanice oznacované M Xl na jiznim
okraji mésta Teplice nad Metuji. Toto povodi leZi v horni ¢asti polické panve,
kterd je tvofena geologickymi Utvary kfidy a triasu. Plosnd rozloha polické
panve je vétsi nez morfologickd plocha povodi Metuje. Druhym vyznamnym
tokem je na severozépadé Drevic.

Kfidové a triasové sedimenty velké mocnosti (v centraInf ¢asti pfes 500 m)
lezi na permo-karbonské vnitrosudetské (dolnoslezské) panvi. Toto maélo pro-
pustné podlozi spolu s brachysynklindlIni (miskovité prohnutou) polohou ulo-
Zeni panve umoznuje akumulaci velkého objemu podzemni vody v kiidovém
a triasovém Utvaru. Krasny [6] oblast horniho povodi Metuje po skalsky zlom
popisuje jako ,severni zvodnény systém” polické panve se samostatnym obé-
hem podzemnich vod.

Atmosférické srazky dotuji zdsobu podzemni vody v celé plose pénve [1].
Proudénf podzemn{ vody po prekonani provzdusnéného horninového pro-
stfedf (zona aerace) je dédle komplikované. Propustnost jednotlivych vrstev
sedimentl je rozdilng, jsou zde ovéreny dobfe propustné vrstvy a vrstvy izo-
lacni. Téleso krfidového Utvaru je tektonicky zna¢né rozruseno a tyto poruchy
a pukliny mohou byt podle druhu vyplné propustné, nebo izola¢ni. Hynie [2]
uvadi mozny izola¢ni vliv ve vy3si poloze a drendznf v hloubce i na struktufe
jedné poruchy. Také Ize z brachysynklindlniho prohnuti panve predpoklddat
poruchy k povrchu prevazné stlacené a k podlozi rozeviené.

V tomto prostorové ¢lenitém prostiedi Ize definovat dva vyznamné samo-
statné kolektory — kolektor kvadrovych piskovcl D a kolektor piskovcd ceno-
manu A. Méné vyznamny je kolektor ve vrstvach turonu (C), vyznamny izolator
jsou slinovce spodniho turonu.

V' cenomanskych piskovcich, které jsou caste¢né prekryty sedimenty
turonu, je kolektor A. Ten se dale déli na vyse poloZeny kolektor A2 (rohovcové
vrstvy) a na u baze kiidového utvaru lezici kolektor Al, jenz je spojity s podloz-
nim kolektorem triasu T. Tento spodni kolektor Al/T mé velmi dobrou propust-
nost a odvadf vétsinu, mozna vsechnu podzemni vodu z kolektoru A k vyvé-
ram v Teplicich, nad a u skalského zlomu (tzv. teplicky vyronovy okrsek). Skalsky
zlom je pro proudéni podzemni vody nepropustny, vzdouva jeji hladinu a roz-
déluje polickou pénev na dva hydrogeologicky takika samostatné celky.

V kvadrovych piskovcich Adr$passko-teplickych skal (coniacko-teplické sou-
vrstvi) se nachazf prostoroveé ¢lenitd zvoden kolektoru D. Tento kolektor je od
nize polozeného kolektoru C izolovdn mélo propustnymi slinovci, a tak pod-
zemnivoda odtéka cetnymi prameny na erozni Urovni tokd, které se do této sli-
novcové vrstvy zahloubily. Ve skalnich méstech je mnoho drobnych pramend,
na severovychodnim okraji skal jsou v idoli Metuje Ctyfi vydatné prameny. Jizni
oblast skalnfho mésta je odvodrovana do Skalniho potoka, vydatnéjsi prameny
odvadéjici vodu k Metuji tu nejsou.
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without long-term warming, evaporation and the decrease in runoff would
both have been by 4 mm/month lower. In the overall hydrological balance, the
long-term air temperature increase has a direct impact on a rise in evaporation,
which results in a decline in total runoff as well as base flow. Runoff at the M XII
outlet of the basin has a long-term declining trend of 2 I/s/year.

INTRODUCTION

In 2014-2019 Central Europe was hit by a historic drought. The immediate cause
of the drought was repeated long-term unusual circulation conditions that pre-
vented frontal systems to move to Central Europe. It will be possible only in
retrospect to make a credible assessment about whether this change in flow
is a one-off anomaly, a period within a regular cycle or the result of climate
change. This paper specifies the contribution of two main causes of draught,
namely lower atmospheric precipitation and increased air temperature.

The T. G. Masaryk Water Research Institute has been carrying out long-term
continuous observations of climatological, hydrological and hydrogeological
parameters in the upper Metuje basin. Data obtained from these observations
have been used to analyse the issue of drought in the region.

HYDROGEOLOGICAL CONDITIONS
IN THE UPPER METUJE BASIN

Fig. 1 shows a schematic situation of the upper Metuje basin. The monitored
area comprises the upper Metuje basin up to the location of a water gaug-
ing station marked M Xl on the Southern outskirts of the town of Teplice nad
Metuji. This catchment area lies in the upper part of the Police basin, which
is made of Cretaceous and Triassic geological formations. The Police basin is
larger than the morphological area of the Metuje basin. A second significant
watercourse is the Drevi¢ Creek in the North-West.

Cretaceous and Triassic sediments of great thickness (exceeding 500 m in
the central part) lie on the Permian-Carboniferous inner-Sudetenland (Lower-
Silesian) basin. This subsoil that has low permeability and the brachysyncline
(dish-shaped) placement of the basin allows accumulation of a large volume of
groundwater in the Cretaceous and Triassic formation. Krasny [6] describes the
upper Metuje basin up to the Skalsky fault as a “Northern aquiferous system” of
the Police basin with an independent groundwater circulation.

Atmospheric precipitation recharges groundwater storage in the whole
area of the basin [1].

After groundwater overcomes the aerated rock environment (the aeration
zone), its further flow is complicated. The permeability of individual sediment
layers differs since both layers with good permeability and isolating ones have
been established here. The body of the Cretaceous formation has been tec-
tonically considerably eroded and these faults and joints can be permeable or
isolating depending on the type of filling. Hynie [2] mentions a potential iso-
lating effect in upper locations and a drainage effect in the depth even in the
structure of a single fault. It may also be assumed from the brachysyncline cur-
vature of the basin that faults near the surface are predominantly compressed
and faults near the subsoil are open.

Two important individual aquifers may be designated in this varied environ-
ment, an aquifer of cuboid-shaped sandstones (D) and an aquifer of Cenomanian
sandstones (A). There is an aquifer of minor importance in the Turonian layers (C)
since marlite of the Lower Turonian acts as a significant isolator.

Aquifer A is located in Cenomanian sandstones that are partially covered by
Turonian sediments. This aquifer is divided into aquifer A2 (chert layers) located
higher and aquifer Al situated at the base of the Cretaceous formation and
connected with the Triassic subsoil aquifer (T). The Al/T lower aquifer has very
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Tab. 1. Skladba odtoku a specifické odtoky dil¢ich cdsti povodi Metuje

Pramérné spec. odtoky

Pomér k odtoku

Pramérny specificky

Vodni tok/pramen a vydatnosti [l.s] v profilu M XII [%] Kolektor odtok [l.s.km2]
Metuje ze skal 53 64 DC 85
Adrspassky potok 80 97 C 7
Morské oko 8 1,0 D

Jezirko 4 0,5 D

Metuje nad Zdonovskym potokem 145 17,6 73
Zdoriovsky potok 150 18,2 CD 6,7
Metuje M VII 295 358 7
Prameny Spéleny mlyn 22 2,7 D

Bucnice 26 32 cD 6,5
Metuje M VI 376 45,6 79
Pramen Bucnice 2 02 D

Pramen Déd 5 06 D

Pramen u kempu 1 0/ D

Vyronovy Usek po Orlik 55 67 Pozn. 1.

Skalnf potok 80 97 D 11
Pramen odtok vodarna 1 0,1 D

Pramen Antonicek 5 06 A?

Hornoteplicky potok 37 45 C 6
TVO a odbér 215 26,1 A

Skalsky potok 12 15 D

Bohdasinsky potok 36 44 C 55
Metuje M XI| 825 100,0 ll

Pozndmky k tab. 1. Uvedené pritoky a vydatnosti reprezentuji primeérné hodnoty, v suchych obdobich pritoky Adripasského, Zdoriovského, Hornoteplického a Bohdasinského
potoka klesaji k nule. Hodnoty podtrZené jsou mérfené, uvedené normdlnim fezem pisma dopocitané, kurzivou odvozené.
Pozn. 1. Viyronovy Usek do Metuje od profilu M VIl po Orlik nelze jednoznacné priradit k jedinému kolektoru.

Z mnoha podélnych méfen( pritokd a vydatnosti pramend byla zjisténa

skladba primeérnych pratokd a odtokld podzemni vody do Metuje (tab. 1).
Plosné rozlozeni dotace podzemnich vod srdzkami Ize posoudit podle specific-
kych odtoku. Jejich porovnani pro dil¢i oblasti povodi je uvedeno také v tab. 1.

OVLIVNENI PRIROZENYCH
HYDROGEOLOGICKYCH POMERU
V POVODI HORNI METUJE

Z&soba podzemni vody v polické panvi, resp. moznost jejiho vyuziti pro voda-
renské zdsobovani pitnou vodou, byla zkoumdana od poloviny 20. stoleti. Ota
Hynie provadél rozsadhly pocatecni prlzkum, dale v prlzkumu pokracoval
narodni podnik Vodni zdroje, prace vedl geolog Vojtéch Knézek.

good permeability and drains away most, possibly all, groundwater from aqui-
fer A to outflows in Teplice above and at the Skalsky fault (known as the Teplice
outflow zone). The Skalsky fault is impermeable to groundwater flow, raising
its level and dividing the Police basin into two nearly separate units from the
hydrogeological perspective.

A spatially varied aquifer D is located in cuboid-shaped sandstones of the
Adrspach-Teplice Rocks (the Coniac-Teplice formation). This aquifer is isolated
from aquifer C, which is located lower, by marlite with low permeability and
groundwater thus flows away via multiple springs at erosion level of water-
courses that are embedded in this marlite layer. There are numerous minor
springs in the rock towns and in the North-Eastern boundary of the rocks there
are four abundant springs in the Metuje River valley. The Southern rock town
area is drained to the Skalnf Creek and there are no abundant springs draining
water to the Metuje River.



Tab. 1. Runoff composition and specific runoffs of sub-parts of the Metuje basin

Average specific runoffs
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Ratio to runoffin Average specific

Watercourse/spring and abundance [l.s] the M XII profile [%)] Aquifer runoff [l.s'.km]
Metuje from the rocks 53 64 DC 85
Adrspassky Creek 80 97 C 7
Mofské oko spring 8 10 D

Jezirko spring 4 0.5 D

Metuje above the Zdoriovsky Creek 145 176 73
Zdorovsky Creek 150 18.2 CD 6.7
Metuje M VII 295 358 7
Spaleny mlyn springs 22 27 D

Bucnice Creek 26 32 CcD 6.5
Metuje M VI 376 45.6 79
Bucnice spring 2 0.2 D

Déd spring 5 06 D

Spring at the campsite 1 01 D

Outflow zone up to Orlik 55 6.7 Note No. 1.

Skalni Creek 80 97 D m
Spring/Outlet at a water company 1 01 D

Antonicek spring 5 0.6 A?

Hornoteplicky Creek 37 45 C 6
Teplice outflow zone and water supply 215 26.1 A

Skalsky Creek 12 1.5 D

Bohdasinsky Creek 36 44 C 55
Metuje M XI| 825 100.0 n

Notes to Tab. 1. The given discharge and abundance values represent average values. In periods of drought the discharge of Adrspassky, Zdoriovsky, Hornoteplicky and Bohdasinsky
Creeks drop to zero. Underlined values are measured, those in Roman font are calculated and those in Italic are derived.
Note No. 1. The outflow section to the Metuje River from the M VIIl profile up to Orlik cannot be clearly assigned to a single aquifer.

Od konce 60. let jsou v povodi hornf Metuje v teplickém vyronovém okrsku
vodarenské odbéry podzemnivody a jeji odvedeni mimo povodi. Jako prvni byl
jiman pramen Sokol k zdsobovani obce Mezimeésti (cca 1968-2003). Od zac¢atku
90. let je podzemni voda ¢erpéna z hlubokych vrt (VS-5 a VS-15) v blizkosti pra-
mene Rybarna k zdsobovan( vétsi oblasti napojené na Vychodoceskou voda-
renskou soustavu. Mimo teplicky vyronovy okrsek je ¢erpan vrt VS-13. Odbérem
vody z pramene kromé deficitu prdtoku odpovidajicimu odbéru k zddnému
ovlivnén pfirozeného rezimu nedoslo. Cerpani podzemni vody z vrtli ovliv-
nuje proudénf a hladinu podzemni vody v panvi, po zahajenf odbérd je patrny
pokles hladiny podzemni vody v kolektorech AIT a A2. Pfedpokladdme, Ze
pokud je zachovdan prirozeny odtok podzemni vody v teplickém vyronovém
okrsku, k vyznamnéjsimu ovlivnéni zadsoby podzemni vody nedochazi.

Lze pfedpoklddat, Ze pfirozené podminky proudéni podzemni vody ovliv-
nuje také samotnd existence mnoha hydrogeologickych a jinych vrtd. V panvi
jsou desitky vystrojenych vrtd, mnohé nevhodnym technickym provedenim

Numerous longitudinal measurements of the discharge and abundance of
springs established the composition of average discharge and runoff of ground-
water to the Metuje River (Tab. 7). Spatial division of groundwater recharge by
precipitation may be assessed according to specific runoffs. Their comparison
for sub-parts of the basin is also presented in Tab. 1.

IMPACT ON NATURAL HYDROGEOLOGICAL
CONDITIONS IN THE UPPER METUJE BASIN

Groundwater storage in the Police basin and the possibility of its use for drink-
ing water supply has been investigated since the mid-20" century. Ota Hynie
carried out an extensive initial exploration, which was followed by a national
enterprise Vodni zdroje where the exploration was led by geologist Vojtéch
Knézek.
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propojuji kolektory, karotazni méfeni vertikaini proudéni podzemni vody vrtem
¢asto potvrzuji. Staré vrty jsou ve $patném stavu a rozsah propojeni kolektord
se u nich v ¢ase méni. Na zapadnim okraji povodi byly v panvi vrtdny hluboké
lozZiskové vrty (prdzkum loZiska uhlf); zda byly likvidovany s ohledem na mozné
ovlivnéni rezimu podzemnich vod, nenf zndmo.

Moznost ovlivnéni hladiny podzemni vody v severni ¢asti polické panve
mohla nastat také snizenim hladiny podzemnfvody v dUsledku cerpédni ddinich
vod na uhelnych dolech. Od hranice kfidového dtvaru 1200 m na zépad byl
dudl Katefina, podzemni prace tohoto dolu dosahuji téméf k podlozi kiidovych
hornin. DUIni vody zde byly cerpany pfiblizné od pocatku 20. stoleti do roku
1993, a to z velké hloubky (-460 m n. m.), v mnozstvi prdmeérné 60 |.s. Po zato-
peni dolu od roku 1996 diIni voda volné odtéka starou stolou v udolf Jivky. Po
ukoncenf cerpani, béhem zatdpéni dlinich praci ani po zatopeni dolu nebyla
na chodu a Urovni hladiny podzemni vody v kiidové pénvi zaznamendana zadna
zména, kterd by vybocovala z bézného rezimniho i dlouhodobého chodu. Vliv
Cerpani a ukonceni ¢erpanf ddlnich vod na hydrogeologické poméry v polické
panvi je zanedbatelny a7 Zadny, a to v souladu s pfedpoklddanou malou pro-
pustnosti permo-karbonského podlozi panve.

POZOROVANI V POVODIi HORNI METUJE

VUV TGM se na prizkumu polické panve podili od roku 1964, pfi feseni mnoha
Ukolt spolupracuje pfedevsim s podnikem Vodni zdroje, a. s., Ceskym hydro-
meteorologickym ustavern (CHMU) a spole¢nosti Progeo, s. 1. 0. Vétsina zpra-
covanych Ukoll obsahovala feSeni bilan¢ni rovnice povodi a zpfesrovani jejich
slozek, a to v povodi horni Metuje, dil¢im experimentalinim povodi Bucnice [3]
a v celé polické panvi. Souvislé datové fady vyhodnocenych hydrologickych,
hydrogeologickych a klimatickych pozorovani pro povodi horni Metuje jsou
k dispozici od roku 1970.

Zavérny profil pro méfenf pratoku—odtoku pro toto povodije M Xll na dolInf
hranici mésta Teplice. Profil vodomérné stanice je betonovy jez s propusti, pro-
vedenim je blizky sloZzenému mérnému prelivu. Pfistrojovd méfeni hladiny,
méreni prdtok hydrometrickou vrtuli a vyhodnoceni prdtoku zde probihaji
souvisle od roku 1970. Plocha povodi Metuje po profil M XII je 74,39 km?. Déle
jsou v povodi Metuje doplnkové vodomeérné stanice, na Metuji profil M VIII
u Skalnfho mlyna, také pozorovany od roku 1970, spolu s novéjsim doplriko-
vym profilem M VIl (2017) pod soutokem se Zdorovskym potokem. Na zaver-
ném profilu Zdonovského potoka Z VI probiha pozorovani od roku 1996. Méfenti
z téchto stanic upfesnuji odtokové pomeéry jednotlivych ¢asti povodi a také
zpresnuji a kontroluji méfeni na zavérném profilu M XII.

Hladinu podzemnf vody sleduje trojice vrtd. Od roku 1972 probihd méfenti
hladiny ve vrtu VS-3. Uroveni hladiny tohoto vrtu je ddna propojenim vice kolek-
torQ, vyznamny je predevsim vliv zvodné kolektoru rohovcovych vrstev A2.
BazaIni kolektor Al/T je sledovan vrtem V-28 od roku 1990. Poméry v kvartern{
svrchni zvodni sleduje dvojice blizko sebe poloZzenych vrtd V-6 (od roku 1970)
a NS, které jsou vyhodnocovany spole¢né. Hladinu podzemni vody v severni
Easti polické panve sledujf také pozorovaci objekty CHMU, dostupnd data byla
k upfesnénf odtokovych pomérl vyuzita.

Na pozorovaci stanici Bu¢nice probihd od roku 1970 zakladni klimatické
pozorovani, méfeni atmosférickych srazek a teploty vzduchu. Od roku 1999 je
zde v provozu automatickd meteorologicka stanice.

Zjednodusend situace polohy povodi horni Metuje v polické panvi a umis-
téni pozorovacich objektl je na obr. 1.

Since the late 1960s, groundwater in the Teplice outflow zone of the upper
Metuje basin has been used for water supply and the taken away from the
catchmentarea. The first spring to be used was the Sokol spring, which supplied
the Mezimésti municipality (approximately 1968-2003). Since the early 1990s
groundwater has been drawn from deep wells (VS-5and VS-15) in the vicinity of
the Rybdérna spring to supply a more extensive area connected to the Eastern-
Bohemian water system. Outside the Teplice outflow zone, water is also drawn
from the VS-13 well. Besides a flow deficit corresponding with the abstrac-
tion, water abstraction from the spring has not had any impact on the natural
regime. Drawing of groundwater from the wells has an impact on groundwater
flow and level in the basin. After the above abstractions have started, ground-
water level in aquifers AIT and A2 has dropped. It may be assumed that as
long as natural groundwater runoff is maintained in the Teplice outflow zone,
groundwater storage is not significantly affected.

[t may be presumed that natural groundwater flow conditions are also influ-
enced by the sheer existence of numerous hydrogeological and other wells.
There are dozens of fitted wells in the basin, many of which interconnect aqui-
fers because of their inadequate technical execution. Logging measurements
often confirm vertical water flows through the wells. Old wells are in a poor
condition and the extent of aquifer interconnection changes over time. Deep
exploratory wells were drilled in the Western boundary of the catchment area
(for the sake of exploring a coal deposit) and it is not known whether they have
been liquidated with a view to a potential impact on the groundwater regime.

Groundwater level in the Northern part of the Police basin could also be
influenced by a decrease in groundwater level as a result of abstraction of min-
ing water in coal mines. The Katefina mine was located 1,200 m to the West of
the Cretaceous formation boundary. Groundwork at this mine reached nearly
the subsoil of Cretaceous rocks. Mining water was drawn here approximately
from the early 20" century until 1993 from a great depth (460 m below sea level)
in the average amount of 60 |.s". After the mine was flooded in 1996, mining
water has been flowing away freely through an old gallery in the Jivka Creek
valley. Changes in groundwater flow and level in the Cretaceous basin that
would deviate from the ordinary regime and long-term flow were observed
neither after water drawing was finished nor during the flooding of the mine
and/or after it has been flooded. The impact of the drawing of groundwa-
ter and its termination on hydrogeological conditions in the Police basin is
therefore negligible to zero in line with the assumed low permeability of the
Permian-Carboniferous subsoil of the basin.

OBSERVATIONS IN THE UPPER METUJE BASIN

The T. G. Masaryk Water Research Institute has been taking part in the explo-
ration of the Police basin since 1964 and has cooperated on numerous tasks
especially with the Vodni zdroje enterprise, the Czech Hydrometeorological
Institute and Progeo. Most processed tasks have involved solving the balance
equation of the basin and specification of its components in the upper Metuje
basin, in a partial experimental Bu¢nice basin [3] and in the whole Police basin.
Continuous data series of evaluated hydrological, hydrogeological and clima-
tological observations regarding the upper Metuje basin have been available
since 1970.

The M Xl outlet of the basin on the lower outskirts of the town of Teplice is
used for measuring discharge and runoff in this basin. The water gauging sta-
tion is a concrete weir with a sluice, the execution of which is close to a com-
pound measuring wasteweir. Instrumental water level measurements, dis-
charge measurements by a hydrometric propeller and discharge evaluation
have been taking place there continuously since 1970. The Metuje basin up to
the M XII profile comprises an area of 74.39 km?. There are also additional water
gauging stations in the Metuje basin, namely the M VIl profile on the Metuje



q, — 4 . ._n.
D, — T s
3, - I g 4
d, —— g |
s. Bt 1.
"
u s :
o
¥ *
¥
Mofské ok 7y
. ey
== J Butnice J
&) V-28 V-
= MW
t-r_f' 5 f
H, ys3
WNIOC
- t\ Schol
I}t vsS
ki s® s

~

Obr. 1. Povodi horni Metuje. 1 - okraj polické panve, 2 - orografické rozvodnice,
3 - skalsky zlom, 4 — proudéni podzemni vody, 5 — Skaly (kolektor D),

6 — vodomeérna stanice, 7 — klimatickéa stanice, 8 - pozorovaci vrt, 9 — pramen,
10 — vyronovy Usek, 11 — vodarensky vrt, teplicky vyronovy okrsek (TVO)

VYHODNOCENI SUCHA 2014—2019

V letech 2014-2019 byly zaznamenény nejmensi méfené hodnoty pratokl za
celou dobu pozorovéni na vsech pozorovanych profilech a nejnizsi Urovné
hladiny podzemni vody ve vrtech. Na zavérném profilu M XlI bylo provedeno
pratoku a zakladniho odtoku (odvozeného z Urovni hladiny podzemni vody, viz
nize) k profilu M Xl je v grafu na obr. 2.

Obéh vody v krajiné popisuje bilan¢ni rovnice, jez pro povodi horni Metuje
obsahuje nésledujici slozky: Voda vstupuje do povodi ve formé atmosférickych
srazek a dale zde existuje pfitok podzemni vody ze sousednich povodi. Voda ze
spadlych atmosférickych srazek pfirozené odchazi z povodi vyparem a povrcho-
vym odtokem a predevsim v obdobi vegetac¢niho klidu vsakuje do podzemnich
kolektor(. Vétsi ¢ast podzemni vody vyvérd v povodi horni Metuje, mensi mnoz-
stvi odtékd mimo povodi. Na bilanci se také podili zména zasoby podzemni
vody. Cast podzemni vody je odvadéna vodarenskym odbérem mimo povodi.
Nadrze povrchové vody v povodi horni Metuje nejsou, objem vody v korytech
tokd je pro dlouhodobou bilanci zanedbatelny [3]. Jednotlivé uvedené ¢leny
bilan¢ni rovnice jsou néasledné blize specifikovany v samostatnych kapitolach.

K feSeni problému sucha v povodi horni Metuje byly v nejvétsi mozné mife
upfesnény jednotlivé polozky bilan¢ni rovnice povodi a na jejich hodnoty byl
optimalizovén hydrologicky model Bilan. Primarnimi vstupy modelu Bilan jsou
atmosférické srazky a teplota vzduchu, méfenf téchto klimatickych velicin je
z podstaty metody méfeni pfesnéjsi nez u dat hydrologickych. Ke zpracovani
dat byly pouZity fady mési¢nich Uhrnd/priimérd, pfedevsim s ohledem na
zapocitani vodarenskych odbér(, které jsou v mési¢nich hodnotéach k dispozici.
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Fig. 1. Catchment area of the upper Metuje River. 1 - boundary of the Police basin,

2 — water divide line, 3 — Skalsky fault, 4 — groundwater flow direction, 5 — Skély site
(aquifer D), 6 — water gauging station, 7 — meteorological station, 8 — observation well,
9 - spring, 10 — outflow section, 11 — water wells, Teplice outflow zone (“T.v.0.")

River near Skalni mlyn where observations have been taking place since 1970
as well and a newer additional profile M VII (2017) below a confluence of the
Metuje River and the Zdonovsky Creek. Observations at the Z VI outlet the of
the Zdorovsky Creek have been taking place since 1996. Measurements per-
formed by these stations specify runoff conditions of individual parts of the
catchment area and they also specify and check measurements at the M Xl
outlet of the basin.

Groundwater level is monitored by three wells. Since 1972 water level has been
measured in the VS-3 well. The water level in this well is the result of an intercon-
nection of multiple aquifers, of which especially the A2 aquifer of chert layers
has a significant impact. The Al/T basal aquifer has been monitored by the V-28
well since 1990. Conditions in the Quaternary upper aquifer have been monitored
by two wells located near each other, namely V-6 (since 1970) and NS, which are
evaluated jointly. Groundwater level in the Northern part of the Police basin has
also been monitored by observation objects of the Czech Hydrometeorological
Institute. Available data have been used to specify runoff conditions.

Basic climatological observations, measurements of atmospheric precipita-
tion and air temperature have been taking place at the Bucnice observation
station since 1970. Since 1999 an automatic meteorological station has been in
operation there.

Fig. 1 presents a simplified situation of the location of the upper Metuje River
catchment area in the Police basin as well as the location of the observation
objects.
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Pratok M Xil |l Zakladni podzemni odtok

Obr. 2. Priitok a zakladni odtok v profilu Metuje M Xl

ATMOSFERICKE SRAZKY

Pro vypocet Uhrnl mési¢nich srazek v povodi Metuje byla pouZita data ze sréz-
komeéru pozorovaci stanice Buc¢nice. Ta je umisténa pfiblizné ve stfedu povodi
horni Metuje, na louce pfi soutoku potoka Bucnice s Metuji, v nadmorské vysce
490 m n. m. Vétsina plochy povodi je tak ve vyssi nadmofrské vysce, nez v jaké
jsou méfeny srazky, coz bylo zohlednéno navysenim srazek pfi vyhodnocent.

Rozdil mezi sraZkami zachycenymi standardnim sraZkomérem ve vysce T m
a srdzkami méfenymi na urovni terénu byl opraven podle zjisténi Klinera [3]
koeficientem 1,02 pro kapalné a 1,05 pro snéhové srazky.

Uhrny srézek méfené na stanici Bu¢nice jsou velmi blizké srazkovym Ghr-
ndm stanovenym CHMU pro povodi Metuje k niZze polozenému profilu Marsov.
Za vyhodnocené obdobi hydrologickych rokd 1970-2019 byl primérny ro¢ni
Uhrn srazek pro stanici Bu¢nice 747 mm, pro Metuji po Marsov (CHMU) 751 mm.
Srdzky od roku 1970 do roku 2019 nevykazuji trend dlouhodobé zmény.

PRITOK PODZEMNI{ VODY ZE SOUSEDNICH
POVODI A ODTOK PODZEMN{ VODY
MIMO POVODiI

Plocha sedimentU polické panve je plosné vétsi nez morfologické povodi horni
Metuje. V kfidové panvi je také horni povodi toku Drevice, ktery opousti kfidu
pod obcfJanovice, plocha povoditohoto vodniho toku v polické panvije 11,2 km?.
Okraje panve (trias) na severu jsou v povodi Zadrny a Scinawky (Sténavy). Podle
zjisténych urovni hladiny podzemni vody a z téchto hladin Uhlikem [4] sesta-
vené mapy hydroizopiez podzemnivoda proudfvzhledem k Uklonu vrstev sedi-
mentd do centrdinf oblasti s fi¢ni siti Metuje. Je tady také mala oblast (v povodi
Zdorovského potoka), kde z panve odtékd podzemni voda severnim smérem
do povodi Zadrny. Na jihu povodi horni Metuje odtékd podzemni voda mimo
povodi z oblasti jizné od skalského zlomu. V této oblasti je vétsi ¢ast povodi
levostranného pfitoku Metuje — Bohdasinského potoka — a také malé oblast na
pravé strané jejiho toku. Pfitok a odtok podzemnf vody z oblasti mimo povodi
horni Metuje je zakreslen v mapé (obr. 1). Za predpokladu, Ze rozdélenf srazkové
vody na vypar, povrchovy odtok a dotaci podzemnf vody jsou v prostfedi panve
stejné, Ize pro pfitok/odtok hodnotit rozdil plochy Uzemf s dotaci a ztratou.
Tento rozdil je 11 km? ku prospéchu dotace ze sousednich povodi.
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Discharge M XII Base underground flow

Fig. 2. Discharge and base flow in the Metuje M XII profile

EVALUATION OF DROUGHT IN 2014—2019

In 2014-2019 the lowest measured discharge rates were recorded over the whole
observation period at all observed profiles as well as the lowest groundwater
levels in the wells. Several hydrometric measurements of the lowest discharges
were made at the M XII outlet of the basin. Fig. 2 presents total discharge and
base flow (derived from groundwater levels, see below) to the M XII profile.

Water circulation in the landscape is described by a balance equation
that contains the following components for the upper Metuje basin: water
enters the catchment area in the form of atmospheric precipitation plus there
is inflow of groundwater from neighbouring catchment areas. Water from
atmospheric precipitation leaves the catchment area naturally by evaporation
and surface runoff and especially in the vegetative rest period it is absorbed
in underground aquifers. A larger part of groundwater springs to the sur-
face in the upper Metuje basin and a smaller part flows away from the catch-
ment area. A change in groundwater storage also contributes to the balance.
A part of groundwater is drained away from the catchment area for water sup-
ply purposes. There are no surface water reservoirs in the upper Metuje basin
and water volume in stream beds is negligible for the long-term balance [3].
Individual components of the balance equation are specified in greater detail
in separate chapters.

To address the issue of drought in the upper Metuje basin, individual com-
ponents of the balance equation of the catchment area have been specified as
much as possible and the Bilan hydrological model has been optimised to their
values. Primary inputs into the Bilan model include atmospheric precipitation
and air temperature. Measurement of these climatological variables is more
precise than hydrological data due to the nature of the measurement. Series
of monthly totals/averages have been used for data processing, especially with
regard to including water supply, which is available in monthly values.

ATMOSPHERIC PRECIPITATION

Data from a rain gauge at the Buc¢nice observation station have been used to
calculate monthly precipitation totals in the Metuje basin. The rain gauge is
located approximately in the centre of the upper Metuje basin on a meadow
near the confluence of the Buc¢nice Creek and the Metuje River at a height
of 490 metres above sea level. Most of the catchment area is thus located at



Pribliznou hodnotu odtoku podzemni vody Ize zjistit analyzou zavislosti
mezi Urovni hladiny podzemni vody a odtokem v zdvérném profilu povodi
horni Metuje M XII (separace zakladniho odtoku metodikou Knézek—Kliner). Za
timto Ucelem byla porovnana hladina podzemnfi vody na konci vice vybranych
obdobi poklesu ve vrtech VS-3, V-20, V-28, V-6 a vydatnosti pramene Mofské
oko s odpovidajicimi poklesy pritoku na profilu M XII. Pro potlaceni vlivu voda-
renskych odbérd a pripadnych dlouhodobych zmén parametrd pozorovacich
vrtl bylo hodnocené obdobf rozdéleno na pét desetiletych Usekd. Takto zfs-
kany priibéh zékladniho odtoku podzemni vody je zobrazen na obr. 2.

Pritok podzemni vody kolektory ATT a A2 z pfilehlych sousednich povodi
navysuje vydatnost teplického vyronového okrsku, mélké kolektory se odvod-
Auji prameny v pfislusnych povodich.

Podle podilu teplického vyronového okrsku na celkovém zékladnim odtoku
a velikosti plochy mimo povodi, ze které pochdzi tento ptitok, byla ze zéklad-
niho odtoku dopocitana pfiblizna hodnota tohoto pfitoku. O tento pfitok pod-
zemni vody z oblasti mimo povod{ horni Metuje byl celkovy odtok z povodi
zmensen.

S odtokem podzemni vody mimo povodi souvisi i problematika propust-
nosti skalského zlomu. Skalsky zlom kfizi Udoli Metuje v dolni ¢&sti mésta
Teplice nad Metuji, pfesnéji se zde kfizf skalsky zlom se zlomem polickym, ktery
urcuje v Teplicich morfologii Udoli feky. Nad a na skalském zlomu je dolni ¢&st
teplického vyronového okrsku, pramen Rybdrna (také Pstruhdrna, Prameniste,
Jezirko), a Usek toku s pfimou dotaci podzemni vodou v koryté. S postupnym
ziskdvanim znalosti o tomto zajimavém misté se ukazuje komplikovanost a ¢le-
nitost hydrogeologickych pomér( a také se ménf a rdzni ndzory na moznost
proudeéni podzemni vody skrze ¢i pres strukturu zlomu [5, 6]. Rozdil vysky hla-
diny podzemn{ vody nad a pod skalskym zlomem je pfiblizné 40 m, nad zlo-
mem v teplickém vyronovém okrsku je piezometrickd Uroven hladiny nad teré-
nem. Podzemni voda muze pronikat skrze strukturu zlomu, pfipadné pretékat
zlom kvarterni fi¢ni nivou. Odhad mnozstvi podzemni vody, jez pfekona zlom,
je velmi nejisty, pro bilanci pokladéme skalsky zlom za nepropustny. Hodnoty
pramérného dlouhodobého specifického odtoku tento predpoklad podporuji.
Metuje mé k profilu M XlI specificky odtok 11 .s.km?, k profilu Hronov, ktery uza-
vird celou polickou paneyv, je také 111.s".km?. Sousedni vodni tok Drevi¢ ma spe-
cificky odtok 10,4 1.5 km? (z dat vodomérnych stanic CHMU).

ODTOK Z POVODI

Odtok z povodi je vypocten podle pritoku v zavérném profilu Metuje M XIl.
Timto mérnym profilem pro jeho polohu pod délicim skalskym zlomem a kon-
cem teplického vyronového okrsku odtékd vétsina vody z povodi. Vliv kratkého
Useku toku nad profilem M XIl od konce teplického vyronového okrsku, ve ztra-
tové oblasti pod skalskym zlomem, byl zhodnocen na zakladé méfenia odhadu
na ztratu 10 I/s. Mérnd kiivka a mérny profil byly zkontrolovéany, za dobu pozo-
rovani 1970-2019 nedoslo ke zméné hydraulickych parametrd. Prdtok méfeny
touto vodomeérnou stanici je kontrolovan podle pritoku nize po toku lezici
vodomérné stanice v Maréové nad Metuji, provozované CHMU.

VODARENSKE ODBERY ODVEDENE
MIMO POVODiI

a kanalizace Nachod, a. s., jez v Teplicich nad Metuji provozuji soustavu cer-
panych vodarenskych vrtl a vodovodnim prevadécem Teplice—Bohuslavice
odvadéji vodu mimo povodi. Voda spotifebovana méstem Teplice nad Metujf
je téZ odvedena z povodi horni Metuje, vytok z Cistirny odpadnich vod ustf do
Metuje nékolik set metrd pod zavérnym profilem M XII. K zapocitani mnozstvi
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a higher altitude than where precipitation is measured, which has been taken
into account in the evaluation by increasing precipitation.

The difference between precipitation captured by a standard rain gauge at
a height of T m and precipitation measured at ground level has been corrected
in accordance with Kliner’s findings [3] by a coefficient of 1.02 for rainfall and
1.05 for snowfall.

Precipitation totals measured at the Bucnice station are very close to precipita-
tion totals determined by the Czech Hydrometeorological Institute for the Metuje
basin up to the Marsov profile at a lower altitude. Over the evaluated period of
hydrological years 1970-2019, the average annual precipitation total at the Bu¢nice
station stood at 747 mm and at Metuje up to Marsov at 751 mm (CHMI). Precipitation
between 1970 and 2019 does not show a trend of a long-term change.

INFLOW OF GROUNDWATER FROM
NEIGHBOURING CATCHMENT AREAS

AND GROUNDWATER RUNOFF AWAY FROM
THE CATCHMENT AREA

The area of the Police basin sediments is larger than the morphological catch-
ment area of the upper Metuje River. The upper catchment area of the Drevi¢
Creek is also located in the Cretaceous basin. This watercourse leaves the
Cretaceous below the municipality of Janovice and its catchment area in the
Police basin amounts to 11.2 km2. The boundaries of the basin (Triassic) in the
North are located in the catchment areas of the Zadrna River and the Scinawka
(Sténava) River. According to established groundwater levels and a hydroisop-
ieze map put together by Uhlik [4] on the basis of these levels, groundwa-
ter flows to the central area where the Metuje river system is located due to
a slanting of the sediment layers. There is also a small site (in the Zdorovsky
Creek catchment area) where groundwater flows away from the basin in the
Northern direction to the Zadrna catchment area. In the South of the upper
Metuje basin groundwater flows away from the basin from a site to the South
of the Skalsky fault. A larger part of the catchment area of the Bohdasinsky
Creek, a left-bank tributary of the Metuje River, plus a small area on the right-
bank side of the river are located there. The inflow and runoff of groundwa-
ter from areas outside the upper Metuje basin are marked in a map (Fig. 1).
Assuming that the division of rainwater into evaporation, surface runoff and
groundwater recharge is the same in the basin, the difference in the area where
recharge and deficit occurs may be evaluated for inflow/runoff. This difference
stands at 11 km? in favour of recharge from neighbouring catchment areas.

An approximate value of groundwater runoff may be established by ana-
lysing the dependence between groundwater level and runoff at the M XII
outlet of the upper Metuje basin (base flow has been separated by using the
Knézek — Kliner methodology). For this purpose, groundwater level has been
compared at the end of multiple selected periods of decline in wells VS-3, V-20,
V-28, V-6 and abundance of the Morské oko spring with corresponding declines
in discharge at the M Xl profile. The evaluated period has been broken down
into five ten-year sections in order to minimise the effect of water supply and
potential long-term changes in observation well parameters. Fig. 2 presents
groundwater base flow that has thus been obtained.

The inflow of groundwater via the AIT and A2 aquifers from adjacent neigh-
bouring catchment areas increases the abundance of the Teplice outflow zone.
Shallow aquifers are drained by springs in the respective catchment areas.

On the basis of the contribution of the Teplice outflow zone to the total
base flow and the size of the area outside the basin from which this inflow
comes, the approximate value of this inflow has been calculated from base
flow. Total runoff from the catchment area has been reduced by this ground-
water inflow from an area outside the upper Metuje basin.
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odebrané vody byla pouzita data ze soubord statni vodohospodarské bilance
k profilu Marsov. Velikost vodarenského odbéru byla pro vypocet snizena o prd-
mérnou hodnotu odbéru z vrtu VS-15,20 |.s™. Tento vodérensky vrt lezi ve struk-
tufe skalského zlomu, Uroven hladiny podzemni vody v tomto vrtu je v ne-
ovlivnéném stavu nize nez hladina feky [5]. VétSina az vsechna voda cerpana
timto vrtem jiz nenédlezi k bilancované oblasti severniho zvodnéného systému
polické panve.

Celkovy odtok zadany pro kalibraci hydrologického modelu Bilan byl opra-
ven o velikost realizovanych odbérl podzemni vody a vyménu podzemni vody
se sousednimi povodimi.

ZTRATA VODY VYPAREM

Ztrata vody vyparem, predevsim evapotranspiraci ve vegeta¢nim obdobi, je
pocitana modelem Bilan na zakladé teploty vzduchu a dostupného mnoZstvi
vody v pidé.

Teplota vzduchu ve 2 m nad povrchem je pfistrojové meéfena meteorologic-
kou stanici Bu¢nice. Teplota ma prikazné stoupajici trend 0,04 °C za rok. Pribéh
teploty je zndzornén na obr. 3. Pro srovnanf jsou vykresleny i teploty pro povodf
Metuje po Marsov nad Metuji a dlouha ¢asovd fada pro povodi Labe v Déciné.

12

©

Primérna teplota vzduchu [°C]
[=2]

Obr. 3. Priimérna roc¢ni teplota vzduchu

ZASOBA PODZEMNi VODY A ODTOK
PODZEMNI VODY

Z&soba podzemni vody a odtok podzemni vody (zdkladni odtok) jsou vystu-
pem programu Bilan.

Aplikace modelu Bilan

Model Bilan [7] pocitd v mési¢nim kroku chronologickou hydrologickou bilanci
povodi ¢i zemi. Vyjadfuje zékladni bilan¢nf vztahy na povrchu povodi, v zoné
aerace, do niz je zahrnut i vegetacni kryt povodi, a v zoné podzemni vody. Jako
ukazatel bilance energie, ktera hydrologickou bilanci vyznamné ovliviuje, je
pouzita teplota vzduchu.

Groundwater runoff away from the catchment area is related to the permea-
bility issue of the Skalsky fault. The Skalsky fault crosses the Metuje valley in the
lower part of the town of Teplice nad Metuji, or rather the Skalsky fault crosses
there with the Police fault, which determines the river valley morphology in
Teplice. Above and at the Skalsky fault there is the lower part of the Teplice out-
flow zone, the Rybérna spring (also known as Pstruhdrna, Pramenisté or Jezirko)
and a section of the watercourse with a direct recharge by groundwater in the
bed. As knowledge is gradually obtained about this interesting site, the compli-
cated and varied nature of hydrogeological conditions is becoming apparent,
opinions are changing and starting to differ on the possibility of groundwater
flow through or across the fault structure [5, 6]. The difference in groundwa-
ter level above and below the Skalsky fault is approximately 40 m. Above the
fault in the Teplice outflow zone piezometric water level is above the ground.
Groundwater may permeate through the fault structure or overflow the fault
via a Quaternary fluvial meadow. An estimate of the amount of groundwater
that overcomes the fault is highly uncertain and for the sake of the balance the
Skalsky fault is considered impermeable. Values of the average long-term spe-
cific runoff support this assumption. Specific runoff of the Metuje River up to
the M Xll profile stands at 11 1.s".km= and up to the Hronov profile that closes the
whole Police basin it also stands at 11 1.s".km™ Specific runoff of the neighbour-
ing Drevi¢ Creek amounts to 104 .57 km? (data obtained from water gauging
stations of the Czech Hydrometeorological Institute).

RUNOFF FROM THE CATCHMENT AREA

Runoff from the catchment area has been calculated according to discharge in
the M Xl outflow of the Metuje basin. Most water flows away from the catch-
ment area through this gauging station due to its location below the dividing
Skalsky fault and at the end of the Teplice outflow zone. The impact of the short
section of the watercourse above the M XlI profile from the end of the Teplice
outflow zone in the deficit area below the Skalsky fault has been evaluated on
the basis of measurements and estimated deficit of 10 I/s. The rating curve and
the gauging station have been checked and it has been established that hydrau-
lic parameters were not changed over the observation period of 1970-2019.
Discharge measured by this water gauging station is checked on the basis of
a discharge at a water gauging station in MarSov nad Metuji that is located
downstream and operated by the Czech Hydrometeorological Institute.

WATER SUPPLY TAKEN AWAY FROM
THE CATCHMENT AREA

There are several groundwater users in the catchment area, the most important
being Vodovody a kanalizace Nachod, a. s, which operates a system of water
wells in Teplice nad Metuji and takes water away from the catchment area by the
Teplice-Bohuslavice water transfer. Water used by the town of Teplice nad Metuji
is also drained away from the upper Metuje basin. An outflow from a waste water
treatment station flows into the Metuje River several hundred metres below the
M Xl outlet of the basin. Data from the national water management balance files
regarding the Marsov profile have been used in order to calculate the amount of
drawn water. The water supply has been reduced for calculation purposes by the
average value of water drawn from well VS-15, 20 Ls™. This water well lies in the
Skalsky fault structure and groundwater level in this well is lower than the river level
without any impact [5]. A majority up to all the water drawn from this well does not
belong to the assessed area of the Northern aquiferous system of the Police basin.

The total runoff input for calibrating the Bilan hydrological model has been
adjusted by the amount of effected groundwater supply and groundwater
exchange with the neighbouring catchment areas.



Vstupnimi hodnotami modelu jsou ¢asové fady mésicnich vysek srazek
v povodi a fady prmérnych mési¢nich teplot vzduchu. Pfi odhadu parame-
trd modelu se zadévajf fady mési¢nich odtokovych vysek v zavérovém profilu
povodi.

Viypoctem byly ziskdny potencidlni evapotranspirace, Uzemni vypar, infil-
trace do zény aerace, prdsak touto zénou do podzemnich vod, zdsoba vody ve
snéhu, zédsoba vody v plidé a zdsoba podzemni vody. Celkovy odtok je mode-
lovan jako soucet tff slozek: dvé slozky pfimého odtoku (zahrnujici i hypoder-
micky odtok) a zakladni odtok. Zdkladnf odtok Ize ztotoznit s drendzi podzemni
vody do fi¢nf sité po zavérny profil.

Model ma osm volnych parametrd. Pro jejich odhad se v profilech s vodo-
mérnym pozorovanim pouziva optimalizacni program, ktery hledd parametry
tak, aby bylo dosazeno minimalni hodnoty zvoleného kritéria shody modelo-
vaného odtoku s pozorovanymi daty.

Pfi kalibraci modelu byly pro data z 90. let patrné rozdily mezi modelova-
nym a méfenym odtokem. Podrobnéjsi kontrolou podle zpravy Uhlika [4] byly
zjistény nesrovnalosti dostupnych hodnot odbérd. Pro kalibraci byl usek nejis-
tych dat vynechan, nebyly pouzity hydrologické roky 1990-1999. Uroven hla-
diny podzemni vody byla na zacatku a konci vynechaného Useku podobna.

Ke kalibrovani modelu Bilan bylo tfeba zvysit atmosférické srazky koeficien-
tem 1,105, ktery zohlednuje vliv nadmoftské vysky sraZkomérné stanice Bucnice.

Na obr. 4 je vykreslen pribéh pozorovaného odtoku z povodi (R) a modelo-
vaného odtoku (RM), pro lepsi pfehlednost jsou zobrazeny 3mésicni klouzavé
prameéry.
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Obr. 4. Pozorovany (R) a modelovany odtok (RM), 3mésic¢ni klouzavé priimeéry

Z porovnani hodnot skute¢ného a modelovaného odtoku jsou patrné roz-
dily pfi vétdich hodnotach odtoku. Tyto Ize vysvétlit nerovnomérnym rozloze-
nim srazek pfivalovych destl na plose povodi. Také se zde projevuje nepfes-
nost samotného mérfeni hladiny pfi vysokych stavech a rychlych zménach
a to, ze mérnd kfivka pritokl je pro velké pritoky odvozena pouze hydraulic-
kym vypoctem. V grafu na obr. 4 jsou zachyceny znatelné nepresnosti hodnot
odbérl vody v 90. letech. Celkové se shoda méfeného odtoku a modelova-
ného odtoku s ¢asem zlepsuje.
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WATER LOSS CAUSED BY EVAPORATION

Water loss caused by evaporation, in particular evapotranspiration in the vege-
tation period, has been calculated by the Bilan model based on air temperature
and available amount of water in the soil.

The Bucnice meteorological station measures air temperature instrumen-
tally 2 m above the ground. The temperature shows a demonstrably increas-
ing trend of 0.04°C/year. Fig. 3 presents the temperature over time. For the sake
of comparison, temperatures in the Metuje basin up to MarSov nad Metuji and
a long time series in the Labe basin in Décin are also presented.
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Fig. 3. Average annual air temperature

GROUNDWATER STORAGE AND RUNOFF

The Bilan programme yields groundwater storage and runoff (base flow). Out
of the measured data, groundwater levels in monitoring wells document the
development of groundwater storage over time.

Application of the Bilan model

The Bilan model [7] uses the monthly time step to calculate chronological
hydrological balance of a catchment area or of a given area. It expresses basic
balance relationships on the surface of the catchment area, in the aeration
zone that also includes the vegetation cover of the catchment area and in the
groundwater zone. Air temperature has been used as an indicator of energy
balance, which has a significant impact on hydrological balance.

Input values of the model include time series of monthly precipitation in
the catchment area and series of average monthly air temperatures. When the
model parameters are estimated, series of monthly runoff heights at the outlet
of the basin are put in.

The calculation has provided potential evapotranspiration, actual evapora-
tion, infiltration into the aeration zone, seepage through this zone into ground-
water, water storage in snow, water storage in the soil and groundwater stor-
age. Total runoff is modelled as a sum of three components: two components
of direct runoff (that also includes hypodermic runoff) and base flow. Base flow
may be identified with groundwater drainage into the river system up to the
outlet of the basin.
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Tab. 2. Mésicni primeéry velicin hydrologické bilance z obdobi 1970-2019 a z obdobi 2014-2019 ve variantdch pozorovanych teplot a teplot vzduchu bez rostouciho trendu

Teplota mérena Teplota bez trendu Zména
Mési¢ni hodnoty 1970-2019 2014-2019 1970-2019 2014-2019 2014-2019
Atmosférické srazky [mm] p 69,1 60,4 69,2 60,6 0.2
Odtok modelovany [mm] RM 29,7 20,8 32,0 24,5 3,7
Zakladni odtok [mm] BF 20,7 14,5 229 18,3 3,7
Potencialni evapotranspirace [mm] PET 2] 45,6 390 398 -58
Evapotranspirace [mm] ET 394 40,1 370 36,5 -3,7
Priimérna teplota vzduchu [°C] T 59 72 49 53 -19
Zasoba podzemni vody [mm]
K'31.10. 2013 GS 132,3 166,8 345
K 31.10. 2019 GS 93,6 1391 45,6
/ména 38,7 276 111
Mési¢né 05 04 -0,2

Tab. 3. Celkovy vliv zvySovdni teploty vzduchu

Mésiéni pramérny tuhrn [mm]

Mésicni trend [mm)]

T real T kor T real T kor

Méreni Atmosférické srazky P 69,1 69,2 -0,004 -0,0037
Méreny odtok R 29/ -0,01

Bilan Modelovany odtok RM 297 320 -0,01 -0,002
Z&kladni odtok BF 20,7 229 -0,007 -0,0001
Zasoba podzemni vody GS 71,8 190,1 -0,064 -0,004
Potencialni evapotranspirace PET 42 390 0,014 0,003
Evapotranspirace ET 394 370 0,009 0,002
Teplota [°C] (mési¢ni pramér) T 59 49 0,004 0

Urceni vlivu zvySovani teploty vzduchu na odtok

K posouzeni podilu vlivu poklesu atmosférickych srazek a narlstu teploty vzdu-
chu byl proveden vypocet odtoku s upravenou teplotou vzduchu, pfi pouzitf
méfenych Uhrnl srdzek a plvodnich parametr nastavenf kalibrace modelu.
Mérené hodnoty teploty vzduchu byly pro toto vyhodnoceni modelem Bilan
v obdobi 1970-2019 upraveny na nulovy trend zvysovani teploty.

Porovnani vystupt modelu Bilan pro obdobi sucha 2014-2019 s celym sledo-
vanym obdobim 1970-2019 a porovnani pro modelovou variantu bez zvysenf
teploty jsou v tab. 2.

V obdobi 2014-2019 byl primeérny modelovany mési¢ni odtok RM 0 89 mm
mensi nez prameérny mésicni odtok za celé obdobi pozorovani 1970-2019. Tento
pokles odpovida poklesu primérnych mési¢nich srazek P o 8,7 mm.

Ve vztahu k primérnym teplotdm za celé obdobi 1970-2019 byly teploty v obdobf
sucha 2014-2019 nadprimeérné, resp. odpovidajici stoupajicimu trendu teploty.
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The model has eight free parameters. To estimate them, water-measure-
ment observation profiles use an optimisation programme that seeks param-
eters so as to reach a minimum value of the selected criterion for matching
modelled runoff with observed data.

When the model was calibrated, there were apparent differences in data
from the 1990s regarding modelled and measured runoff. An in-depth exam-
ination in accordance with Uhlik’s report [4] has established discrepancies of
available water supply values. For the purposes of calibration, the section of
uncertain data was omitted and hydrological years 1990-1999 were not used.
Groundwater level at the beginning and at the end of the omitted section was
similar.

So as to calibrate the Bilan model, atmospheric precipitation has had to be
increased by a coefficient of 1105, which takes into account the impact of the
altitude of the Bucnice rain gauging station.



Podil dlouhodobého zvysenf teploty na snizeni odtoku v dusledku rdstu
vyparu je vyznamny. Pokud by ke zvyseni teploty nedochdzelo, pak by vypar
za obdobfi 2014-2019 byl podpriimérny a celkovy rozdil ztraty vyparem by byl
mensi o0 3,7 mm mésicné. Tento deficit vyparu by se projevil odpovidajicim zvy-
senfm hodnoty zékladniho odtoku BF a celkového odtoku RM.

Slozka zékladniho odtoku z klesajici zdsoby podzemni vody neni pfilis
vyznamna. Celkovy pokles zasoby podzemni vody za obdobi od za¢atku roku
2014 do konce roku 2019 byl 38,7 mm. Pro tento pokles odpovida pokles objemu
podzemn{ vody o 2,88 mil. m?. Porovnani dlouhodobych bilanci povodi hornf
Metuje pro celé pozorované obdobi 1970-2019 je v tab. 3.

Atmosférické srazky za celé sledované obdobi vykazuji mirny pokles, ten vsak
nenf, na rozdil od rlstu teploty, trvalého razu. V obdob{ 1970-2013 pfed zacatkem
sucha vykazoval mési¢ni srazkovy uhrn rlst 0,009 mm. Pfi vyhodnoceni sledo-
vaného obdobi po dekédach ve tfech dekddach srazky stoupaji, ve dvou deké-
dach klesaji, zatimco vzestup teploty vzduchu nastal ve vsech dekadéch.

Vliv navysenf vyparu a odpovidajiciho poklesu odtoku v dsledku oteplent
vzduchu je patrny, porovnanim trendd Ize pfiblizné urcit vztah poklesu odtoku
02,5 mm/mésic pfi zvyseni teploty o 1°C.

Dlouhodoby trend poklesu zdkladniho odtoku v dlsledku stoupajiciho
podilu vyparu je 0,007 mm/meésic (pfi nezapocitani sucha 2014-2019 a chladného
roku 1971 na zacatku pozorovanf je trend 0,006 mm/mésic, v obdobi 1972-2013).
Nizsi hodnoté poklesu odtoku 0,006 mm/mésic odpovidé trend poklesu prd-
toku v profilu M XI121/s/rok. Hodnota zdkladniho odtoku je vyznamna z hlediska
vodarenskych odbeért. V obdobi sucha 2014-2019 zUstal po celou dobu sucha
v teplickém vyronovém okrsku zachovéan odtok podzemnf vody. Nejmensf
zméfend hodnota vydatnosti teplického vyronového okrsku byla 150 I/s, nej-
mensi dopocitand kolem 100 I/s. Na celkovém zékladnim odtoku z povodi horni
Metuje se v suchych obdobich teplicky vyronovy okrsek podili jednou polovi-
nou. Pokud bude pokles odtoku pokracovat, v budoucnu nastanou problémy
s mnozstvim povrchové vody. V ptipadé vétsiho poklesu nebo zaniku pfiroze-
ného odtoku v teplickém vyronovém okrsku a zmény jeho funkce z dotacni na
ztrdtovou mohou vzniknout také problémy s kvalitou podzemnf vody v bliz-
kosti vodarenskych odbeért.

ZAVER

Primarnf{ pfi¢inou sucha v obdobi 2014-2019 v povodi horni Metuje byl pokles
atmosférickych prdmeérnych meési¢nich srazek o 8,6 mm oproti dlouhodobému
prameéru. Mésicni priimérny thrn srazek byl v uvedeném obdobi sucha 60 mm
mésicné, z téchto se 40 mm odpafilo a 21 mm vody z povodi odteklo nebo
bylo odebrdno vodarenskymi odbéry (1 mm odteklé vody je z klesajici zdsoby
podzemni vody). Vyrazny je vliv dlouhodobého oteplovani vzduchu. Pokud by
k oteplovéni nedochazelo, odpafilo by se podle modelové simulace mésicné
jen 36 mm a hodnota (zdkladniho) mési¢niho odtoku by byla o 4 mm vétsi.
Tomuto narlstu odpovida zvyseni prdtoku na profilu M Xl o 110 I.s™.

Poklesem odtoku z povodi se oteplovani projevuje dlouhodobé, nikoli
pouze v extrémni periodé 2014-2019. Opatfeni ke zmirnénf tohoto nepfizni-
vého trendu mohou zmensit vypar a povrchovy odtok ve prospéch dotace
zasoby podzemni vody. Tim dojde ke zvétseni zdkladniho odtoku v fi¢nf siti.
Dobrymi opatfenimi v krajiné jsou vhodné situovana jezirka a hluboké tiné,
které umozni akumulaci vody a pfedevsim jeji vsakovani do vod podzemnich.
Naopak mokfady a mélké nadrze v drendznich oblastech mohou vzhledem
k podpofe vyparu mit G¢inek spide negativni. Upravy v krajiné je proto vhodné
odborné posoudit z hydrologického a hydrogeologického pohledu.
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Fig. 4. Observed runoff (R) and modelled runoff (RM), 3-month moving averages

Fig. 4 shows observed runoff (R) from the catchment area and modelled run-
off (RM). Three-month moving averages are presented for the sake of clarity.

An observation of the values of actual and modelled runoff shows differ-
ences in higher runoff values. These differences may be explained by uneven
distribution of torrential rainfall across the catchment area. Inaccuracy of the
measurement of water level in high water level conditions and fast changes is
also apparent as well as the fact that the discharge rating curve for high dis-
charges is derived only by a hydraulic calculation. A chart in Fig. 4 captures
noticeable inaccuracies of water supply values in the 1990s. Overall, the match
between measured runoff and modelled runoff has improved over time.

DETERMINING THE IMPACT OF INCREASING
AIR TEMPERATURE ON RUNOFF

A calculation of runoff with adjusted air temperature has been made, using
measured precipitation totals and the original model calibration parameters
in order to assess the contribution of the impact of a decrease in atmospheric
precipitation and an increase in air temperature. Measured air temperatures
in the period of 1970-2019 have been adjusted for a zero trend of temperature
increase for the purpose of this evaluation by the Bilan model.

Tab. 2 presents a comparison of outputs of the Bilan model for the drought
period of 2014-2019 with the whole observation period of 1970-2019 and a com-
parison for the model variant without an increase in temperature.

In 2014-2019 the average modelled monthly runoff (RM) was by 89 mm
smaller than the average monthly runoff over the whole observation period of
1970-2019. This decline corresponds with the decrease in average monthly pre-
cipitation P by 87 mm.

In relation to average temperatures over the whole period of 1970-2019,
temperatures in the drought period of 2014-2019 were above average or rather
in line with the rising temperature trend.

The contribution of the long-term temperature rise to a decline in runoff
as a result of an increase in evaporation is significant. If temperature had not
increased, evaporation over the period of 2014-2019 would have been below
average and the total difference in a loss caused by evaporation would have
been by 3.7 mm/month smaller. This evaporation deficit would have mani-
fested itself by a corresponding increase in the value of base flow (BF) and total
runoff (RM).
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Tab. 2. Monthly averages of hydrological balance quantities from the period of 1970-2019 and from the period of 2014-2019, in a variant of observed air temperatures

and a variant of air temperatures without an increasing trend

Temperature without

Measured temperature . . Change
an increasing trend
Monthly values Quantity 1970-2019 2014-2019 1970-2019 2014-2019 2014-2019
Atmospheric precipitation [mm] P 691 604 69.2 60.6 02
Modelled runoff [mm] RM 29.7 20.8 320 24.5 37
Base flow [mm] BF 207 14.5 229 18.3 3.7
Potential evapotranspiration [mm] PET 421 45.6 390 39.8 -58
Evapotranspiration [mm] ET 394 401 370 36.5 -3.7
Average air temperature [°C] T 59 72 49 53 -19
Groundwater storage [mm]
As at 31/10/2013 GS 1323 166.8 34.5
As at 31/10/2019 GS 93.6 1391 45.6
Change 387 276 -1
Per month 0.5 04 -0.2
Tab. 3. Overall effect of rising air temperature
Average monthly total [mm] Monthly trend [mm)]
T real T cor. Treal T cor.
Measurement  Atmospheric precipitation P 691 69.2 -0.004 -0.0037
Measured runoff R 291 -0.01
Bilan Modelled runoff RM 297 320 -0.01 -0.002
Base flow BF 20.7 229 -0.007 -0.0001
Groundwater storage GS 171.8 190.1 -0.064 -0.004
Potential evapotranspiration PET 421 39.0 0.014 0.003
Evapotranspiration ET 394 370 0.009 0.002
Temperature [°C] T 59 49 0.004 0
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ter storage. The overall decrease in groundwater storage over the period from
the beginning of 2014 until the end of 2019 amounted to 38.7 mm. A decrease in
the volume of groundwater by 2.88 mil. m* corresponds with this decline. Tab. 3
presents a comparison of long-term balances of the upper Metuje basin over
the whole observation period of 1970-2019.

Atmospheric precipitation over the whole monitored period shows a mod-
erate decline, which is however not permanent in nature as opposed to the
rising temperature. In the period of 1970-2013 before the drought started, the
monthly precipitation total grew by 0.009 mm. When the observation period
is evaluated by decades, it may be noted that precipitation saw a rise in three
decades and a decline in two decades whereas air temperature increased in all
the decades.
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There is a clear impact of an increase in evaporation and a corresponding
decline in runoff as a result of rising air temperature. When the trends are com-
pared, it may be determined that runoff declines by 2.5 mm when temperature
increases by 1°C.

The long-term trend of a decline in base flow as a result of a rising contri-
bution of evaporation stands at 0.007 mm/month (if the drought of 2014-2019
and the cold year 1971 at the beginning of the observation are not included, the
trend in the period of 1972-2013 stands at 0.006 mm/month). The lower value of
a decline in runoff of 0.006 mm/month corresponds with a trend of a decline
in discharge at the M Xl profile of 2 I/s/year. The base flow value is significant
with regard to water supply. Groundwater runoff was maintained in the Teplice
outflow zone throughout the whole drought period of 2014-2019. The lowest
measured value of abundance of the Teplice outflow zone stood at 150 I/s and
the smallest calculated value was around 100 I/s. In periods of drought, the
Teplice outflow zone contributes to the total base flow from the upper Metuje
basin by one half. If runoff continues to decrease, problems will occur in the
future with the amount of surface water. If there is a larger decline or if the nat-
ural runoff in the Teplice outflow zone ceases to exist and its function changes
from a recharge to a deficit one, problems may also arise with groundwater
quality in the vicinity of the water supply sites.

CONCLUSION

The primary cause of drought in the period of 2014-2019 was a decrease in aver-
age monthly atmospheric precipitation by 86 mm/month in the upper Metuje
basin in comparison with the long-term average. The monthly average precip-
itation total in the period of drought stood at 60 mm/month, of which 40 mm
was evaporated and 21 mm of water flew away from the catchment area or was
used for water supply (1 mm of the flown-away water comes from the decreas-
ing groundwater storage). The impact of a long-term increase in air tempera-
ture is significant. If warming had not been taking place, only 36 mm/month
would have evaporated according to a model simulation and the value of the
(base) monthly runoff would have been by 4 mm larger. This increase corre-
sponds with an increase in discharge at the M XII profile by 110 I.s™.

Warming has been manifesting itself by a decline in runoff from the catch-
ment area long-term, not only in the extreme period of 2014-2019. Measures
aimed at mitigating this unfavourable trend may lower evaporation and sur-
face runoff in favour of groundwater recharge. This would increase base flow
in the river system. Positive measures in the landscape include appropriately
located ponds and deep pools that enable water accumulation and especially
its seepage into groundwater. On the contrary, wetlands and shallow reservoirs
in drainage areas may have a rather negative effect since they support evapo-
ration. Measures in the landscape should therefore be expertly assessed from
a hydrological and hydrogeological perspective.



