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The amount and distribution of  precipitation 
across seasons, together with temperature, are 
the main determining parameters for the occur-
rence of biomes on Earth. In  the Czech Republic, 
the average annual precipitation varies between 
400 mm and 1 700 mm, with the highest amounts 
in  mountain areas (Šrámek, Fadrhonsová 2023). 
The role of  forests in  the total amount and redis-
tribution of rainfall in mountain regions has been 

thoroughly documented, and their essential role 
in  regional and continental water cycles is  widely 
acknowledged (Zelený 1975; Bartík et  al.  2016; 
Keys et al. 2016; Pearce 2020; Van Stan et al. 2020). 
Recently, the hydrological functioning of  moun-
tain forests has become even more important, but 
it  is  threatened because of ongoing global climate 
change (Ellison et al. 2017; Černohous et al. 2018; 
Gribovszki et  al.  2019; Teuling et  al.  2019). Pro-
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nounced drought periods in 2015 and 2018 contrib-
uted significantly to  the vast bark beetle outbreak 
that spread through Central Europe, causing tem-
poral deforestation of areas dominated by artificial-
ly planted Norway spruce stands (Šustek et al. 2017; 
Hlásny et al. 2021; Lukasová et al. 2021; Thornfeld 
et  al.  2022). The  total area of  clearcuts after sal-
vage felling during 2018–2023 has been estimated 
to be more than 205 000 ha in the Czech Republic 
(Křístek et al. 2024). One of the most heavily affect-
ed areas is  the Northern Moravia region, includ-
ing the eastern part of the Jeseníky Mts., where the 
outbreak has recently spread to  the higher altitu-
dinal zone (Zahradník, Zahradníková 2019; Lubo-
jacký et al. 2024).

Forest management can affect the hydrologi-
cal functioning of  the landscape (Hawthorne 
et al. 2013; Buttle et al. 2018) both in positive and 
negative ways. Significant deforestation leads to 
higher and more fluctuating outflow from the catch-
ment (Hornbeck et al. 1997; Hubbart et al. 2007) 
and a decreased ability to mitigate extreme situ-
ations, including floods (Yu et  al.  2015). To  study 
the effect of  salvage felling on  the hydrological 
processes in mountain forested catchments, three 
streams in the Jeseníky Mts. have been monitored 
since 2020 (Šrámek et al. 2023). Our study focused 
on  the variability in  precipitation in  the complex 
terrain of mountain catchments.

Measurement of  precipitation, especially 
in  mountain areas, is  quite complex and usual-
ly limited by the low number of rain gauges (Buy-
taert et al. 2006; Ly et al. 2013; Kozak et al. 2019). 
We  try to  use a  dense network of  measurement 
points to  evaluate the effect of  altitude, exposure 
and synoptic situation on  the rainfall amount. 
We hypothesised to find a gradual increase of rain-
fall with altitude, lower precipitation at  eastern 
slope exposure, and higher amounts of  precipita-
tion during cyclonal atmospheric conditions.

MATERIAL AND METHODS

Research area. In 2020, three watersheds in the 
Hrubý Jeseník Mts. were selected for hydrological 
monitoring (Figure  1). Hrubý Jeseník is  a  major 
mountain range in  Silesia and northern Moravia 
in the northeastern part of the Czech Republic with 
the highest peak Praděd (1 491 m a.s.l.), that geolog-
ically belongs to the Bohemian massive. The parent 
rock is usually formed by gneiss, amphibolite, gran-

ite or slate. This region is relatively cold, with an av-
erage annual temperature from 0.9 °C at the highest 
peak to 6.3 °C in the lower parts of the mountains 
and average annual precipitation from 1  000 mm 
to 1 380 mm (Plíva, Žlábek 1986). The catchments 
of Slučí stream (SL), Sokolí stream (SO) and Suchý 
stream (SU) are right-bank tributaries to the upper 
course of  Černá Opava River in  the northeastern 
part of the mountain region. The individual catch-
ment area is  417 ha (SL), 401 ha (SO) and 280 ha 
(SU); overall, they are covered by  Norway spruce 
stands of  different ages. There are numerous 
clearcuts because of  bark beetle outbreaks, espe-
cially at  lower altitudes (<  800 m a.s.l.). Clearcuts 
are gradually reforested, usually by European beech 
and, to  a  lesser extent, Norway spruce or  native 
broadleaves (maple and mountain ash). The highest 
part of catchments is on the mountain range, with 
peaks at  Orlík (1  204 m a.s.l.) and Medvědí vrch 
(1  216 m a.s.l.). The  outflow measurements (the 
lowest point of the catchment) are located at alti-
tudes of 640 m a.s.l. (SL) and 630 m a.s.l. (SO, SU), 
and the flow direction is oriented to the east.

Distribution of  meteorological measure-
ments and instrumentation. Three meteoro-
logical stations were installed within the research 
area in  2020 to  characterise local conditions. 
As  the catchments are quite close to  each other, 
the  location of  individual stations was chosen 
to  primarily cover the altitudinal gradient, and 
they are located at 1 125 m a.s.l. (SO), 830 m a.s.l. 
(SL) and 590 m a.s.l. (SU). The  stations measured 
the air temperature, air humidity, global solar ra-
diation and precipitation amount continuously 
in  10-minute intervals. Stations were run from 
batteries powered by  solar panels. The  precipita-
tion gauges were not heated; thus, the information 
about winter precipitation (in  the form of  snow) 
was supplied by  9  totalisers (3  per catchment) 
with 3-month readings located at  altitudes from 
600 m a.s.l. to 1 090 m a.s.l. Winter precipitation, 
however, is not evaluated in this study.

To cover the precipitation variability in  the 
catchments, we divided the area into 21 zones ac-
cording to  elevation (each zone covering 100 m) 
and exposure (characterised by  three main direc-
tions  – south, east, or  north). Using recent aerial 
photographs, suitable open spaces for installing 
rain gauges in these zones were identified. Although 
it was easy to identify appropriate open plots in the 
lower part of  our catchments where bark beetle 
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outbreaks led to  clearcutting, it  was quite com-
plicated to find suitable open spaces in  the upper 
parts of the mountains, as this area is fully forested. 
Since August 2022, precipitation measurement has 
been supplemented by 21 autonomous rain gauges 
covering all zones (Figure 2).

Precipitation was measured using a Pronamic Pro 
(Pronamic, Denmark) rain gauge with a  200  cm2 
collection area and 0.2-mm resolution. At the me-
teorological stations, the rain gauge was connected 
to  a  Greybox N2N datalogger (EMS Brno, Czech 
Republic), where a  10-min sum of  rainfall was 
stored. Meteorological stations were equipped with 
a  GSM modem and uploaded data to  cloud stor-
age on a daily basis. In the case of autonomous rain 
gauges, the Pronamic Pro was connected to a Mini-
kin Eri event recorder (EMS Brno, Czech Repub-
lic), which registered the date and exact time of the 
event (tipping of the bucket, i.e. every 0.2 mm) with 
1-s resolution. These dataloggers were powered 
by a long-lasting (≈3 years) battery and download-
ed manually by infrared connection approximately 
every 3 months.

Synoptic situation. The  type of  synoptic situ-
ation – i.e.  the position of  atmospheric pressure 
systems over Europe – was assessed according 
to the national catalogue (CHMI 1972). Daily syn-
optic data for 2022 and 2023 were obtained from 
the Czech Hydrometeorological Institute website 
(CHMI 2025). Preliminary data for 2024 were pro-
vided by  CHMI based on  an  individual request. 

For  seven-day periods, we  determined the most 
numerous synoptic situations on rainy days, which 
then entered the evaluation.

Data evaluation. Because the rain gauges were 
not heated, only the period without snowfall 
could be  evaluated in  terms of  variability for the 
investigated area. Given this restraint and term 
of  installation and last reading of  the equipment, 
we evaluated rainfall for three continuous periods: 
Aug 18 – Oct 31, 2022; Apr 15 – Oct 31, 2023; and 
Apr 1 – Aug 15, 2024; i.e. 412 days in total, which 
'in sum' cover two vegetation seasons. To evaluate 
the effect of  altitude and exposure on  precipita-
tion, we had to choose an appropriate time inter-
val. Daily sums appeared to  be  disadvantageous 
as numerous days with little precipitation amount 
complicated the statistical evaluation. However, 
the monthly sums were too general. For this reason, 
we  used a  seven-day rainfall total as  the basis for 
the evaluation. In addition to the sum of precipita-
tion, we also use 'relative' precipitation, which rep-
resents the ratio of the value of a specific rain gauge 
to  the average value of  all rain gauges, expressed 
as  a  percentage. The  quality check, as  well as  the 
exclusion of some measurements from the analysis, 
is described in the results chapter.

All statistical data evaluations were carried out 
using STATISTICA software (Version 13.5.0.17, 
2018). For correlation analyses, the Pearson R co-
efficient was used, and data comparison was per-
formed graphically (box graphs and scatter plots).

Figure 1. Location of the three monitored catchments Slučí stream (SL), Sokolí stream (SO) and Suchý stream (SU) 
in the Jeseníky Mountains
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RESULTS

All rain gauges exhibited the same pat-
tern of  cumulative rainfall amount, as  shown 
in  Figure  3. The  recorded sum of  precipita-
tion was 111.6–259.2 mm during the period 
Aug 18 – Oct 31, 2022; 371.2–615.0 mm during the 
period Apr 15 – Oct 31, 2023; and 328.2–513.8 mm 
during the period Apr 1 – Aug 15, 2024.

Relationship between precipitation and al-
titude. We  expected the precipitation amount 
to generally increase with the altitude, but the data 
revealed a significant positive correlation between 
these two factors in only 21 out of 56 seven-day pe-
riods. There were even 4 cases when the correlation 
was significant but negative. We  considered sev-
eral possible explanations: (i)  immediate damage 
to the rain gauges, e.g. by being thrown off balance 

Figure 2. Location of the meteorological stations, totalisers and rainfall gauges in catchment areas of Slučí stream (SL), 
Sokolí stream (SO) and Suchý stream (SU) in the Hrubý Jeseník Mountains
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1 100 m a.s.l.; 6: 1 100–1 200 m a.s.l.; 7: 1 200+ m a.s.l.); second number – exposition (1 – north; 3 – east; 5 – south)
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by  animals or  strong wind; (ii) incorrect read-
ings by  individual sensors; (iii) different sizes and 
'qualities' of  open areas at  which the rainfall was 
measured; or  (iv) real local differences in  rainfall. 
During the observation period, we  excluded data 
affected by  rain gauge damage (which was identi-
fied by  in  situ visits), and in  two cases, we  added 
parallel measurements in cases of 'suspiciously' low 
rainfall amounts. In one case (rain gauge 71 in the 
highest part of the mountain range – 1 202 m a.s.l.) 
we  did not observe any differences in  the two 
rain gauge readings (R2 =  0.988, slope =  1.071, 
intercept = −0.291). In the second case, we identi-
fied a malfunction in the original rain gauge (me-
teostation SU), which underestimated the amount 
of precipitation by nearly 30%; erroneous data were 
excluded from the evaluation.

To improve the evaluation, we divided the mea-
surement sites into four groups according to their 
openness and tested the influence on  our results. 
These groups were defined as  follows: (i) rain 
gauges installed in  the open area with a diameter 
of at  least 2 heights of neighbouring forest stands 
[Word Meteorological Organisation (WMO) stan-
dard] with the exception of  mountain ridge loca-
tions (9 locations); (ii)  rain gauges with the same 
parameters of open area but on the mountain ridge 
where we expected a possible influence of wind tur-
bulences (2 locations); (iii) rain gauges on smaller 
open areas with a  diameter of  1–2  heights of  the 
neighbouring forest (10 locations); and (iv)  rain 
gauges on an open area smaller than 1 height of the 

neighbouring forest (3 locations). We then recalcu-
lated the dependence of rainfall amount on altitude 
using single categories as  well as  their differ-
ent  combinations. The  best results were achieved 
by  the combination  of  groups (i) and (ii)  with 
11 rain gauges located at altitudes from 639 m a.s.l. 
to  1  125 m a.s.l. although their representation 
between 850 m a.s.l.  and 1  050 m  a.s.l. was rath-
er low due to  the dense forest cover in  this part 
of our catchment. For this combination of groups, 
we  found a  significant positive correlation in  27 
out of 56 seven-day periods. In these periods, rela-
tive precipitation for individual rain gauges was 
calculated in  relation to  the average precipita-
tion amount during the individual period within 
the study area. After that, the overall dependence 
of the relative values on the altitude for all evaluat-
ed periods in 2022–2024 was processed (Figure 4). 
As the intercept of the correlation was low (0.02), 
we concluded that the 'average' increase in precipi-
tation with altitude in our area was 12% for every 
100 m. When we considered the total precipitation 
during the vegetation period for the 11 rain gauges 
from groups (i) and (ii), we found a strong positive 
correlation in years 2022 and 2023 but with a lower 
increase in  precipitation with altitude: from 5.2% 
to 7.5% for every 100 m (Table 1). For 2024, the cor-
relation was less insignificant.

We compared the seven-day periods with signifi-
cant increases in  precipitation with altitude with 
those in which the relationship was not significant 
or was significantly negative (decrease in precipita-

Figure 3. Cumulative precipitation during the measuring (non-frost) periods for 24 installed rain gauges (raw data before 
validation)
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Table 1. Increase in precipitation with altitude derived from the vegetation season totals – parameters of partial 
correlations

Period Aug 18 – Oct 31, 2022 Apr 15 – Oct 31, 2023 Apr 1 – Aug 15, 2024
R2 0.738 0.572 0.422
P 0.001** 0.007** 0.030*
Slope 0.00075 0.00052 0.00040
Intercept 0.388 0.590 0.703

Increase in precipitation  
per 100 m a.s.l. 7.5% 5.2% 4.0%

**significant at P < 0.01; *significant at P < 0.05

Figure 4. Increase in relative precipitation (precipitation measured by individual rain gauge/average amount of precipita-
tion within the catchment area) based on seven-day periods in 2022–2024

tion amount with altitude). There were no  differ-
ences in  rainfall amount within these situations 
(Table 2); however, some differences were observed 
in  the synoptic situation distribution (Figure  5). 
The most typical synoptic situation for periods with 
a significant increase in precipitation with altitude 
was a trough of low air pressure or central cyclone 
over central Europe, representing 69% of  cases. 
These synoptic situations represented only 39% 
of the periods when the relation was insignificant. 

Out of  these cases, 53% were represented by  cy-
clones located from the southeast to the northwest 
of the Czech Republic. The periods with a negative 
relationship between precipitation and altitude 
were too few to  be  evaluated; nevertheless, it  did 
not seem that they were connected to typical syn-
optic situations.

Relationship between precipitation and ex-
posure. To  evaluate the role of  exposure on  pre-
cipitation, the seven-day rainfall totals at sites with 
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northern (N), eastern (E) and southern (S) expo-
sures were compared. All  catchments were ori-
ented from the mountain ridge in  the west to  the 
Černá Opava River in the east; thus, western expo-
sure did not occur in the studied region. The com-
parison was made using all 24 measuring sites and 
sub-selection of 11 sites with an appropriate 'open' 

plot [groups (i) and (ii)] with the same results. 
We obtained results for a total of 24 sites that bet-
ter covered the altitudinal gradients in all exposure 
categories. In  general, no  differences were found 
between individual exposures (Figure  6). When 
we divided the measurement into three altitudinal 
zones – the catchment bottom (630–800 m a.s.l.), 

Table 2. Precipitation distribution within seven-day periods with a significantly positive, insignificant or significantly 
negative relationship between rainfall amount and altitude

Relation of precipitation  
to altitude Significant – positive Insignificant Significant – negative

n 27 23 5
Median (mm) 18.3 18.1 11.8
Percentile 80% (mm) 35.4 28.5 21.4
Percentile 20% (mm) 5.5 5.3 7.5

n – number of cases

Figure 5. Representation of prevailing synoptic situations within seven-day periods with significantly positive, insignificant 
and significantly negative relationships between rainfall amount and altitude in 2022–2023
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the middle part (800–1 000 m a.s.l.) and the ridge 
positions (1 000–1 200 m a.s.l.), we observed a ten-
dency for a  slightly lower precipitation amount 
(≈16%) in the eastern exposure for the bottom and 
middle part of  catchments, compared to  N  and S 
exposure. This can be  explained by  the prevail-
ing wind direction from the west and northwest. 
However, in the ridge positions, the eastern expo-
sure showed slightly higher precipitation than the 
southern or  northern exposures. In  no  case did 
any of  these differences prove to  be  statistically 
significant.

DISCUSSION

Precipitation is  a  complex meteorological phe-
nomenon that is highly variable in space and time 
and is, therefore, not easy to  measure or  quan-
tify correctly. Although the temperature altitudi-

nal gradient is  well described and easy to  model, 
the increase in  precipitation with altitude is  more 
complicated and not always accurate – espe-
cially in  complex mountain orography (Smith, 
Barstad 2004; Collados-Lara et al. 2018). In general, 
most studies identified a  typical increase in  pre-
cipitation with altitude (Johnson, Hanson 1995; 
Roe, Baker  2006), especially for snow (Grünewald 
et al. 2014; Bohne et al. 2020), but often with sig-
nificant reservations. The  problem of  evaluating 
the actual precipitation amount usually starts with 
the optimal distribution of the rain gauge network 
and the reliability of  the measurement (Hunziger 
et al. 2018; Suri, Azad 2024). In the studied Jeseníky 
Mts. catchments, we removed potentially incorrect 
readings from rain gauges located too close to for-
est edges, and we still found a significant increase 
in  precipitation with altitude in  only 48.2% of  the 
seven-day periods, and 8.9% of  periods showed 

Figure 6. Precipitation amount in seven-day periods in 2022–2024 according to the geographical exposure at the measur-
ing sites: (A) complete dataset; (B–D) rain gauges according to altitudinal zones

N – northern exposure; E – eastern exposure; S – southern exposure
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a significant decrease in precipitation with altitude. 
This result, however, is  consistent with the find-
ings of Benoit et al. (2024), who found an increase 
in precipitation with elevation as the prevailing pat-
tern in  just 47.5% of  cases (of  this linear increase 
in only 15%), an absence of any trend with altitude 
in  37.5% and a  decrease in  precipitation in  15% 
of cases in the Swiss Alps. The occurrence of vari-
ous gradients – even inverse – of  precipitation 
with altitude was also found by Kozak et al. (2019) 
in  the Western Beskids. Although the amount 
of  precipitation in  a  short period can influence 
the relationship with altitude – reverse gradient 
by  high-intensity precipitation (Marra et  al.  2022; 
Dallan et al. 2023) – we did not observe differenc-
es in  rainfall amount during periods with positive 
or  negative or  insignificant orographic gradients. 
This phenomenon may be  recognised by  evaluat-
ing individual rainfall episodes but was not evident 
in  our assessments of  seven-day periods. During 
the seven-day periods with a  positive altitudinal 
gradient, the increase in precipitation was 12% for 
every 100 m of elevation. When we calculated the 
relationship for the whole frost-free period, a highly 
significant increase of 7.5% was found in 2022, a sig-
nificant increase of 5.2% for each 100 m of elevation 
in 2023; the increase of 4.0% in 2024 was significant 
on lower probability level (Table 1). We do not have 
an explanation for the difference between individ-
ual years, but their length and coverage of vegeta-
tion period are not fully comparable and, therefore, 
a  longer measurement period would be  necessary 
to explain this phenomenon.

The state of  global or  continental atmospheric 
circulation is  another factor affecting the local 
distribution of  precipitation amounts (Dettinger 
et  al.  2004; Bohne et  al.  2020; Zhang et  al.  2024). 
In the Jeseníky Mts., the positive precipitation gra-
dient with altitude was mostly associated with the 
trough of low air pressure or cyclonal situation over 
central Europe. However, the negative gradient did 
not seem to  be  related to  any particular synoptic 
situation. Cosma et  al.  (2002) found that in  the 
Massif Central in  France, precipitation was often 
organised into narrow bands or plumes during the 
southern Mediterranean flows. Small-scale orog-
raphy plays a decisive role in forcing precipitation 
into bands, while upstream moisture conditions 
mainly affect precipitation intensity and its south-
north extent. Our data showed no clear effect of ex-
posure on  rainfall amount. Although there was 

a tendency for lower precipitation (by 16%) in the 
eastern exposure in  the lower and middle parts 
(>1 000 m a.s.l.) of the catchments, the differences 
were not statistically significant. The different roles 
of exposure in mountain ridge areas are consistent 
with the findings of Collados-Lara et al. (2018) and 
Kozak et al. (2019).

These results indicate that the estimation of  the 
actual amount of precipitation is complicated, even 
with a  relatively dense network of  rain gauges. 
In such cases, data interpolation may be insufficient 
to  obtain an  accurate value of  the rainfall in  the 
catchment. As reported by Lundquist et al. (2019) 
or Sliezak et al. (2023), high-resolution atmospher-
ic models using radar data are needed to approxi-
mate the actual precipitation in mountainous areas, 
as they better represent the situation than a collec-
tive network of rain gauges.

CONCLUSION

The results of  the study reflect the complexity 
of measuring precipitation in  forested watersheds 
in  mountainous regions. Data evaluation showed 
the importance of  the proper installation of  rain 
gauges in relation to the 'quality' of the surrounding 
open space. The proximity of rain gauges to nearby 
obstacles can affect measurement quality, although 
this is  often a  critical condition for fully forested 
parts of watersheds. An increasing gradient of pre-
cipitation amount with altitude, which is often used 
for interpolating data from the (few) meteorologi-
cal stations in  the catchment, was demonstrated 
in less than half of the evaluated seven-day periods. 
The 12% increase in precipitation per 100 m of alti-
tude is an indicative value of the orographic gradi-
ent in seven-day periods with a significant increase 
of  precipitation with altitude. However, several 
seven-day periods were also found when the gradi-
ent was negative. For  the whole frost-free period, 
the increase of precipitation with altitude was from 
5.2% to 7.5% per 100 m only. During periods with 
a positive gradient, the prevailing synoptic situation 
over central Europe was a  trough of  low pressure 
or cyclone; a negative gradient was not associated 
with any specific pressure conditions. The  effect 
of  exposure on  the amount of  precipitation was 
insignificant. The  tendency to  decrease precipi-
tation by  around 16% on  the eastern slopes was 
evident in the lower and middle parts of the catch-
ment. Overall, even a  relatively dense monitoring 
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network was not able to  provide accurate rainfall 
data in a forested catchment. Usually, one or a few 
meteorological stations are used for this purpose 
– providing a relative comparison between seasons 
rather than an exact total of  rainfall in  the catch-
ment. To  obtain accurate amounts of  rainfall and 
snow precipitation in  mountainous areas, the use 
of complex models utilising radar data is required.

Acknowledgement: We devote the article to the 
memory of  our colleague Zdeněk Vícha, who 
passed away so unexpectedly and early.
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