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ABSTRACT Long-term changes in precipitation phase are investigated at ten stations in Czechia.
Trends are calculated from 1983 to 2018 for the period between November and April. Daily
SYNOP reports and daily precipitation totals are used at every station, where number and occur-
rence of specific codes in SYNOP report determine daily precipitation totals as solid, combined
(which represents, to a large extent, category of mixed precipitation), or liquid. Thereafter, it is
possible to calculate trends of all precipitation phases as well as the proportion of solid to total
precipitation (S/P; in %). The average S/P trend over all Czech stations is significantly negative
(-0.60% - year™") and accompanied by a sharp decrease in solid precipitation (-1.66 mm - year™)
and an increase in combined precipitation (1.50 mm - year™). Thus, our results show a shift of
precipitation phase from solid to combined. Because of the dependence of S/P on air tempera-
ture, we suppose that the current S/P decline is a manifestation of rising air temperatures in
the past decades.
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Introduction

Changes in precipitation phase, which basically correspond to changes in solid,
mixed and liquid proportion in precipitation totals, form an important aspect of
recent climate change. Rising air temperature typically results in an increase in
liquid and decrease in solid precipitation, while trends of mixed precipitation
are expected to be either positive (i.e. air temperature is more frequently close
to zero now than in the past) or negative (i.e. air temperature is high above zero
now, thus nearly all precipitation is liquid). Long-term changes in precipitation
phase are often analysed in terms of the trend of proportion of solid to total
precipitation (S/P; in %). Warming of climate causes air temperature to be more
frequently close (or above) zero, which subsequently leads to the decrease of S/P
and vice versa.

The most vulnerable regions facing the decrease of S/P cover lower mountain-
ous areas, mild and also boreal zones with warmer climate where air temperature
fluctuates around zero in cold months and an increase in air temperature has
important impact on precipitation phase. Cold boreal and arctic zones are also
sensitive to changes in precipitation phase but in contrast with mild climate zones,
this process influences precipitation especially in summer, because air tempera-
ture in all other seasons is usually well below zero. Generally, it is pointless to
analyse any changes in precipitation phase in regions with warm oceanic type of
climate where the proportion of solid precipitation is very low (e.g. British Isles
and France).

Nevertheless, mountainous areas are the most endangered, because worse
availability of water related to reduced snow cover extent and depth together
with decreasing mass of glaciers may have negative impacts on availability of
water. Barnett, Adam, Lettenmaier (2005) claims that nearly one sixth of world
population (e.g. in northern China, northwestern India, western America, Alps)
may be negatively influenced by reduced snow extent and glacier mass.

Because of air temperature growth and consequent decrease of solid precipi-
tation, the snow cover extent and depth is reduced. Shrinking of snow cover is
particularly important in mild and boreal zones with nival and nival-pluvial runoff
regime, where melting of snow cover constitutes important part of the spring
runoff. Decrease of snow cover has two major results. First, the combination of
increased proportion of liquid precipitation and earlier onset of snowmelt leads
to the strengthening and shift of the peak runoff and higher probability of spring
floods (e.g. Middelkoop et al. 2001). Takala et al. (2009) demonstrated an earlier
onset of melting of spring snow cover for Eurasia during 1979 and 2007, which
was accompanied by the shift of the highest runoff to winter or earlier spring in
some areas (Barnett, Adam, Lettenmaier 2005; Tan, Adam, Lettenmaier 2011).
Secondly, the reduced extent and depth of snow cover negatively influence the
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availability of water in summer. This process is closely related to ground water,
which serves as a water reserve in summer. Ground water is mainly replenished
during spring months, when water from melting snow slowly infiltrates and refills
it. Liquid precipitation flows away from the land, thereafter causing less water
stored in snow. Thus, higher proportion of liquid precipitation and consequent
reduced extent and depth of snow cover lead to insufficient refill of groundwater.
These processes may lessen ground water reserves and then worsen availability
of ground water in summer months. Also, linkage to society is clearly evident, as
water may be shortened to population, agriculture and hydropower. Another effect
of decreasing S/P is on winter tourism (Elsasser, Biirki 2002): because of higher
air temperature, the area with snow depth and extent sufficient for winter sports
is being reduced, especially in lower elevations. Due to this fact, running and
maintenance of ski centres in lower altitudes is probably being more expensive
and complicated then nowadays.

Changes in the precipitation phase are studied by several methods, which are
however limited by the availability of data. Unfortunately, data about precipitation
phase are usually not available for every precipitation record, thus approximation
of precipitation phase is necessary. Three methods are generally used in relevant
studies. One method is based on threshold temperature, which separates solid and
liquid precipitation (Fuchs et al. 2000; Zanotti et al. 2004; L'Hote et al. 2005; Dai
2008; Ye, Cohen, Rawlins 2013). Precipitation observed above (below) threshold
temperature is considered as liquid (solid). The value of threshold temperature
separating liquid and solid precipitation mostly ranges from -1.0 to +2.5 °C (e.g.
Dai 2008; Feiccabrino, Lundberg 2008; Jennings et al. 2018), depending on loca-
tion, air temperature variable (daily maximum, minimum), relative humidity,
etc. Two threshold temperatures may be also applied on data: one separates
liquid from mixed precipitation, while the other mixed from solid precipitation.
Mixed precipitation may be divided into liquid and solid precipitation or may
be analysed as a separate category. Another method determines precipitation
phase by snowfall occurrence - if snowfall is recorded, daily precipitation total
is considered as solid, otherwise it is liquid (e.g. Huntington et al. 2004; Knowles,
Dettinger, Cayan 2006; Feng, Hu 2007). The third method, which is described in
detail here, uses SYNOP report and daily precipitation totals. Occurrence and
number of specific codes in SYNOP report determine phase of daily precipitation
total as solid, combined (representing mixed precipitation), or liquid (Dai 2008;
Ye, Cohen, Rawlins 2013).

In this paper, changes in precipitation phase as well as in precipitation totals
are analysed between November and April in 1983-2018 in Czechia. For this pur-
pose, stations where both SYNOP reports and data on daily precipitation totals are
available are utilized in this study. Trends of S/P ratio, solid, combined, liquid and
precipitation totals are calculated there.
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Data

Data of ten stations in Czechia (Fig. 1) between 1983 and 2018 are used in this study.
The SYNOP report and daily total precipitation are available for every day from
November to April there. SYNOP reports are recorded every hour (so 24 SYNOP
reports are available every day), however, the time interval of SYNOP reports was
extended to three hours in the 1980’s (i.e., 8 SYNOP reports are available every
day) at some stations. Furthermore, manual observations of some weather charac-
teristics during night (e.g. precipitation phase, total cloud cover) were reduced or
replaced by instruments at seven stations approximately between 2000 and 2010.
The quality of SYNOP reports during night is probably less accurate afterwards
since the instruments are less precise than observers and observations of some
weather characteristics are lacking completely. The automatic observation is not
the case of three stations - Praha, Ruzyné; Brno, Turany and Ostrava, Mo3snov.
The SYNOP report contains information about actual weather at the station. For
our purposes, the important part of the report is ‘weather condition’ where codes
describing precipitation phase (liquid, mixed, or solid) at the time of observation
or during the last observation period (one or three hours) are recorded. All codes
that are used in this study and the corresponding precipitation phase (solid, mixed
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Fig. 1 - Location of stations in Czechia
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Tab. 1 - List of “weather condition” codes in SYNOP report used in this study, their descriptions and
occurrence (%) in SYNOP reports over all Czech stations between November and April in 1983-2018

Precipitation  Code Weather condition Proportion (%)
phase in SYNOP reports
LIQUID 21 Rain (in the last hour) 8.95 60.90
24 Freezing rain or drizzle (in the last hour) 0.63
25 Rain showers (in the last hour) 5.33
29 Thunderstorm (with or without precipitation) 1.15
50-55 Drizzle 4.08
56-57 Freezing drizzle 0.88
58-59 Drizzle and rain 0.27
60-65 Rain (not in showers) 31.84
66-67 Freezing rain (not in showers) 0.69
80-82 Rain showers 5.39
91-92 Rain (thunderstorm in last hour, precipitation at the 0.37
observation time)
95,97 Thunderstorm with precipitation 1.32
SOLID 22 Snow (in the last hour) 3.41 36.63
26 Snow shower or snow shower with rain (in the last hour) 2.09
70-75 Snow 25.44
76 Diamond dust 0.07
77 Snow grains 0.66
78 Snow crystals 0.19
79 Ice pellets 0.05
85-86 Snow shower 4.50
87-88 Snow/ice pellet showers 0.20
93-94 Snow or rain/snow mix (thunderstorm in last hour, 0.02
precipitation at the observation time)
MIXED 23 Rain and snow (in the last hour) 0.98 2.47
68-69 Rain and snow or drizzle and snow 1.34
83-84 Rain and snow showers 0.16

or liquid) are displayed in Table 1. The percentage of occurrence of single codes
as well as the precipitation phases in SYNOP reports reveals that the liquid codes
occur more frequently than the solid and mixed precipitation codes (Table 1). The
most often recorded weather codes are ‘rain’ and ‘snow’, while the incidence of for
example ‘diamond dust’ or ‘ice pellets’ is rare.

We note that the categorisation of some codes into a single precipitation phase
may be disputable: e.g. freezing rain occurs at air and/or surface temperatures be-
low zero, but because rain freezes at the moment it reaches the surface, it belongs
to liquid precipitation. Code 26 (“snow shower or snow shower with rain [in the
last hour]”) is included into solid precipitation although it may contain both solid
and mixed precipitation phase. Nevertheless, we suppose that solid precipitation



46 GEOGRAFIE 124/1 (2019) / M. HYNCICA, R. HUTH

has a higher proportion in this category because there is an additional specific code
for rain and snow shower (code 23). Even more problematic are codes describing
the occurrence of thunderstorm (29, 93-95, and 97). Codes 29 (“thunderstorm
with or without precipitation”) and 95, 97 (“thunderstorm with precipitation”)
do not determine specific precipitation phase. Yet, all these codes are taken as
liquid precipitation, because the majority of thunderstorms in the cold half year,
which is analysed here, occur in autumn and spring when liquid precipitation
prevails. Since the majority of thunderstorms in Czechia are accompanied with
precipitation, code 29 is included among the codes indicating the occurrence of
precipitation although it includes the possibility of no precipitation being detected
at the observing site. Codes 93 and 94 (“snow or rain/snow mix [thunderstorm in
last hour, precipitation at the observation time]”) indicate both solid and mixed
precipitation forms. We decided to assign them to solid precipitation; this has neg-
ligible impact only, because the occurrence of these codes is very low (0.02%). All
the codes just discussed do not determine a precipitation phase uniquely, thereby
introducing uncertainty into its determination. However, due to the fairly low
occurrence of these codes, we do not expect this may bias results of our study.

When only solid or only liquid codes are recorded on a day, that particular day
is categorised as a day with solid orliquid precipitation, respectively. The day with
combined precipitation is defined as a day when either at least one code for mixed
precipitation is recorded or both liquid and solid codes are recorded. Each day with
precipitation is thus assigned to just one precipitation phase. Nevertheless, there
are some cases when precipitation phase cannot be identified because weather
condition codes describing precipitation phase are not recorded. We assume that
this may be caused by the switch from manual to automatic observation of precipi-
tation types during night at the majority of stations. Even though the instrument
is able to record seven precipitation types (snow, rain, drizzle, mixed rain/snow,
freezing rain, freezing drizzle and ice pellets), its reliability is certainly lower than
manual observation and thus also affecting quality of SYNOP reports where in-
formation on precipitation phase during night may be inaccurate or even lacking.
Daily precipitation totals without assigned precipitation phase are not included in
calculation of trends and proportions of individual precipitation phases. We use
terms ‘solid’, ‘combined,” and ‘liquid’ precipitation for total precipitation in days
with solid, combined, and liquid precipitation for the sake of simplicity.

We define the ratio of solid to total precipitation, S/P, as a percentage of solid
(S) vs. total (solid plus liquid plus combined precipitation; P) precipitation. The
analysed cold half-years are denoted by the year when they end, that is, season
November 1996 - April 1997 is denoted as 1997.

Long-term trends of S/P (%-year™) and of total, solid, combined, and liquid
precipitation (all in mm - year™) are determined by simple linear regression. Their
statistical significance is tested by t-test at the 5% level.
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Results

Figure 2 confirms that the proportion of solid (liquid) precipitation increases (de-
creases) with altitude, as expected. At mountain stations (Lys4 hora1,322 ma.s.l;
Churéiiov 1,118 m a.s.1.), the average S/P between November and April is roughly
between 40-70%, while it decreases to 15-25% at stations below 500 m a.s.l. The
differences in S/P between Lys4 hora and Churétiov (average S/P is 62 and 44%,
respectively) may be caused by different station elevations, because Lys4 hora is
situated higher and has colder climate than Churéfiov (average air temperatures
between November and April at Lysd hora and Churanov in the period analysed
are -2.5 °C and -0.6 °C, respectively). Another explanation lies in the different
surrounding landforms around stations: Lys4 hora is situated on a rather iso-
lated mountain peak, overtopping the surrounding terrain by several hundreds
of meters, whereas Churanov is located on a flat plateau where larger radiation
impact of ground on adjacent air also leads to its stronger heating, resulting in
higher sensitivity to increasing air temperature and thus more combined and
liquid precipitation.

The highest proportion of liquid precipitation is observed at low elevations,
where it is usually between 40-60%. The proportion of combined precipitation is
quite similar across all stations (20-40%), but stations with its highest proportion
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Fig. 2 - Proportion (in %) of solid (blue), combined (red) and liquid (green) precipitation for Novem-
ber-April, 1983-2018
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Tab. 2 - List of stations, their elevation, and trends of solid, combined, liquid, and total precipitation
(mm-year™), and trend of S/P (% - year™) in 1983-2018. The last row contains trends for the average
values over all stations. Values statistically significant at the 5% are denoted by asterisk.

Station Elevation (m a.s.l.) Solid Combined Liquid Total S/P

Brno, Tufany 237 -0.38 0.13 0.10 -0.15 -0.24*
Ostrava, MosSnov 257 -0.83* -0.19 0.26 -0.75 -0.34*
Kuchafovice 334 -0.93* 1.71% -0.60 0.18 -0.66*
Praha, Ruzyné 380 -0.52* -0.04 0.39 -0.17 -0.40*
Liberec 405 -1.79* 2.69% -1.78* -0.88 -0.52*
Cheb 483 -1.14* 2.35% -0.56 0.65 -0.56*
Kostelni Myslova 569 -1.44*% 1.94% -0.61 -0.11 -0.66*
Svratouch 733 -2.09* -0.25 -0.35 -2.69* -0.47*
Churanov 1,118 -4.92* 2.61* -0.29 -2.60 -0.84*
Lysa hora 1,322 -2.64* 4.02* 0.56 1.94 -0.77*
All stations - -1.66* 1.50* -0.26 -0.42 -0.60*

are located between 500 and 1,100 m a.s.] (Churéiiov, Liberec and Kostelni Mys-
lova). However, it should be emphasized that the proportion of combined pre-
cipitation (average over the Czech stations is 33% between November and April)
is overestimated due to the methodology of determination of the precipitation
phase. The reason is that only one SYNOP report (out of four or eight) on a day
with combined precipitation is enough for all daily precipitation to be considered
as combined, although only liquid or only solid precipitation might be recorded at
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Fig. 3 - Time series of mean S/P (black line, right axis), solid (blue), combined (red) and liquid (green)
precipitation (left axis) for all Czech stations together for period November-April between 1983 and
2018
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Fig. 4 - Time series of S/P (%) and linear regression trend lines at Lys4 hora (dark grey) and Churéfiov
(light grey) stations for period November-April between 1983 and 2018

other observation times that day. Similarly, a day when liquid and solid precipita-
tion is reported separately is considered as a day with combined precipitation even
though no mixed precipitation actually occurs.

The average of the Czech stations has a negative significant trend of S/P (Table 2;
-0.60%-year™'), which is caused by significant decrease in solid precipitation
(-1.66 mm - year™) and increase in combined precipitation (1.50 mm -year™).
Slight decrease in both liquid and total precipitation is statistically insignificant.
Figure 3 shows that the strong decline of S/P started in 2007 and continued after-
wards. The trend of S/P between 1983 and 2006 was only -0.18%-year™, being
insignificant. Negative trend of solid precipitation after 2007 is accompanied by
a strong increase in combined precipitation, suggesting the shift of precipitation
phase from solid to combined.

Table 2 shows that S/P significantly declines at all stations. The reason is the
same as for the average over all stations - decrease in solid precipitation (signifi-
cant at all stations but Brno, Tufany), mostly increase in combined precipitation
and varied trends of liquid precipitation. Trends of precipitation totals are mostly
negative and insignificant (the exception is Svratouch with significantly nega-
tive trend). The decrease in solid precipitation becomes generally stronger with
altitude (the stations located above 400 m a.s.l have trends between approximately
-1and -5 mm-year™). Slightly negative trends of liquid precipitation are caused
by its decrease after roughly 2005-2007.
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Fig. 5 - Average proportion of solid precipitation on precipitation totals (S/P; in %) for single months
between November-April between 1983 and 2018

The most negative S/P trends are located at mountain stations Churaiiov and
Lysa hora (Fig. 4), both having the strongest decreases in solid precipitation of all
stations, accompanied by a significantly positive trend of combined precipitation.
Opposite trends of precipitation totals may be partly explained by geographical
locations of stations, because precipitation at Lysd hora is more frequently caused
by cyclones originated in the Mediterranean or near the Alps whereas precipita-
tion is carried mainly by westerly-southwesterly flow from the Atlantic Ocean at
Churariov.

Tab. 3 - Solid, combined, and liquid precipitation proportion (%) and its trends (mm - year™) together
with total precipitation trends (mm-year™) and S/P trends (% - year™) in 1983-2018 for individual
months over all stations. Values statistically significant at the 5% are denoted by asterisk.

Solid Combined Liquid Total S/P

Proportion  Trend Proportion  Trend Proportion  Trend Trend Trend

November 23 -1.70 31 2.83* 46 -0.64 0.49 -0.35
December 36 -3.30* 37 0.95 27 -2.62* -4.97* -0.48*
January 43 -2.33 36 4.89% 21 0.53 3.09 -0.63*
February 51 -4.50* 31 1.86 18 1.20 -1.45 -1.05*
March 32 -2.66* 35 2.92% 33 0.02 0.28 -0.56*

April 15 -2.10* 27 1.43 58 -1.25 -1.92 -0.47*
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S/P is highest in February and lowest in April at all stations, apart from Brno,
Tufany (Fig. 5). Average S/P over all stations is 51% in February, 43% in January
and 36% in December, while it is only 15% in April (Table 3). Even at stations at low
elevations, S/P is always higher than 26% in February, while S/P is highest at Lysa
hora (77%), the uppermost station in this study. Figure 5 again demonstrates the
negative influence of local climate on S/P at Churanov as its monthly S/P values
are close to those at Svratouch, which lies nearly 400 m below Churariov.

Mean S/P over all stations significantly (apart from November) decreases in all
months. The strongest negative S/P trend is detected in February (-1.05% - year™),
followed by January (-0.63% - year™!) and March (-0.56% - year™). Negative trends
of S/P in all months are accompanied by decrease in solid precipitation and in-
crease in combined precipitation. Trends in liquid and total precipitation are
various and insignificant with the exception of December when both have strong
and significant decrease.

Discussion

In this study, we examine long-term changes in precipitation phase in Czechia. The
S/P ratio significantly declines at all stations, while it is accompanied by decrease in
solid precipitation, increase in combined and varied trends of liquid precipitation
at majority of them. However, magnitudes of trends are influenced by the quality of
data as well as used methods. It is well-known fact that linear regression is highly
affected by extreme or outlying values if they occur near the start or end of the
studied period. Fortunately, the decrease of S/P after 2007 is prominent and clearly
visible in Figure 3, which supports our results and indicates that it is not a result of
a single (or a few of) outlying value(s). We are also aware of the fact that changes
from manual to automatic observations of precipitation phase during night (Sec. 2)
between 2000 and 2010 might have influenced the results. Although automatic
instruments are able to distinguish seven types of precipitation phases, they cannot
fully replace manual observations. Three stations (Praha, Ruzyné; Brno, Tufany,
and Ostrava, Mo§nov) where the manual observation of precipitation phase dur-
ing night is preserved, have in comparison with other stations different trends in
combined (weaker, close to zero trends) and liquid (slightly positive trends) pre-
cipitation. On the other hand, the behaviour of solid precipitation is the same at all
stations. Thus, the influence of automatic observations during night on magnitude
of trends is speculative and it might be only coincidence that the three aforemen-
tioned stations have slightly different trends in some precipitation phases.
Although there are several approaches to study changes in S/P (Sec. 1), the
determination of precipitation phase with the use of SYNOP reports is probably
the most accurate, because it is based on real observations, whereas the other
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Fig. 6 - Time series of mean S/P (black line, left axis) and average temperature Tavg (red line, right
axis) for all Czech stations together for period November-April between 1983 and 2018

approaches are oversimplified (e.g. identification of precipitation phase by ob-
servation of snowfall) or rely on derived values (e.g. threshold temperature).
Nevertheless, presented results are necessarily only approximations of the real
change in the S/P since we do not know precipitation phase of every single 0.1 mm
precipitation total. Our method also leads to an overestimation of combined pre-
cipitation. Despite these disadvantages, we consider determining of precipitation
phase with use of SYNOP reports as the most appropriate.

Our results are hard to compare with other studies, because we are not aware
of any study describing long-term changes in precipitation phase in Czechia. The
few articles analysing changes in S/P in Europe are all focused on either a single
station or/and different climate conditions. Twardosz et al. (2012) found signifi-
cant increase in precipitation total but almost no change in solid precipitation
in Krakow between 1863 and 2008. In Finland, Irannezhad et al. (2017) detected
negative trend of S/P at one out of three analysed stations between 1959 and 2008.
Other studies analyse changes in S/P only at high altitude stations in the Alps
(Schéner, Auer, B6hm 2009; Marty, Meister 2012) and it is not possible to compare
them with our results.

There are several factors, which influence S/P ratio, but air temperature seems
to be the most important (Ye, Cohen, Rawlins 2013). We also proved that tempera-
ture is crucial factor, because the Pearson correlation between the series of S/P



LONG-TERM CHANGES IN PRECIPITATION PHASE IN CZECHIA 53

and temperature (both between November and April) averaged over all Czech
stations is -0.79. The coincidence between temperature and S/P is particularly
evident after 2013 (Fig. 6) when the increase of temperature is accompanied with
rapidly falling S/P. Correlations between temperature and S/P at individual sta-
tions range from -0.58 (Praha, Ruzyné) to -0.80 (Brno, Tufany). Therefore, since
the relationship between S/P and temperature is rather strong, the negative trend
of S/P may be explained by growing air temperature. According to Brazdil et al.
(2009), monthly air temperature trend in Czechia (1961-2005) between December
and April is positive; only in November it is close to zero. November is also the
month with the least negative trend of S/P (Table 3). Increase of air temperature
certainly causes negative trend of S/P, because higher air temperature reduces
total solid precipitation and consequently the S/P.

Conclusions

We analyse changes in the precipitation phase in Czechia between November and
April from 1983 to 2018 at ten stations. At every station, the occurrence of specific
codes in SYNOP reports determines the precipitation phase of daily precipitation
totals as solid, combined, or liquid. Trends of the precipitation phases and of the
precipitation totals are calculated by linear regression. Furthermore, the trend
of S/P (solid to total precipitation ratio) gives us information about changing
proportion of solid to total precipitation. S/P significantly declines at all Czech
stations, average value of the trend over all stations being -0.60% - year™". This
trend is accompanied by decrease in solid precipitation (~1.66 mm - year™), in-
crease in combined precipitation (+1.50 mm-year™) and slightly negative trend
of liquid precipitation (-0.26 mm-year™). At all stations (with the exception of
Brno, Tutany), solid precipitation significantly decreases, which is compensated
by increases in combined precipitation at the majority of them. This indicates a
shift of precipitation phase from solid to combined. Trends of liquid precipitation
are varied and mostly insignificant. In the case of individual months, the highest
decrease in S/P is in February (-1.05%-year™') and January (-0.63%-year™). In
a mild climate zone, the logical and simple explanation of decreasing S/P exists:
the observed increase in air temperature leads to a more frequent occurrence of
combined (mixed) and liquid precipitation, whereas the occurrence and propor-
tion of solid precipitation are decreasing. In the next decades, climate projections
for Czechia expect increases of air temperature in all seasons including winter,
while the total precipitation is expected to decrease in winter. Precipitation totals
will probably increase during autumn and spring (Pretel et al. 2011). Because the
air temperature is the main factor controlling the precipitation phase, we may
expect a further decrease in S/P in the following decades.
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