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Abstract

This paper investigates the variability of drought conditions in Po-
land in the years 1956-2015 with the use of the Standardized Precipita-
tion-Evapotranspiration Index (SPEI). The study provides a new insight
into the phenomenon of the past expansion of the drought-affected area
as well as evidence of drying trends in a spatiotemporal context.
3-month, 6-month, and 12-month SPEI were considered, representing
drought conditions relevant to agriculture and hydrology. The analysis
demonstrates that the spatial extent of droughts shows a broad variability.
The annual mean of the percentage of the area under drought has wit-
nessed an increase for all three SPEI timescales. This also pertains to the
mean area affected by drought over the growing season (April-Septem-
ber). A decreasing trend in the SPEI values indicates an increase in the
severity of droughts over the 60-year period in question in an area ex-
tending from the south-west to the central part of Poland.
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1. INTRODUCTION

In recent decades an increase in the frequency and severity of summer
droughts is reported to be an emerging issue globally (Kundzewicz 2008).
This also concerns Poland. Prolonged dry and hot periods in the summer
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lead to reduced recharges of soil moisture and groundwater, resulting as a
consequence in long-lasting low flows and a deficit in the water balance
(Tokarczyk 2013, Kedziora et al. 2014). Since the 1980s, Poland has experi-
enced significant summer droughts. The period from 1982 to 2006 was
marked by multiple years of extreme heat and precipitation shortfalls, result-
ing in widespread droughts (Labedzki 2007, Lorenc et al. 2008). In a warm-
ing climate in Poland, an increase in the number of extremely warm days in
a year and an increase in the maximum number of consecutive hot days have
been observed for the period 1951-2010 (Graczyk and Kundzewicz 2014).
Summer deficit does not show any statistically significant trend (Wibig
2012). As the summer precipitation deficit is projected to increase consider-
ably in the future, Poland might face a high risk of water shortages in the
next decades (Szwed et al. 2010).

Noteworthy is that an extremely hot and dry summer occurred in Poland
in 2015. Significant dry conditions occurred in August across the whole
country, from the Silesian Lowland, through the Wielkopolska Lowland and
Mazovian Lowland to the Lublin Upland and Podlasie Lowland (IUNG-PIB
2015). Over the majority of the country, rainfall in August ranged from 10 to
30% of the long-term norm. As a consequence, discharge from the Vistula
basin in August constituted only 42.5% of the long-term mean, and from the
Oder Basin 35% (IMGW 2015). The River Vistula reached a new low record
which was the lowest stage since records began in the eighteenth century.
Simultaneously, in many rivers the stages (and discharges) fell to the lowest
values, reaching the absolute minimum registered since the 1950s, especially
in August and September (IMGW 2015).

As there is evidence of several drought events in Poland during the last
decades, a new assessment of drought trends over the past 60 years seems to
be a challenging issue. It might give new insights into an expansion of the
area affected by drought in the past, and into the evidence for drought trends
in a spatiotemporal context. A range of different single or combined indica-
tors is already used to detect and monitor droughts (e.g., Zargar ef al. 2011,
Labedzki and Bak 2014, Ziese et al. 2014). The most commonly used is the
Standardized Precipitation Index (WMO 2012), also used in drought studies
in Poland (e.g., Osuch et al. 2015, Radzka 2015). In addition to the Stand-
ardized Precipitation Index (SPI), its newer variant, called the Standardized
Climatic Water Balance (SCWB), was introduced in Poland by Labg¢dzki and
Bak (2004) and used for an assessment of regional droughts. The difference
between precipitation and Penman—Monteith reference evapotranspiration
was utilized. More recently proposed is the Standardized Precipitation-
Evapotranspiration Index (SPEI) which is based on the same concept, using
the difference between precipitation and potential evapotranspiration (Vicen-
te-Serrano et al. 2010). It was designed as an improved drought index for
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studies of the effect of warming on drought severity (Begueria ef al. 2014).
The advantage of the SPEI (alternatively called the SCWB) over the SPI is
that it is based not only on precipitation, but includes the component of po-
tential evapotranspiration (PET). It normalizes anomalies in accumulated
climatic water balance, calculated as the difference between precipitation
and potential evapotranspiration. Different evapotranspiration equations
might be applied in the SPEI calculation (Stagge ef al. 2014), among which
there is a Thornthwaite equation (Thornthwaite 1948), based on air tempera-
ture with an adjustment being made for the number of daylight hours. This
method, requiring only limited data, was applied in the original SPEI meth-
odology proposed by Vicente-Serrano et al. (2010) and is used in the SPEI
Global Drought Monitor (Begueria et al. 2010). The choice of a more so-
phisticated PET method is limited by higher input requirements. Previous
studies proved that the largest differences between SPEI calculated using
different PET equations occur during the winter and spring, whereas the best
agreement occurs during the summer (Stagge et al. 2014). Thus it might jus-
tify the choice of SPEI data from the Global Drought Monitor as first guess
data, to consider and investigate, especially the summer droughts. Another
SPEI data, the SPEIbase, is based on the FAO-56 Penman—Monteith estima-
tion but at the moment it covers the temporal range up to December 2014
only. In Poland, the SPEI based on the Thornthwaite equation was investi-
gated by Wibig, using data from 18 synoptic stations for the years 1951-
2006 (Wibig 2012). In the context of the recent drought that occurred in
2015, further research on an expanded temporal window might give new ev-
idence of drought severity trends, proving or contradicting previous findings.

This study analyzes the changes in the areas under drought in Poland
over the past sixty years and gives an insight into drying trends evaluated by
the SPEI over the long-term period, chosen here as 1956-2015.

2. DATA AND METHODS

The SPEI data used in this study were acquired from the Global Drought
Monitor database, in which the PET is calculated by the Thornthwaite equa-
tion (Begueria et al. 2010). Climate data used for the SPEI calculation in-
clude air temperature data from the station observation-based global land
monthly mean surface air temperature dataset at 0.5° spatial resolution, de-
veloped at the Climate Prediction Center, National Centers for Environ-
mental Prediction in the US (Fan and van den Dool 2008). Additionally,
monthly precipitation sums data were acquired for the SPEI calculation from
the Global Precipitation Climatology Center (GPCC). The “first guess”
monthly land-surface precipitation product at 1.0° spatial resolution (Ziese et
al. 2011), interpolated to a resolution of 0.5°, is applied. The SPEI time se-
ries over Poland have been retrieved at 196 grid cells (Fig. 1) for the period
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Fig. 1. Spatial distribution of grid cells of the SPEI Global Drought Monitor cover-
ing the territory of Poland.

January 1956 up to December 2015. Data were downloaded from online re-
sources (http://sac.csic.es/spei). The dataset at a 0.5° spatial resolution in-
cludes different time-scales between 1 and 48 months. In this study, three
time scales, 3, 6, and 12 months, have been selected, representing dryness/
wetness conditions relevant to agriculture and hydrology (WMO 2012). The
SPEI-3 represents cumulative moisture conditions for the 3-month period.
For example, a 3-month SPEI at the end of June represents cumulative mois-
ture conditions for April-May—June. Similarly, the SPEI-6 and the SPEI-12
represent cumulative wetness conditions for the 6-month and 12-month peri-
ods. Positive values of the SPEI indicate wetness conditions wetter than av-
erage, whilst negative values indicate conditions drier than average. A
drought is considered to occur when the SPEI value is less than or equal to
—1. Three different drought categories were distinguished according to the
SPEI value: moderate (D1), severe (D2), and extreme (D3) events (Table 1).
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Table 1
Dryness/wetness categories according to the SPEI values
SPEI value Dryness/wetness category
<-=2.00 Extreme drought (D3)

—1.99 to —1.50 Severe drought (D2)
—1.49 to —1.00 Moderate drought (D1)
—0.99 to 0.99 Near normal

1.00 to 1.49 Moderately wet

1.50 to  1.99 Severely wet

>2.00 Extremely wet

Area affected by 3-month and 12-month droughts of three different cate-
gories at a country level was determined by summing up the area of grid
cells (Fig. 1). Based on that, the most widespread drought events were de-
tected over the years 1956-2015. Averaging monthly values of percent of ar-
ea under drought in each year, the annual mean was calculated and checked
for a trend or tendency. Similarly, seasonal means for the winter half (No-
vember—April) of the year and for the summer half (May—October), and for
the growing season (April—September), were calculated and tested for any
changes.

Following this, time series of SPEI-3 and SPEI-12 at each grid cell were
checked for each month, whether or not there is a long-term trend. Inde-
pendently, a long-term trend analysis was conducted for the SPEI-3 and
SPEI-12 averaged over the growing season (April—September). Additionally,
a long-term trend analysis was conducted for the SPEI-6, based on the time
series at each grid cell for September, ending the 6-month growing season.
The non-parametric rank-based Mann—Kendall test was applied to detect
drying or wetting trends of the SPEI. It is one of the most widely used meth-
ods for hydro-meteorological time series trend detection (Radziejewski and
Kundzewicz 2004a, Machiwal and Jha 2012) applied formerly, among oth-
ers, in the trend analysis of drought indices (e.g., Wibig 2012, Damberg and
AghaKouchak 2014, Potop et al. 2014). The HYDROSPECT software
(Radziejewski and Kundzewicz 2004b) was used to calculate the Mann—
Kendall test statistic (Z), and the statistical significance. Negative values of Z
indicate decreasing trends in the SPEI (drying trend) whilst positive Z values
characterize increasing trends (wetting trends). Trends were tested at the
threshold values of significance level. Significance levels of 99.9, 99, 95,
and 90% correspond to |Z] values of 3.290, 2.575, 1.960, and 1.645. The
Kendall-Theil robust line was used to quantify the magnitude of the identi-
fied trends (Theil 1950, Helsel and Hirsch 2002). The Kendall-Theil method
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was chosen as an alternative to simple linear regression because it requires
no assumption of the data distribution and is less sensitive to outliers. It has
been applied in many hydrological and environmental studies (e.g., Wang et
al. 2014, Zhang et al. 2015).

3. RESULTS AND DISCUSSION
3.1 Area under drought

Figures 2 and 3 provide an insight into the temporal evolution of the per-
centage of the country area under drought, evaluated respectively by SPEI-3
and SPEI-12. The most widespread 3-month extreme summer drought events
(Fig. 2a) affected 46% of the country in April 1974, 43% in August 1992,
and 47% in August 2015, whilst the most extensive winter drought covered
43% of the territory in March 1989, 65% in January 1997, and 39% in No-
vember 2011. Considering the area under extreme (D3) and severe (D2)
droughts together (Fig. 2¢), the most widespread summer events occurred in
April 1974 (78%), August 1992 (87%), and August 2015 (70%), whilst in
the winter half — they were in January 1997 (91%), March 1989 (88%), and
November 2011 (73%). The percentage of area under drought conditions of
D1, D2, and D3 together, exceeding 90% of the country territory, occurred
in December 1957, March 1972, April 1974, November 1982, March 1989,
August 1992, January—February 1997, November 2005, and Au-
gust—September 2015. The year 1959 was also relatively dry, with the peak
in May, when 89% of the country was in drought. In 47 months of the period
from January 1956 until December 2015, the percentage of area under the 3-
month drought (SPEI < —1) was larger than 70%, comprising both droughts
appearing in the summer and winter halves of the year.

The most widespread extreme 12-month drought (Fig. 3a) occurred in
August 2015 (44%), September 2015 (41%), and October 2015 (28%). The
occurrence of drought in a sequence of months shows its persistence. A rela-
tively large area was detected in the sequential months from May till Sep-
tember 1983, covering an area of 12-25% of the country’s territory.
Considering the area under drought conditions D3 and D2 together (SPEI <
—1.5), such a sequential occurrence of dry months took place over the whole
period of analysis (Fig. 3¢). However, the widest drought occurred again in a
sequence of months in 2015, increasing from April (13%) till August (83%),
and then decreasing from September (75%), through October (63%) till No-
vember (36%). The area under drought conditions D1, D2, and D3 together
(SPEI < —1) was largest in 2015 (Fig. 3e). A sequence of dry months cover-
ing a large area of the country occurred already in September 2014 and last-
ed through the entire year 2015. The most widespread drought lasted from
April 2015 (42%) till August and September 2015 (98%). Such sequences of
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Fig. 2. Percent of area under the 3-month drought in the period 1956-2015: D3 (a),

D2 (b), D3 and D2 (c), D1(d), and D3, D2 and D1 (e).
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Fig. 3. Percent of area under the 12-month drought in the period 1956-2015: D3 (a),

D2 (b), D3 and D2 (c), D1(d), and D3, D2 and D1 (e).
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dry months (SPEI < —1) occurred also in the past; the longest and the most
widespread events took place in 1959-1960, 1963-1965, 1969, 1972-1974,
1976, 1982-1984, 1988-1990, 1992-1993, 2002-2003, and 2006.

The results show that large inter-annual variability in the area under
drought exists. The annual mean of the percentage of area under drought,
calculated by the Kendall-Theil robust line method and tested for signifi-
cance by the Mann—Kendall test, increased in the years 1956-2015, with a
change of 0.087%yr' (270 km>yr') for the 3-month droughts, and
0.052%-yr" (162 km*a™") for the 12-month droughts (Table 2). The long-
term series of mean areas affected by drought over the growing season
(April-September) show an increase with a rate of 0.105%-yr ' (328 km*yr ")
and 0.064%-yr ' (200 km*yr "), respectively, for the 3-month and 12-month
droughts. Much lower is an increase of the area under 6-month droughts ap-
pearing in the growing season, calculated both as a 6-month mean and for
September only; it is within the range of 144-178 km*yr ' (Table 2). It is
worth noting that the highest rate of increase concerns the area under the

Table 2

Summary statistics of changes of drought area in Poland in the years 1956-2015
Time series: L Rate of change evaluated by
Year Mann—Kendall test statistics Kendall_Theil robust line
Season Test statistic | Significance | Area percent Area
Month Z level [%] [% yr'] [km* yr']
3-month droughts (D3, D2, and D1)
Year 0.969 67 0.087 270
November—April 0.625 47 0.035 110
May—October 1.352 82 0.117 367
April-September 1.276 80 0.105 328
6-month droughts (D3, D2, and D1)
Year 0.944 65 0.077 241
November—April 1.225 78 0.087 272
May-October 0.680 51 0.043 136
April-September 0.561 43 0.046 144
M09 1.050 71 0.057 178
12-month droughts (D3, D2, and D1)
Year 0.829 59 0.052 162
November—April 0.612 46 0.045 141
May—October 1.033 70 0.079 219
April-September 0.944 65 0.064 200
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3-month drought in the summer season (May—October) and is 0.117%yr '
(367 km*yr ™).

The drought conditions over Poland, detected in this study, refer to the
most relevant European drought events evaluated by the combined indica-
tors, reported recently by Spinoni et al. (2015). Among the list of 22 big Eu-
ropean multi-region drought events that occurred from 1950 until 2011, ten
of them concerned central and eastern Europe and were reflected also in Po-
land. The confirmed occurrence of such widespread droughts, marked also in
Poland, concerns the years 1959, 1964, 1972-1974, 1976, 1983, 1992, 1996-
1997, 2003, 2006, and 2011.

3.2 Changes in the SPEI over an entire year

In order to check if there is a trend in the SPEI values, 60-element series of
singular SPEI-3 and SPEI-12 values were prepared for each grid cell, for
each month. Then, the Mann—Kendall test was applied. Results are presented
in Figs. 4 and 5. In the SPEI-3 monthly series (Fig. 4), a statistically signifi-
cant trend occurred in many grid cells in the months April-October, cover-
ing 25% of the country’s territory in April and 21% in October (Table 3).

Table 3
Percent of the country area with drying trend and drying signals

Percent of area [%]
Month 3-month SPEI 12-month SPEI
Drying Drying Drying Drying
trend signal trend signal
January 7 38 18 45
February 3 18 19 47
March 0 6 18 46
April 25 44 18 46
May 13 32 23 44
June 16 43 19 43
July 6 30 23 49
August 17 62 33 64
September 13 56 32 63
October 21 58 30 56
November 7 40 29 57
December 13 65 23 52

Explanations: Drying trend is assumed to occur for the test statistic
of the Mann—Kendall test Z values < —1.645. Drying signal
is assumed to occur for the rate of change of the SPEI values
<—0.005 yr ', calculated as a slope of the Kendall-Theil robust line.
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Fig. 4. Mann—Kendall test results of trend detection over Poland at the 90, 95, 99,
and 99.9% significance levels for the SPEI-3 monthly series. Yellow, red and brown
circles indicate decreasing trend in SPEI values, blue circles — increasing, whereas
blank one — no trend detected.
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Fig. 5. Mann—Kendall test results of trend detection over Poland at the 90, 95, 99,
and 99.9% significance levels for the SPEI-12 monthly series. Yellow, red and
brown circles indicate decreasing trend in SPEI values, blue circles — increasing,
whereas blank one — no trend detected.
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Fig. 6. Rate of change of the SPEI-3 values over Poland in the years 1956-2015,
evaluated by the Kendall-Theil robust line method.
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Fig. 7. Rate of change of the SPEI-12 values over Poland in the years 1956-2015,
evaluated by the Kendall-Theil robust line method.
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The spatial pattern of grid cells with decreasing (drying) trend extends from
the south-west to the center of the country. It is especially visible in April
(Fig. 4d), August (Fig. 4h), and October (Fig. 4j), whereas in other months,
such a “compact” group of cells does not show up. It is worth mentioning
that in May (Fig. 4¢) and March (Fig. 4¢) an increasing trend is marked, re-
spectively, in the east and north. A much more consolidated group of grid
cells with decreasing trends was detected in the monthly SPEI-12 series
(Fig. 5). Here, the area affected by a decreasing trend extends from south-
west to the central parts of the country, throughout all months. The largest
spatial extent of a drying trend occurs in August, September, and October,
covering approximately 30-33% of the territory (Fig. Sh-j, Table 3). An in-
creasing trend concerns selected pixels only. Considering the rate of change
of the SPEI over the 60-year period, evaluated by the Kendall-Theil robust
line (Figs. 6 and 7), it is worth mentioning that a considerable part of Poland
experiences drying signals (negative values of slope of the Kendall-Theil
robust line). This concerns approximately 56-64% of the territory in August,
September, and October, both for the 3-month and the 12-month SPEI
(Table 3).

The obtained results concerning drying trends over Poland coincide with
previously conducted studies, although for different long-term periods.
Labedzki et al. (2014) investigated reference evapotranspiration, based on 18
stations across Poland. It was proved that there is an increasing trend in the
reference evapotranspiration in 1971-2010, explained by the trends of air
temperature and sunshine as the main factors determining evapotranspira-
tion. Simultaneously, it was detected that the reference evapotranspiration
pattern across Poland showed differences, with the highest values recorded
in central Poland, from west to east, where there is relatively low precipita-
tion, causing significant meteorological and agricultural droughts. The re-
gion of the highest increase of reference evapotranspiration, although based
only on 18 stations, coincides with the region of statistically significant dry-
ing trends of SPEI-3 and SPEI-12, detected in this study. However, the SPEI
is considered to be a more complex index in detecting drying trends, includ-
ing not only evapotranspiration but also precipitation.

3.3 Changes in the SPEI over the growing season

In order to check if there is a trend in the SPEI values over the growing sea-
son, the SPEI values were averaged over the 6-month period from April to
September. Then, the 60-element series of the SPEI-3 and SPEI-12 were
prepared for each grid point and the Mann—Kendall test was performed
(Fig. 8a,c). For comparison, the SPEI-6 series for September was investi-
gated, representing the cumulative moisture conditions for the six months of
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Test Statistic / Significance level (%)
® <=-3.290/99.9% (-1.645- 1.645) / not significant
® (-3.290- -2.575]/99% [1.645 - 1.960) / 90%
® (-2.575--1.960]/95% ® [1.960 - 2.575)/95%
(-1.960 - -1.645] / 90% @ [2.575 - 3.290)/ 99%
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Fig. 8. Mann—Kendall test results of trend detection over the growing season (April—
September) for the SPEI-3 (a), SPEI-6 for September (b), and SPEI-12 (c). Rate of
change evaluated by the Kendall-Theil robust line slope in the time series of the
SPEI-3 (d), SPEI-6 for September (e), and SPEI-12 (f).

the growing season (Fig. 8b). Additionally, the rate of the SPEI change was
estimated by the Kendall-Theil robust slope for the respective SPEI time
scales (Fig. 8d-f). Drying trends occurred in the region extending from the
south-west to the center of the country and over single grid cells in the north-
east. The changes of the SPEI values, reflecting the drying, range from —
0.03 yr' to —0.005 yr'. It is worth mentioning that the spatial extent of a re-
gion with drying signals is much wider than that with a drying trend as it in-
cludes also these grid cells where there is no trend but the drying tendency is
pronounced. The drying trend concerns approximately 21% of the country
for the SPEI-3, 25% for the SPEI-6 (for September), and 27% for the SPEI-
12 (Fig. 8a-c). The drying signals occur on 42% of the area in the case of
SPEI-3, on the 58% for SPEI-6 (for September), and on the 47% for SPEI-12.
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4. CONCLUDING REMARKS

This paper analyzes the extent of the drought-affected area in Poland over
the 1956-2015 period and drying trends evaluated by the Standardized Pre-
cipitation-Evapotranspiration Index (SPEI). The analysis extends to the year
2015, which was marked as extremely hot and dry. The 3-month, 6-month,
and 12-month SPEI values were investigated, representing drought condi-
tions relevant to agriculture and hydrology.

The analysis shows a broad variability in the spatial extent of droughts
on the territory of Poland. Drought events of differing severity occur in both
the winter and summer halves of the year. The most widespread 3-month ex-
treme summer drought occurred in August 2015, affecting 47% of the na-
tional land area. The most widespread extreme 12-month drought also
occurred in August 2015, covering 44% of the aforesaid area. The percent-
age of the drought-affected area has witnessed an increase for all three SPEI
timescales, albeit with different rates of change. This pertains to both the an-
nual mean of the area under drought as well as to the drought-affected area
separately in the summer and winter halves of the year.

A relatively large area of Poland exhibits significant drying trends, ex-
tending from the south-west towards the center part of the country and, in
some cases, to the north-east. This especially pertains to months in the sum-
mer half of the year, as well as to the growing season considered as a whole.
The drying trends during the growing season extend to approximately 21%
of the total land area for SPEI-3, 25% for SPEI-6 (for September), and 27%
for SPEI-12. However, drying signals occur over a much larger percentage
of the total area, which amounts to over 40% in the case of SPEI-3 and
SPEI-12, and as much as 58% in case of SPEI-6. In effect, the results reveal
that drying trends or signals on the territory of Poland have affected a sub-
stantial area of the country. The year 2015 has witnessed considerably high-
er-than-normal air temperature and subnormal precipitation, which were
reflected by the relatively long period of negative SPEI values.

In conclusion, it is worth noting that prolonged drying trends might have
a subsequent negative impact on both the environment and society. As Po-
land has rather scarce water resources, the preparation of adaptation strate-
gies to counteract climate change through appropriate water programs seems
to be a challenging issue.
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