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The Impact of Climate Variability on Flood Risk in Poland

Zdzislaw Kaczmarek!

This article examines the role of climatic and hydrological variability in assessing the cumula-
tive risk of flood events in Poland over a T-year period. In a broad sense flood-risk estimation
combines a frequency analysis of extreme hydrological phenomena with an evaluation of
flood-induced damages. The damage from floods depends on the critical values of the river
discharges. The probabilistic flood analysis usually includes an estimation of the expected an-
nual probability of the critical discharge Qcr being exceeded and the equivalent long-term risk
of it being exceeded over the next T years. If, however, the process is nonstationary, the T-year
risk of flood damage may depend importantly on the variation of hydrological processes. As a
possible explanation for the variations observed in snowmelt-induced floods in Polish rivers,
this article investigates the possible impact of the North Atlantic Oscillation (NAO) on surface
air temperature T and precipitation P. The spatial distribution of the correlation coefficients
between NAO and T, as well as NAO and P, show very significant differences in the NAO
impact on meteorological variables in various parts of Europe. To assess the implications of
NAO variations on spring flood discharges, a simple model of Snow Cover Water Equivalent
(SCWE) was applied to selected Polish river catchments. The conclusion of this analysis is that
the yearly maximum of SCWE values significantly decreases with increasing NAO. This leads
to a temporal redistribution of winter and spring runoff. The question of spring flood charac-
teristics being stationary or nonstationary may therefore be linked with stochastic properties
of the NAO index time series.
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1. INTRODUCTION

Risk and uncertainty in water resources arise
from the inherent variability of geophysical processes
and changes in complex socioeconomic factors. As a
decision tool, risk analysis is based on the quantifica-
tion of the probabilities of floods occurring and their
possible consequences. Uncertainty arises from the
lack of exact knowledge regarding the probability dis-
tribution of floods, errors in estimated parameters of
these distributions, and a number of factors having an
impact on damages related to a given flood pattern.

In the recent decade, water managers have been
alarmed by extreme floods in China, the Czech Re-
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public, Germany, Poland, Sweden, and many other
countries. Most of these catastrophic events were
caused by unusually intense precipitation in moun-
tainous areas or by the complex interaction of rainfall
and snowmelt.(1) At the same time, since the 1980s a
decrease of peak discharges during spring floods has
been observed in most of the central European rivers.
It is therefore difficult to generalize about flood haz-
ards across Europe.

The aim of this article is to discuss the role of cli-
matic and hydrological variability in assessing the cu-
mulative risk of snowmelt-induced flood events over
a T-year period. In a broad sense, flood-risk assess-
ment combines a frequency analysis of extreme hy-
drological phenomena and an evaluation of the flood
damages. In this article, I consider the physical (hy-
drological) aspects of flood risks and their relation
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to large-scale atmospheric processes. The potential
linkages between changes in the statistical properties
of snowmelt-induced floods and large-scale meteoro-
logical phenomena, like atmospheric circulation pro-
cesses, are the main subjects of this analysis. In par-
ticular, the possible connection between snowmelt-
induced floods and the North Atlantic Oscillation
(NAO) is investigated.

Many authors link changes in the atmosphere’s
hemispheric meridional heat and moisture trans-
port to the high variability of the North Atlantic
Oscillation.(2,3) The NAO is a large-scale alterna-
tion of atmospheric mass with centers of action near
the Icelandic Low and the Azores High.(4) There
are several methods to describe the NAO phenom-
ena by means of numerical indicators. In this arti-
cle, I will apply the Hurrell NAO index,(5) defined as
the normalized pressure difference between Lisbon
in Portugal and Stykkisholmur/Reykjavik in Iceland.
The time series of the winter (December to March)
NAO index in the period 1901–2000 is shown in Fig. 1.

Shorthouse and Arnell(6) note that the winter
river flows in northern Europe are positively corre-
lated with the North Atlantic Oscillation, whereas
rivers in southern Europe are negatively correlated
with the NAO index. They explain this correlation
by “enhanced rainfall over Northern Europe and
Scandinavia whilst a significant reduction of the to-
tal atmospheric moisture occurs over parts of Central
and Southern Europe, and the Mediterranean” in
years exhibiting high NAO index. This interpretation
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Fig. 1. Time series of winter NAO index (Source: Hurrell(5)).

Fig. 2. Mean monthly discharges of the Vistula River in years with
high and low NAO index.

of the recent changes in the winter/spring river dis-
charges in central Europe is nonetheless disputable
because of the very weak correlation between the
NAO index and winter precipitation for most of
the central European catchments (e.g., Rhine, Elbe,
Odra, Vistula, and Nemunas) and the simultaneously
significant changes in the temporal pattern of river
flows.

As an example, the Vistula River hydrographs
in years with high and low NAO index are shown in
Fig. 2. An interesting picture of the correlation of the
mean monthly river discharges (from January to June)
on the winter NAO index is presented in Fig. 3. It
can be seen that for high values of the NAO index,
the river discharges slightly increase from January to
March. This is probably due to a reduction of snow
accumulation and the consequent decrease in river

Fig. 3. Correlation of mean monthly discharges of selected Euro-
pean rivers with the winter NAO index.
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discharges in April and May, which is a typical flood
period in central Europe. This temporal pattern of
correlation between the NAO index(5) and the water
balance during the winter and spring seasons is par-
ticularly apparent in the eastern part of Poland, for
example, for catchments of the Nemunas and Vistula
Rivers. High values of the NAO index contribute to
warm winters over much of Europe, which may highly
influence snow accumulation and snow-melting pro-
cesses, and can consequently have a significant impact
on spring floods in central and eastern Europe. This
hypothesis will be discussed below.

2. CUMULATIVE RISK OF FLOOD
OCCURRENCE

Riverine flood losses depend on many factors: the
critical values of river discharges, floodplain manage-
ment, and the efficiency of warning and protection
measures. In addition to the consequences, the as-
sessment of flood risk requires an estimation of the
frequency that the peak flood rate will be exceeded.
Often, this assessment requires a subjective judgment
on the mathematical form of the probability density
function, making use of all the available information,
including in situ stream-flow data, historic and paleo-
flood data, and information concerning atmospheric
and catchments processes accompanying flood forma-
tion. Estimating probabilities of extreme floods will
always require extrapolation beyond the data set, and
procedures for doing this are controversial.

The performance of an engineered flood protec-
tion system must be evaluated over the system’s life-
time. Consequently, the hydrologic conditions can be
described as a function of time, particularly if the river
environment changes over time due to the impact of
land-use change or because of climate perturbations.
The probabilistic risk analysis of floods should there-
fore include the statistical estimation of the expected
annual probability of exceeding the critical discharge
Qc, as well as the long-term probability of exceed-
ing the critical discharge over the next T years (e.g.,
T = 10, 20, 50, etc.). This T-year probability can be
expressed as:

RT(Qmax # Qcr ) = 1 $
T

!

t=1

" Qcr

0
f (Qmax, !t ) dQmax

(1)
where !t is a vector of time-dependent parameters of
the probability density function. In the case of a sta-
tionary hydrologic process !t = ! = const. If, how-
ever, the conditions of runoff formation change over

time, the T-year probability of a critical flood occur-
rence will depend on variations of meteorological and
hydrologic variables. For example, as has been shown
by Kaczmarek,(7) in the case of stationary conditions,
the 50-year probability of exceeding the flow rate of
8,000 m3/s on the Vistula River in Warsaw is approx-
imately equal to R50 = 0.1. But if one assumes a
linear increasing trend of mean maximum discharges
by only 0.5% per year, the 50-year probability of ex-
ceeding the critical value at the Warsaw gauge station
will increase to R50 = 0.334, that is, triple in rela-
tion to the stationary case. Alternatively, assuming a
decreasing linear trend of the same magnitude, the
R50 probability would be reduced to 0.035. In some
cases the hydrological process may be stationary, but
over decades it exhibits considerable variability with
respect to concentrations of spectral power. Calcu-
lation of the T-year probability of flooding will thus
depend on the time window in which it is assessed.

Several questions arise with regard to the possi-
ble nonstationarity of hydrologic processes. Does a
change display a steady downward or upward trend,
or is the process approximately periodic? Can the
trends be estimated with reasonable accuracy? Would
the change concern only the mean (central) value of
the probability distribution, or would the variance or
distribution asymmetry also change over time? An-
swering these questions based on a relatively short
history of hydrologic data is difficult, if not impossi-
ble. An analysis of the interrelation between large-
scale meteorological processes and the river hydrol-
ogy may, however, add some clarity.

3. TRENDS IN SPRING FLOOD DISCHARGES
IN SELECTED RIVERS IN POLAND

Changes in land-use patterns and in greenhouse
gas concentrations may result in the nonstationar-
ity of the hydrological regimes in many river catch-
ments areas. Statistical tests applied to dozens of rel-
atively long time series of river discharges in vari-
ous parts of the world resulted in the rejection of
the stationarity hypotheses for about 20% of the
cases at a 5% significance level.(8,9) Some scientists
claim that land-use and climate changes will result
in an increase in the frequency of both high and low
river flows. Others have expressed the opinion that
if the climate changes and snowfall decreases, there
could be a widespread shift from spring to winter
runoff.(10,11) Such a shift may already be observed for
some European rivers.(12)
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A negative trend in the spring maximum dis-
charges has been observed for the major Polish
rivers—the Vistula, Odra, Warta, and Bug. The
Vistula River system has a catchment area of about
194,000 km2 and covers most of central and eastern
Poland; the Warta River (54,000 km2) is a tributary
of the Odra River (109,730 km2) and is located in
the western part of the country; while the Bug River
(20,140 km2) is a tributary of the Vistula River on the
border between Poland, Belarus, and Ukraine. The
last two catchments have different climatic conditions.
In particular, the average winter temperature in the
Warta River basin is 1.9%C higher than in the Bug
River basin. On average, the snow cover in the Bug
catchment area lasts three to four weeks longer than in
the Warta catchment area. Recently, a negative trend
in the spring maximum discharges for most of Poland’s
rivers has been verified by time series of maximum
discharges accompanying snowmelt-induced floods, a
trend that has been notably visible for the Warta River
since the middle of the last century (see Fig. 4).

A number of statistical tests can be applied to
detect a trend in time series data on geophysical phe-
nomena.(8) In what follows, an uncommon procedure
is described that can be useful for testing changes in
the frequency of hydrological and meteorological phe-
nomena. Let us assume that a random sample of size
N, which is drawn from an unknown continuous dis-
tribution of a stationary random process X, is divided
into two independent samples of sizes n1 and n2. Let’s
further assume that in the first sample an event A (X#
XA) has been observed K (K = 0, . . . n1) times. The
probability that in the second sample A will appear u

Fig. 4. Time series of the Warta River peak discharges during
snowmelt-induced floods.

times (u = 0, . . . n2) can be calculated by means of the
hyper-geometric distribution:

PA(u) =
K

#

n1

K

$#

n2

u

$

(n1 + n2)
#

n1 + n2 $ 1
K + u $ 1

$

, (2)

where
#

a
b

$

= a!
b!(a $ b)!

(3)

denotes the total of possible combinations of b-
element sets that can be obtained based on an a-
element set (b & a). If the probability in Equation
(2) is small, the stationarity hypothesis of the investi-
gated meteorological/hydrological process is not well
founded. According to Gumbel and von Schelling:(13)

These methods may be of interest for forecasting floods
if, instead of the size of the flood, we are interested
only in the frequency. The same procedure may also be
applied to other meteorological phenomena, such as
droughts, the extreme temperatures (the killing frost),
the largest precipitation, etc. (p. 249)

To illustrate an application of the hypergeometric
distribution, I analyze 176 years (1825–2000) of win-
ter/spring floods of the Warta River as shown in Fig. 4.
Let the random event be defined as A(Qmax # 416),
where m(Qmax) = 416 m3/s is the average value of
the maximum discharge series. In the years 1825–1980
(n1 = 156), the event A was observed K = 60 times,
while in the years 1981–2000 (n2 =20), the event A was
observed only once (u = 1). The probability PA(u),
which is calculated from Equation (2), is therefore
equal to 0.0016. This probability is small enough to
doubt the stationarity assumption of spring flood dis-
charges in the Warta River. Similar results were ob-
tained for other river basins in Poland and in some
neighboring countries. Below I suggest that winter
weather conditions and snow cover may help explain
the nonstationarity of spring discharges, which, from
Equation (1), has a significant impact on flood risk
assessment.

4. MODELING SNOW COVER
WATER EQUIVALENT

To investigate the implications of winter weather
conditions on spring flood discharges, a conceptual
model of snow cover water equivalent (SCWE) as
a function of air temperature T and precipitation P
observed during winter months is described below.
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Let the change of SCWE over time be described by
means of the differential equation:

d(SCWE)
dt

= Pr(T$)(1 $ KS) · P $ Pr(T+)

· KM · µ(T+)(1 $ e$SCWE). (4)

The probability in a given month of the daily air tem-
perature being below or above zero may be calculated
as:

Pr(T$) = 1

" (T) ·
'

2#

" 0

$(
exp

%

$ [T $ µ(T)]2

2" 2(T)

&

dT

(5)
and

Pr(T+) = 1 $ Pr(T$), (6)

where µ(T) and " (T) denote the mean value and stan-
dard deviation of air temperatures, respectively. The
mean daily value µ(T+) of air temperature calculated
for a given month for days with T > 0 is:

T+ = 1

" (T) ·
'

2#

" (

0
T · exp

%

$ [T $ µ(T)]2

2" 2(T)

&

dT.

(7)
Let us further denote:

d(SCWE)
dt

= a + b · e$SCWE, (8)

where:

a = Pr(T$)(1 $ KS) $ Pr(T+) · KM · µ(T+);

b = Pr(T+) · KM · µ(T+).

Integration of Equation (5) yields:

SCWE(i+1) $ SCWEi

+ LN
a + b · exp($SCWEi+1)
a + b · exp($SCWEi )

$ a · $ = 0. (9)

Solving Equation (9), the snow cover water equiv-
alent at the beginning of month (i + 1) can be es-
timated knowing the SCWE,the parameters a and
b, and the monthly time interval $ (in days). The
model depends on two parameters, KS and KM, which
can be estimated (calibrated) based on results of
snow measurements and on meteorological data. For
river basins in central Europe, an approximation for
the degree-day factor KM can be taken as 4, while
for KS the following empirical relationships can be
applied:

Ks = 0.05, if [µ(T) $ µ(T+)] < $3.0

Ks = 1.0, if [µ(T) $ µ(T+)] # +1.0
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Fig. 5. Time series of maximum snow cover water equivalent
(SCWE) in Poland’s lowland.

Ks = 0.762 + 0.238![µ(T) $ µ(T+)],

if $3.0 & [µ(T) $ µ(T+)] < +1.0.

Based on Equations (5)–(9), a time series (November
to April) of the SCWE was calculated for a number of
catchment areas in Poland’s lowland. The time series
of maximum winter/spring SCWE values, averaged
for this region, are shown in Fig. 5. This figure shows
a decreasing trend of about 0.9% per year, marked
by the very high variability of accumulated snow. No
statistically significant autocorrelation in the SCWE
time series was detected.

5. SNOWMELT-INDUCED FLOODS IN
POLAND AND THE NAO INDEX

Figs. 6 and 7 present the results of regressions
of spring flood discharges of two Polish rivers with
the North Atlantic Oscillation (NAO) winter index
(December to March). Similar results were found for
a number of other river catchment areas in central
Europe. In an attempt to explain these correlations,
an analysis was made of the possible impact of the
NAO index on the winter air temperature T, winter
precipitation P, and the SCWE. In the European re-
gion, Figs. 8 and 9 show the spatial distributions of the
correlation coefficients between the NAO index and
T, as well as between the NAO index and P, based on
data taken from Table I.
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Fig. 6. Correlation of spring peak discharges of the Warta River
with the winter NAO index.

It can be observed that the European regional
differences in the NAO have an impact on the meteo-
rological variables that is very significant. In northern
Europe, temperature and precipitation increase with
the increase of the NAO index, whereas the opposite
is the case in southern Europe. From an application

Fig. 8. Correlation of winter air
temperature with the winter NAO index.
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Fig. 7. Correlation of spring peak discharges of the Bug River with
the winter NAO index.

of the earlier described conceptual model (Equations
(5)–(9)) of snow processes to selected Polish river
catchments, we conclude (Fig. 10) that the yearly max-
imum of SCWE decreases with the increasing NAO
index. This, in turn, could lead to a decrease in flood
risk caused by snowmelt-induced floods in the years
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Fig. 9. Correlation of winter
precipitation with the winter NAO index.

Table I. Correlation of Winter (DJFM) Precipitation and
Temperature with the NAO Index

Station Name Coordinates r (NAO, P)a r(NAO, T)b

Haparanda 65.8%N, 24.2%E 0.37 0.53
Angmagssalik 65.6%N, 37.6%W $0.02 $0.18
Thorshavn 62.0%N, 6.8%W 0.53 0.32
Bergen 60.0%N, 5.3%E 0.77 0.67
Helsinki 60.3%N, 25.0%E 0.18 0.60
Oslo 59.9%N, 10.7%E 0.21 0.60
Stockholm 59.4%N, 18.1%E 0.14 0.62
Copenhagen 55.7%N, 12.6%E 0.14 0.64
Belfast 54.6%N, 6.2%W 0.01 0.78
Warsaw 52.1%N, 21.0%E $0.05 0.66
De Bilt 52.1%N, 5.2%E 0.08 0.73
Valentia 51.9%N, 10.2%W 0.09 0.66
Wroclaw 51.1%N, 16.9%E $0.09 0.65
Frankfurt 50.1%N, 8.7%E $0.19 0.66
Krakow 50.1%N, 20.0%E $0.17 0.56
Paris 49.0%N, 2.5%E $0.19 0.60
Lyon 45.7%N, 4.9%E $0.37 0.42
Milan 45.4%N, 9.3%E $0.35 0.52
Rome 41.8%N, 12.2%E $0.37 $0.08
Istanbul 41.0%N, 29.1%E $0.36 $0.21
Madrid 40.4%N, 3.7%W $0.69 0.02
Lisbon 38.7%N, 9.1%W $0.64 0.10
Athens 38.0%N, 23.7%E $0.11 $0.31
Ponta Delgado 37.7%N, 25.7%W $0.49 0.12

aHurrell and Van Loon (1997).
bAuthor’s calculations based on data from the Carbon Dioxide
Information Analysis Centre Data Package (Oak Ridge, TN).

characterized by high NAO. The question of station-
arity or nonstationarity of snowmelt-induced floods is
therefore partially linked with the statistical proper-
ties of atmospheric circulation.

The mechanisms responsible for long-term vari-
ations of the NAO are poorly understood. From both
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Fig. 10. Correlation of snow cover water equivalent with the winter
NAO index.
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proxy and observational data one can conclude that
the multidecadal signal in the NAO index has been
amplifying with time, with an accompanying tendency
of the NAO spectrum to become redder.(4) However,
it is difficult to judge whether the high values and
positive trend of NAO index that has been observed
over the last two decades will continue as a result of
global warming. Investigations implemented within
the World Climate Research Programme may be cen-
tral to clarifying this unresolved question. Until this
question is resolved, flood protection systems should
not be designed with the assumption of reduced long-
term risk of flood damages. Flood risk should also not
be assessed on the basis of a relatively short series of
peak discharges of snowmelt-induced floods, which
are observed in a period characterized by the recent
high values of the North Atlantic Oscillation.

6. CONCLUDING REMARKS

There are many approaches and models for as-
sessing flood hazard and providing decisionmakers
with the tools necessary for designing flood protec-
tion systems.(14,15) To assess flood risks, there is a need
to combine the available meteorological information
with an analysis of the hydrological processes. In the
case of snowmelt-induced floods, the winter precipita-
tion and air temperature conditions determine the in-
tensity of runoff formation in the spring. Because the
North Atlantic Oscillation is to a large extent respon-
sible for the winter weather conditions over much of
the Europe, it seems reasonable to investigate its im-
pact on hydrology, in particular on snow processes
and on related flood phenomena.

There is evidence that the amount of snow accu-
mulated in central European lowlands decreases as
the NAO index increases. This leads to a decrease
of maximum spring river discharges in years charac-
terized by high winter NAO. For this reason, hydrol-
ogists are interested in studying decadal variations
of the NAO index, as well as its possible long-term
change due to increased concentration of greenhouse
gases. Much remains to be done, however, before the
necessary level of understanding and predictability
of large-scale atmospheric circulation is achieved for
practical use for flood risk assessment. Unless more
reliable information on the future stochastic proper-
ties of atmospheric processes becomes available, the
long-term risk of flood damages should be assessed
using relatively long series of hydrological observa-
tions, which should include years with high and low
NAO characteristics. Another possibility is to apply

a scenario approach, which is usually done in the cli-
mate impact assessment studies.(16)
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