
77© The Author(s) 2017 
K. Latola, H. Savela (eds.), The Interconnected Arctic — UArctic Congress 2016,  
Springer Polar Sciences, DOI 10.1007/978-3-319-57532-2_8

Chapter 8
Hydrological Probabilistic Model MARCS 
and Its Application to Simulate the Probability 
Density Functions of Multi-year Maximal 
Runoff: The Russian Arctic as a Case of Study

Elena Shevnina and Ekaterina Gaidukova

Abstract Climate warming has been and will continue to be faster in the Arctic 
compared to the other domains of the world, which generates major challenges for 
human adaptation. Among others, the development of socio-economic infrastruc-
ture and strategic planning requires long-term projections of water availability and 
extreme hydrological events. In this context, it is preferable that the projections of 
river runoff should be performed statistically, allowing the evaluation of economical 
risks and costs for hydraulic structures, which are connected to changes in hydro-
logical extremes. In this study, the hydrological model MARCS (MARcov Chan 
System) is suggested as a tool to simulate the parameters of probability density 
functions (PDFs) of maximal runoff or peak flow, based on climate projections of 
the Representative Concentration Pathways. Following that, the PDFs of the maxi-
mal runoff were constructed within the Pearson Type III distributions to estimate the 
runoff values of a small exceedance probability. To evaluate the risks and costs of a 
long-term investment based on the future projections of river maximal discharge of 
1 % probability, simple calculations were performed for the new bridge over the 
Nadym River as an example.

E. Shevnina (*) 
Finnish Meteorological Institute, P.O. Box 503, FI-00101 Helsinki, Finland 

Russian State Hydrometeorological University,  
Malookhtinsky pr., 98, RU-195196 Saint-Petersburg, Russia
e-mail: elena.shevnina@fmi.fi 

E. Gaidukova 
Russian State Hydrometeorological University,  
Malookhtinsky pr., 98, RU-195196 Saint-Petersburg, Russia

mailto:elena.shevnina@fmi.fi


78

8.1  Introduction

Floods are among most dangerous natural hazards. Flood extremes cause substan-
tial economic losses due to damage an infrastructure, such as bridges, roads, pipe-
lines, dams, houses etc. Floods are commonly required in risk analysis of hydraulic 
structures (Scott 2011; Bowles 2001). Traditional methods of hydrological engi-
neering use two main approaches to evaluate floods in given location at stream 
(Calver et al. 2009). The deterministic approach (or design storm method) combines 
a synthetic storm rainfall with physically-based hydrological model to evaluate the 
flood hydrograph (Pilgrim and Cordery 1975). The precipitation input is usually 
calculated from the intensity duration frequency curve of rainfall using observations 
in this case. However, the meteorological forcing can also be obtained from the 
climate projections, and then used to simulate the future river runoff hydrographs 
for a single or set of catchments (Archeimer and Lindström 2015; Lawrence and 
Haddeland 2011). The maximal discharges of particular exceedance probability are 
then evaluated from the modeled time series. The main short comings of this 
approach are that (i) the resulting flood estimations are sensitive to the algorithms of 
calculation of the projected meteorological values (Verzano 2009); (ii) the uncer-
tainty produced by model parameters and algorithms can be significant (Butts et al. 
2004); (iii) the calculations by the physically-based hydrological models are 
extremely costly computationally, especially in the case of ensembles of climate 
scenarios or regional scale assessment.

The statistical approach (or frequency analysis) considering multi-year runoff 
time series as realizations of stationary ergodic process, that can be performed sta-
tistically with distributions from the Pearson System (Andreev et al. 2005) fitted to 
the observations (Bulletin 17B 1982; SP33-101-2003 2004). The parameters of 
these distributions are evaluated from the observed runoff time series with different 
methods (van Gender and Vrijing 1997), and then the runoff quantiles of a small 
exceedance probability are estimated to support a design of the hydraulic structures. 
The greatest limitation of this method is that the runoff records should be represen-
tative for evaluation of the tailed values of fitted distributions (Katz et al. 2002). 
Also, the standard flood frequency analysis is based on the hypothesis of stationar-
ity: it is assumed that the runoff statistics do not change over time, and past observa-
tions are representative for the future. However, the assumption of stationarity might 
not be applicable in changing climate, and advanced methods to evaluate flood fre-
quency are required (Madsen et al. 2013).

To extend the statistical approach in the evaluation of flood and drought extreme 
quantiles under the expected climate change, the concept of quasi-stationarity of 
future hydrological regime is proposed by Kovalenko (1993). This idea allows eval-
uating the parameters of distributions of multi-year runoff for a future time period 
based on the sampled runoff statistics from past time period, and the distributions’ 
parameters are different for the past (reference) and the future (projected) period. 
The climate projections are usually presented as the multi-year means of the meteo-
rological values for the period of 20–30 years (Pachauri and Reisinger 2007), i.e. 
under the same assumption of quasi-stationarity. To simulate the future parameters 
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of distributions of multi-year runoff based on quasi-stationary climate projections, 
the Kolmogorov Backward Equation (KBE) is simplified due to the specific of 
hydrological data and stationarity/quasi-stationarity concepts of engineering hydrol-
ogy (Kovalenko 1993, Dominges and Rivera 2010, Viktorova and Gromova 2008).

In this study, the simplification of the KBE suggested by Kovalenko et al. (2010) 
was used, and a probabilistic hydrological model MARCS (MARcov Chan System) 
was developed as a tool using the Python capabilities. Recently, the MARCS model 
contains the following blocks for the preliminary analysis of runoff/meteorological 
time series, the model’s parameterization and hindcasts, the forecasting based on 
the future climatology, the visualization and analysis of the modeling results.

The aims of this study were to describe the MARCS model structure and basic 
principles, and to provide an example of the model output in form of probabilistic 
projections of the maximal runoff for the Russian Arctic. Also, a method to utilize 
the projections of flood extremes to evaluate the economical investment to construct 
new bridges is suggested.

8.2  Method and Data

The probabilistic hydrological model, MARCS, includes five blocks. Each block 
contains the tools for (i) the data analysis and generalization (ii) the statistical meth-
ods for the data screening (both meteorological and hydrological), (iii) the schemes 
of the model parametrization (including regional oriented) and hindcasts, (vi) the 
forecasting, (v) the methods to perform statistical analyses and visualization of the 
modeling results (Table 8.1).

To simulate the probability density functions of multi-year maximal runoff over 
the territory of the Russian Arctic, the following data were used: the reference cli-
matology was calculated from the meteorological time series, which were obtained 
from the catalogs of climatology for 209 weather stations (Radionov and Fetterer 
2003, Catalogue 1989). The observed daily time series of river discharges for the 
period from early 1930s to 2002 from the R-ArcticNET database (www.r-arcticnet.
sr.unh.edu/v4.0/) as well as the dataset of the Russian State Hydrological Institute 
(www.hydrology.ru/) were collected for 108 river gauges located over the northern 
Russia. The daily discharges were used to calculate the annual time series of the 
spring flood depth of the runoff (SFDR, mm/(time period)) as the volume of spring 
flood (m3) from the drainage basin divided by its area (m2). The volume of spring 
flood (m3) was evaluated using flood beginning and ending dates (Shevnina 2013). 
The SFDR time series were used as the predicting value in the further analysis and 
modeling. The reason why the SFDR was chosen instead of the maximal discharge, 
is that it allows the regionalization and mapping, since the discharges depend on the 
watershed area. The river maximal discharge (m3s-1) with the required exceedance 
probability is calculated as described in Shevnina et al. (2016).

The core of the MARCS hydrological model is the Pearson System, which allows 
to model the PDFs within 12 types depending on the values of the parameters. The 
four parameters of the Pearson system could be estimated from the sampled initial 
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moments (Stuard and Ord 1994). On the other hand, the parameters of the Pearson 
system can be evaluated from the parameters of KBE (see details in Kovalenko 
2014, Domínguez and Rivera 2010, Pugachev et al. 1974). In our study, the Pearson 
Type III distribution were used to model PDF of SFDR and to evaluate the maximal 
discharges with required exceedance probability, thus the parameter denoted as b2 
in Andreev et al. (2005) was equal to 0.

The future climatology can be evaluated from the historical and projected runs of 
any Atmosphere-Ocean General Circulation Model (AOCGM) from the collection of 
the Coupled Model Intercomparison Project Phase 5 (CMIP5, http://cmip-pcmdi.llnl.
gov/cmip5/). In the present study, the HadGEM2-ES climate model (Jones et al. 2011) 
was considered as an example. The projected mean values of the precipitation and air 

Table 8.1 The algorithms implemented to the MARCS model

MARCS unit Algorithm Purpose References

Data Preparation 
Block (DPB)

Regularized spline 
with tension 
interpolation

To interpolate mean values 
of precipitation and air 
temperature for the 
reference/projected periods

Hofierka et al. 
(2002)

Local minimums To calculate yearly time 
series of SFDR using daily 
river discharge

Shevnina 
(2013)

Delta correction 
method

To correct projected 
climatology from climate 
models’ outputs

Hamlet et al. 
(2010)

Data Screening 
Block (DSB)

Spearman’s Rank- 
Correlation Test

To analyze the runoff time 
series to the absence of 
trends

Zwillinger and 
Kokoska (2000)

Fisher and Student 
Tests

To analyze the runoff time 
series to the stability of 
variance and mean

Fagerland and 
Sandvik (2009)

Parametrization and 
Hindcasts Block 
(PHB)

Floating period To define the periods with 
statistically significant 
difference in the mean and 
variance, trends

Shevnina et al. 
(2016)

Model Core Block 
(MCB)

Basic parameterization To calculate the model 
parameters from the 
observed runoff statistics 
and reference climatology

Kovalenko 
(1993)

Regional 
parameterization for 
the Arctic

To calculate the model 
parameters from the 
observed runoff statistics 
and reference/projected 
climatology

Shevnina 
(2011)

Visualization and 
Analysis Block 
(VAB)

Uncertainties 
thresholds

To outline the regions with 
substantial changes in the 
mean value and coefficient 
of variation of the spring 
flood depth of runoff

Shevnina et al. 
(2016)

Economic 
Application Block

Modified cost-lost 
model

To evaluate total 
investments to a new bridge

Present study
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temperature for the period of 2010–2039 were used to force the MARCS model, and 
to simulate the probabilistic projections of the peak flow expressed though the PDF 
parameters of the spring flood depth of runoff. The model also allows calculating the 
maximal discharge of required exceedance probability at chosen site. In the present 
study the calculations was done for the Nadym River as described in Shevnina (2014).

In providing the practical example how the probabilistic projections of the peak 
flow can be applied in the economic, the evaluation of the total investments required 
for a new bridge was provided. In design of the hydraulic constructions the bridge 
height, type and costs are usually estimated using the peak flow discharges with par-
ticular exceedance probability (Megahan 1977, Guideline 1974). In this study the 
method to calculate the total investment to a bridge (P, ₽) from the Guideline (1974) 
was modified by including two components; the possible losses due to flooding during 
operational period (α, ₽) and the additional investment to a bridge allowing decreasing 
risks of damaging due to flooding during operational period (β, ₽) were added:
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8.1

where K is the total building cost (₽); Эt is the cost during the operational period (₽); 
t is the duration of the operational period equal to 35 years; E is the coefficient of 
inflation (₽ per year). Both additional components (α and β) are connected to the risk 
of accident due to extreme flooding during the period of operation of a bridge (i.e. 
2010–2039). In present study, extreme flooding was considered as increasing the 
river flow the maximal discharge of 1% exceedance probability evaluated from the 
observed time series (namely reference 100-year discharge, Q1R). In this study, the 
river maximal discharge of 1% exceedance probability (namely projected 100- year 
discharge, Q1P) was also evaluated from the MARCS model based on the RCP4.5 
climate projection. Thus, there are two options to estimate the total investment to 
the bridge depending of the height of structure based on the reference or projected 
100-year discharges.

Considering the case when the Q1P is equal to Q1R or less then Q1R, the total invest-
ment (P1 in Fig. 8.1) contains only two components (the building and operational 
costs, K1 and Эt in Fig. 8.1). It is expected that the risks to get any losses connected to 
flooding during operational period are low (α=0) and there is no need for additional 
investments connected to the flood protection (β=0). In case when the Q1P is larger 
then Q1R, the risks to get temporal breaks in traffic or damage accident during a bridge 
operational period are also larger. In this case, the investment includes the expenses 
connected to an accident (P2 in Fig. 8.1 in assumption that K, E and Эt are the same as 
in the previous case), and these losses are not equal to zero (α in Fig. 8.1). In this case, 
it is suggested to use the Q1P to design of a bridge structure, then the additional costs 
(β in Fig. 8.1) are required. However these expenses may be less than losses due to 
the extreme flooding event. In this study, the total investments to the new bridge over 
the Nadym River at the Nadym City were calculated using reference and projected 
100-year discharges. The total investments to the bridge (P1 in Fig. 8.1) is equal to 14 
milliards of rubles (see, www.finmarket.ru/news/4107593); in this study the addi-
tional components take amount of 10% and 2 % of K1 for loses α and cost β respec-
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tively. The projected values of 100-year discharge were calculated based on the 
outputs of four climate models under RCP 4.5 for the period of 2010–2039.

8.3  Results and Discussion

To evaluate the long-term projections of floods over the Russian Arctic, the MARCS 
model were developed as the tool, and it now contained four blocks. The Data 
Preparation Block (DPB) implemented the tools to evaluate the reference climatol-
ogy from the observations at weather stations or gridded datasets, and the projected 
climatology from climate model outputs using the delta correction method (Hamlet 
et al. 2010). To map the reference/projected climatology, the regularized spline with 
tension interpolation technique by Hofierka et  al. (2002) was implemented. The 
DBP also included the procedures to calculate the SFDR using the observed daily 
river discharges (Shevnina 2013).

The Data Screening Block (DSB) contained the tools implementing the statisti-
cal screening for the absence of trends and the stability of variance and mean 
(Dahmen and Hall 1990). In the screening procedures, the time series were divided 
into two sub-series by known year, when a distortion of a natural regime is expected 
(i.e. due to building a reservoir, starting a water regulation, water withdrawals, etc). 
However, the year of subdivision is usually not known, thus two algorithms were 
implemented into the model. In the “floating point” technique, the yearly time series 
were divided into two sub-series, and the lengths of the sub-series were usually dif-
ferent. Therefore, the method suggested by Fagerland and Sandvik (2009) was 

Fig. 8.1 The estimation of the total investment to a bridge construction by the Eq. (8.1)
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implemented to evaluate the values of Fisher and Student Test for sub-samples with 
unequal sizes. The “floating period” technique of the time series division uses two 
sub-series with equal size and is described in details in Shevnina et al. (2016). The 
significance of trend and the stability of variance and mean were checked on the 
statistical level equal to 0.05  in both algorithms. The procedures to calculate the 
sampled initial statistical moments based homogeneous runoff/meteorological time 
series were also implemented into the DSB.

The Parametrization and Hindcasts Block (PHB) included the procedure to eval-
uate the MARCS model hindcasts based on the runoff PDF parameters for two time 
periods using a cross-validation technique (see details in Shevnina et al. 2016). Two 
parameterization schemes were implemented into the MPHB: the general parame-
terization scheme and the regional parameterization scheme. In general scheme, the 
model parameters are constant for the reference and projected time periods 
(Kovalenko 1993). The regional parameterization scheme incorporates the pro-
jected climatology into the model parameters (Shevnina 2011).

The Model Core Block (MCB) contained the procedures to calculate the param-
eters of runoff PDFs based on the projected climatology (see details in Kovalenko 
et al. 2010). The forcing variables are the projected mean values of the precipitation 
and air temperature, and the output variables are mean value, the coefficients of 
variation and skewness of the runoff. The procedure to calculate the peak flow dis-
charges with required exceedance probability using the Pearson Type III distribu-
tion was also implemented in this block.

The Visualization and Analysis Block (VAB) contained the tools to map the pro-
jected the mean value and coefficient of variation, and the regions with substantial 
changes in the runoff statistics (and extremes) compared with the reference period. 
Figure 8.2 shows the regions with changes in the SFDR means (top) and in the coef-
ficient of variation (bottom) for the territory of the Russian Arctic under RCP4.5 
climate scenario. These regions were obtained by applying the thresholds of the 
simulation uncertainties (see Shevnina et al. 2016 for details). The yellow and red 
areas in Fig. 8.2 (top) indicate the regions, where the risk to get flooding increases 
in the future compared to the reference period. Thus, correcting for the maximal 
river discharges of small exceedance probability for the expected climate changes 
was suggested here to evaluate the total investment to the hydraulic structures. The 
Nadym River is located in the region with increase of the mean values of SPDR up 
to 15–30 %, according to RCP4.5 climate scenario (Fig.  8.2), and the projected 
value of 100 year maximal discharge is larger than the reference.

The Economic Application Block (EAB) should be developed in the future and 
included the procedures to evaluate the economical values based on the runoff prob-
abilistic projections. In this study, the algorithm to calculate the total investment to 
a new bridge was implemented (see section Data and Method) and was tested an 
example of the bridge over the Nadym River at the Nadym City (Shevnina 2014). 
The results show that the total investment to the Nadym River bridge could be less 
about 13 % in case of using the projected 100-year maximal discharges of 1% 
exceedance probability under the given assumption about the costs and losses in the 
Eq. 8.1. Using the climate-based projection of maximal runoff of the 1 % exceed-
ance probability during the designing stage may lead to decrease of the total invest-
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ment to the bridge construction over the Nadym River, which was already damaged 
by extremal flooding during the spring of 2016.

8.4  Conclusions

The main features of the MARCS model are (i) low numbers of the forcing and 
simulated variables (only the basic statistics of meteorological and hydrological 
variables are used); (ii) low numbers of the model parameters (the physical 

Fig. 8.2 The regions with substantial changes in the future mean values of the spring flood depth 
of runoff (top) and coefficients of variation (bottom) of the spring flood depth of runoff over the 
Russian Arctic (red line outlines its boundary) according to RCP 4.5 climate scenario: 
HadGEM2-ES model (2010–2039)
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processes described integrally by the lumped model); (iii) the projected climatology 
is depicted by the model parameters, and it provides the way for developmet of the 
advanced regional-oriented parameterization schemes.

In this study, the MARCS model with the regional parameterization scheme was 
used to calculate the parameters of the SFDR PDFs over the Russian Arctic. However, 
the additional algorithms should be implemented to the model before developing 
regional-oriented schemes for the catchments located in the mid- latitudes. As the 
role of evaporation is more important in the general water balance on the south 
regions, this variable has to be considered (Kovalenko and Gaidukova 2011).

In this study, the MARCS model was forced by the outputs from the climate 
model with big spatial resolution, which is usually cause the challenges in the 
physically- based spatially distributed hydrological models. However, it seems to 
not be a big issue for the hydrological models such as the MARCS model. The 
physical core of the model is a lumped model in form of a linear filter with stochas-
tic components (see Kovalenko 1993 for details). The role of spatial resolution in 
the datasets used to force the MARCS model and the options connected with the 
regional climate projections can be issues for future studies.

The vision for the future is changing continuously, and the set of climate change 
scenarios is renewed almost every 5 years since the meteorological models are 
improving unceasingly. The feature of the MARCS model is its general simplicity 
(only the projected statistics are evaluated instead of a time series), and is easy to 
perform for a regional scale assessment of the future water availability not only for 
an mean runoff value, but also for outliers (i.e for extreme hydrological events) 
under any chosen climate projection. These outliers are important for economists 
since they are usually the ones dealing with risks associated with weather/runoff 
extremes. The methods to evaluate the economic values from the outputs of the 
MARCS hydrological models are the topic of the future studies.
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