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Abstract―The study is aimed to evaluate a hydrological simulation model intended for assessing climate
change impact. A new test was suggested and applied to evaluate the performance of a physically based model
of Selenga River runoff generation. In this test, to calibrate the model, an enhanced Nash–and-Sutcliffe effi-
ciency (NSE) criterion was used, including trend-oriented reference (benchmark) models instead of the sim-
ple reference model used in the original NSE criterion. Next, modifications were made in the Differential
Split Sample test (DSS-test) of V. Klemeš (1986), focused on differences in the model performance criteria
for climatically contrasting periods, and a new statistical measure was proposed to estimate the significance
of these differences. After that, model performance was evaluated for four sites within the catchment, three
indicators of interest (daily, monthly, and annual discharge series), and the model ability to reproduce the
observed trends in annual and seasonal discharge values was assessed. The model proved robust enough to be
applied to assessing climate change impact on the annual and monthly runoff in different parts of the Selenga
River basin.
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INTRODUCTION

Predicting the hydrological response to changes in
the external impact (for instance, because of climate
change) and/or in internal parameters (for instance,
because of a change in watershed characteristics) is a
traditional problem of terrestrial hydrology. The
opportunities to solve these problems with the help of
hydrological models developed for unchanged condi-
tions formed the core of major scientific initiatives of
The International Association of Hydrological Sci-
ences (IAHS) in the recent two decades. While the
previous IAHS decade (2003–2012: Prediction in
Ungauged Basins, PUB) was devoted to analyzing the
opportunities of “transferring” a hydrological model
over space—from gauged basins to ungauged ones, the
current IAHS decade (2013–2022: Panta Rhei) is
aimed at searching for methods of “transferring” the
model over time—into different climate conditions. In
both cases, hydrologists have to judge the model per-
formance in the absence of observation data. This
paper is devoted to the problem of evaluating a hydro-
logical simulation model intended for assessing cli-
mate change impact; more specifically, we will try to
answer the question: how should model evaluation be
done in the context of climate impact assessment? We

emphasize here the difference in the opportunities of
evaluation between simulation and forecasting mod-
els: the latter can be verified with the use of the avail-
able observation data, whereas a simulation model
usually cannot be tested directly against some data
(the latter, most probably, never be available).

In the following section, before proceeding to the
motivation of the paper, its purposes, and the methods
used, we concretize the problem statement.

VALIDATION OF A MODEL INTENDED 
FOR IMPACT ASSESSMENT: PRAGMATIC 

APPROACH AND “CRASH-TEST” 
NECESSITIES

“All Models are Wrong,
but Some are Useful”

George Box
The validation of a numerical model of an open

natural system, considered as evidence of the ade-
quacy of a model for the given system, is impossible.
The roots of this statement lie in the widespread direc-
tion of contemporary philosophy—the critical ratio-
nalism of Karl Popper. In the field of geophysical sci-
ences, the grounds of this statement were first studied
in detail in [21], including the problem of “non-
S90
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uniqueness” of a numerical model, which consists in
that models with different structures, parameters, and
schemes of numerical implementation produce simi-
lar test results; the problem of subjectivity of validation
criteria, leading to the lack of objective reasons for
considering one model superior to another; the so-
called problem of “spatial and temporal divergence,”
appearing due to the need to use a model beyond the
limits of existing observations, etc. The idea that the
validation of numerical models of natural systems is
utterly impossible gained ground in natural sciences
(see, e.g., [32]). However, hydrologists, as well as
experts in other fields of geophysics, solve practical
problems, and, when validating models, are guided by
pragmatic considerations, aphoristically generalized
by the outstanding British statistician G. Box (see
above). Leaving detail aside, the pragmatic approach
can be narrowed down to the following statements.

(1) The validation of a hydrological model is
impossible in the universal sense, but there is an
opportunity to evaluate the suitability of the model for
solving the task for which the model was developed
(see, for example, [20, 33]). Correspondingly, the
term validation is more often replaced by the term
evaluation.

(2) The indicated opportunity is realized by means
of special tests, which imitate, with the help of the
existing observation data, the “target” conditions of
model application (for instance, the conditions of cli-
mate change), and use the performance criteria, tak-
ing into consideration the specificity of the task (see,
for example, [1, 5, 38]).

What is meant by special tests and specific perfor-
mance criteria will be clarified below. It is important
to emphasize here that the above statements link the
credibility of a model intended to assess climate
change impact with the results of the model’s evalua-
tion against available (historical) observations. This
linkage, which seems quite natural to hydrologists, has
recently provoked some lively discussions (see the
review in [22]). The accuracy of calculation of the
observed runoff hydrographs with the help of cali-
brated and verified regional hydrological models is
often not regarded as an argument in favor of their
applicability for impact assessment (see, for example,
[2, 36]), and is ironically compared to the ability to
“testing how nicely a mathematical marionette can
dance to a tune it has already heard” [19]).

Within the pragmatic approach, on the contrary,
the quality of reproducing the observation data by a
model is an indicator of its credibility. If a model does
not “pass” the developed tests with the indicated qual-
ity criteria, one can suggest that it can be inappropriate
for the “target” conditions of its application. However,
successfully “passing” the tests on the existing obser-
vation data, although not being in itself an evidence of
model suitability, still can be seen as a confirmation
that the model is a possible “candidate” for impact
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assessment, that is, as a necessary but not sufficient
condition of the model’s applicability. Thus, the prag-
matic approach allows formulating the rules that
restrict the opportunities of applying a model to solv-
ing tasks, for which it has not been intended.

The model focus on solving extrapolation tasks
dictates the necessity of using special tests and perfor-
mance criteria, which should put the model in ‘crash’
conditions which reveal the limits of its applicability.
However, most of the existing performance evaluation
methods are based on easy-to-pass tests (such as the
Split-Sample (SS) test) on the basis of single-variable
observations (such as a hydrograph at the basin outlet)
and ‘soft’ performance criteria (such as typical Nash–
Sutcliffe efficiency criterion). As a result, a lot of
“good” models have successfully passed such “soft”
tests, and this creates an illusion of these models’
applicability to impact assessment. A specific test
(“crash-test”) is required, allowing one to reinforce
the model’s applicability, distinguish between the
models appropriate for impact studies and unsuitable
ones, and understand the grounds for the credibility of
a given hydrological model.

A system of tests, which imitate the ‘target’ condi-
tions of the model application, was first proposed by
Klemeš (1986). The author proposed the DSS-test
(Differential Split-Sample test) for a model intended
for impact study. Various modifications of the DSS-
test, as well as other procedures for testing hydrologi-
cal models, are proposed in [7, 8, 14, 37, 38]. When
selecting the hydrological variables (indicators) for
which the model should be tested, it is necessary to
proceed from the specific nature of the target task
(“user-oriented approach” in the terminology of
V. Klemeš [20]). The ways for constructing a ‘crash
test’ for models intended for hydrological impact
assessment were recently considered in [22]. The
authors proposed a step-by-step testing procedure
based on the ideas of the above pragmatic approach,
including the use of contrasting climate data, specific
indicators, etc. for hydrological model evaluation.

There are about 20 performance criteria used to
evaluate hydrological model performance [17, 38, 41,
42]. However, despite the existence of a large number
of criteria and the availability of recommendations for
their choice, in most hydrological publications, the
authors use only one criterion, regardless of the
impact study target, namely, the Nash–Sutcliffe effi-
ciency (NSE) criterion. The disadvantages of this cri-
terion are well known (see, for example, the review in
[16]). In particular, they include the low sensitivity to
small and medium discharge values, underestimation
of the simulated discharge variance, and overestima-
tion of model efficiency. The last drawback is related
to the use of a simplified reference (benchmark)
model for performance assessment, namely, mean
annual observed discharge. The comparison of a
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hydrological model with such a simple reference
model results in overestimation of model efficiency.

The opportunity to ‘enhance’ the standard Nash–
Sutcliffe criterion relates to the use of a more complex
reference model. A natural step towards the complica-
tion is a reference model describing the intra-annual
or inter-annual climatic variability of runoff charac-
teristics. The first of the two reference models (in the
form of a seasonal climatic hydrograph) was proposed
in [12], and then recommended by the WMO for eval-
uation of hydrological model performance [40]. In a
number of papers [34, 35], it is shown that such refer-
ence model sharply raises the requirements to the
hydrological model under test. However, several
decades after the publication of the above-mentioned
papers [12, 40], hydrological modellers still prefer to
use the ‘weakest’ reference model.

The studies and examples mentioned above serve
as the background, and the knowledge gaps, still exist-
ing, drive the main motivation for this study. The
objective of the paper is to contribute to the model
evaluation studies with the focus on the first use of the
crash-test procedure [22] and its modification to
physically based hydrological model developed for cli-
mate change impact assessment in the Selenga River
basin—the main tributary of Lake Baikal. The case
study was chosen due to the climatically caused
changes in the water regime during the last 25–
30 years which have led to a decrease in the average
inflow to Lake Baikal by 35%. In this regard, it
becomes relevant to construct a physically based
hydrological model, which allows not only describing
the mechanisms of the current changes in the water
regime, but can also be used to assess the hydrological
consequences of possible climate change in the 21st
century.

The remaining part of the paper is organized as fol-
lows. A case study is described in the next section. The
methodology, including the hydrological model, the
data sets used, and the evaluation procedure, is
described in Section 4. Results and discussion are pre-
sented in Section 5. The overall conclusions and rec-
ommendations are given in Section 6.

CASE STUDY BASIN
The Selenga River is the major tributary of Lake

Baikal, contributing 50 to 60% of its surface water
inflow [4, 39]; the river is 1024 km long. It is worth
noting that the Selenga River Delta is the world’s larg-
est continental delta (approximately 600 km2) [3, 24].
The total basin area of the Selenga River is 447000 km2

(Fig. 1). Its main tributaries are the Uda, Khilok,
Dzhida, Temnik, Chikoy, Orkhon, Tuul, and Kharaa
rivers.

Runoff formation conditions in the Selenga River
basin are very diverse. The upstream (southern) part of
the basin is located in Mongolia (approximately 64%
of the basin) and covered by extensive grassland
steppe. The downstream (northern) part is located in
Southern Siberia, Russia, and is mainly covered by
forests on permafrost, which is an important source of
soil water in summer. Furthermore, a huge part of the
basin has mountainous topography, showing a wide
elevation range (from 600 to 3000 m).

The local climate is continental. The winters are
long, dry, and cold. Mean monthly temperature of
January is –23.5°C. The summers are short and rela-
tively warm. The mean monthly temperature of July is
16°C. The annual precipitation amount ranges
between 300 and 400 mm over the territory. Most of
precipitation falls in July and August (about 45% of
the annual precipitation). Rainfall is the major source
of Selenga River runoff [11].

River water regime shows a winter low-flow period
from November to March, a relatively low spring
snowmelt f lood, and high rain f loods in summer and
autumn. For the period of 1980–2013, mean annual
discharge at the basin outlet (Kabansk gauging sta-
tion) is 958 m3/s, and the mean maximum discharge is
2942 m3/s. Since mid-1990s, a many-year low-flow
period has been observed, which is recognized to
be the longest such period in the historical observa-
tions [11].

METHOD
Hydrological Model

The ECOMAG (ECOlogical Model for Applied
Geophysics) is a semi-distributed process-based
hydrological model, describing snow accumulation
and melting; soil freezing and thawing; water infiltra-
tion into unfrozen and frozen soil; evapotranspiration;
thermal and water regime of soil, overland, subsur-
face, and channel f low with a daily time step [28]. The
model accounts for measurable watershed characteris-
tics, such as surface elevation, slope, aspect, land
cover and land use, soil and vegetation properties. The
parameters are spatially distributed by partitioning the
watershed into sub-basins (elementary basins). The
parameterization of the sub-grid processes is
described in [27].

The model was used earlier for hydrological simu-
lations in many river basins with widely varying sizes
and characteristics—from small-to-middle size Euro-
pean basins [14, 15, 28] to the large Volga, Lena,
Mackenzie, Amur basins with watershed areas exceed-
ing a million km2 [13, 18, 27].

A DEM with 1 × 1 km spatial resolution was used
for basin discretization and river network simulation.
A total of 675 elementary basins were delineated, with
the average area of 670 km2. Model forcing data for
each elementary basin were interpolated from
74 weather stations data with the use of inverse-dis-
tance method. Most parameters are physically mean-
ingful and have been derived from the available mea-
WATER RESOURCES  Vol. 45  Suppl. 1  2018
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Fig. 1. Scheme of the Selenga River Basin with the locations of gauging stations, whose data were used in the study: Kabansk,
Mostovoi, Novoselenginsk, Zuunburen.
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surements of the basin’s characteristics (topography,
soil and vegetation properties).

In this study, the model parameters were set up
using spatial data from global databases in web-GIS,
in particular, digital elevation model USGS Hydro-
Sheds (equivalent to the spatial resolution of 1 × 1 km)
[23], land-cover database GLCC (Global Land Cover
Characterization) [25]. Due to the insufficiently
detailed database for the Mongolian part of the basin,
FAO Harmonized World Soil Database (HWSD) [9]
was supplemented by specific Mongolian maps of soil
types (Ecological Atlas of the Lake Baikal Basin [6];
the National Atlas of Mongolia [31]).

A list of ECOMAG parameters is given in [14].
From 3 to 5 key parameters are to be calibrated against
streamflow data in different gauges and, if available,
other hydrological variable observations (snow, soil
moisture, groundwater level, etc.). The calibration
procedure is described in [14].

The model is driven by time series of daily air tem-
perature, air humidity and precipitation assigned from
EWEMBI reanalysis dataset for the period of 1980–
2013 on a 0.5° × 0.5° spatial grid. This reanalysis was
carried out to support the bias correction in climate
input data for the impact assessments carried out in
WATER RESOURCES  Vol. 45  Suppl. 1  2018
Phase 2b of the Inter-Sectoral Impact Model Inter-
comparison Project (ISIMIP2b) [10].

The ECOMAG-based hydrological model of the
Selenga River basin was first presented in [26]. In our
study, the model was improved by using more reliable
data on the underlying surface characteristics for the
Mongolian part of the basin and updated meteorolog-
ical reanalysis data. Additionally, model evaluation
was carried out for longer streamflow observation
series ref lecting multi-year runoff decline tendency,
which has been observed in the basin. The use of long-
term observation series allows applying a sophisticated
evaluation procedure [22] described in the next sub-
section.

Calibration/Evaluation Procedure
The following procedure of the ECOMAG model

calibration/evaluation, partly based on that suggested
in [22], was carried out in this study:

(1) A modified version of the DSS-test [20] is used
for calibration/evaluation to optimize the model
simultaneously to periods with different climate.

(2) Model performance is evaluated for:
—multiple sites within the catchment to ensure

internal consistency of the simulated processes;
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—hydrological indicator of interest;
—observed trends.
The modified DSS-test [20] was designed as fol-

lows.
The model was calibrated against the Kabansk

gauge streamflow observation data (daily, monthly,
and annual) from January 1, 2000, to December 31,
2013. To represent the goodness of fit of the simulated
and measured variables, we used an enhanced
version (1), (3), (4) of the Nash-Sutcliffe (1970) effi-
ciency criterion (1), (2).

(1)

where  and are observed and simulated dis-
charge values averaged over the ith time interval (day,
month, year) of the jth year, respectively (i = 1, 2, 3,…,
n; j = 1, 2, 3,…, N), is a discharge calculated from
a reference (benchmark) model; N is the number of
observation years; n is the number of time intervals
within a year (n = 365/366 for the day, n = 12 for the
month, n = 1 for the annual discharge).

As mentioned in the 2nd Section,

(2)

in the original Nash–Sutcliffe measure [30], and the
hydrological model comparison with such primitive
reference model (2) results in overestimation of the
model efficiency. Taking this into account, we used
more complex reference models describing either sea-
sonal or inter-annual trends.

For daily and monthly discharge series, we used the
seasonal trend-based reference model recommended
in [12]:

(3)

i = 1, 2,…, 365(366) or 12; j = 1, 2, 3,…, N.
For the annual discharge series, we modified the

reference model as follows:

(4)

where a and b are the coefficients of linear trend fitted
to the annual discharge series; i = 1; j = 1, 2, 3,…, N.

In order to distinguish the original NSE [30] from
the trend-based one, we will use a denotation
NSEs_trend or NSEy_trend for the efficiency measures
used in the seasonal trend-based reference model (3)
and the inter-annual trend-based reference model (4),
respectively. If the trend-based efficiency measures
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are positive, then the model performance is accept-
able.

The calibrated model was then evaluated for the
periods of different climate observed in the basin. We
divided the available meteorological data into four
contrasting climate periods with regard to the ratios of
the observed annual air temperature ( ) and
annual precipitation ( ) to the corresponding
mean annual values (  and , respectively):  >

 and  >  (warm-wet, WW, period),  <
 and  > (cold-wet, CW, period),  >
 and  <  (warm-dry, WD, period), and

 <  and  <  (cold-dry, CD, period).
(Note that all annual values were obtained from the
used meteorological reanalysis data averaged over the
catchment area). The WW period includes 6 years
(1990, 1994, 1998, 2003, 2008, 2013); the CW period
includes 10 years (1982, 1983, 1984, 1985, 1986, 1988,
1991, 1993, 2000, 2012); the WD period includes 11
years (1989, 1992, 1995, 1996, 1997, 1999, 2001, 2002,
2004, 2006, 2007), and the CD period includes 6 years
(1980, 1981, 1987, 2005, 2010, 2011). The original
NSE with the reference model (2) was used to assess
the goodness of fit of the simulated and measured
variables during the selected period. Thus, for each
streamflow variable (daily, monthly, and annual), we
calculated four NSE-estimations: NSE1 = NSEWW
(NSE for the warm-wet period), NSE2 = NSECW
(NSE for the cold-wet period), NSE3 = NSEWD (NSE
for the warm-dry period), and NSE4 = NSECD (NSE
for the cold-dry period). The model is considered as
the robust one and can be chosen as a candidate for
climate impact assessment if all differences NSEi−
NSEj (i, j = 1, …, 4; i > j) are statistically insignificant.
We proposed the following statistical test to compare
the estimations.

The Nash–Sutcliffe efficiency measure NSE is a
random variable depending on the statistics of the
observed and simulated discharge series [29]. Let us
assume that NSE is an normally distributed variable
with a mean  and a variance . To
test the null hypothesis that  in one population
(one climate period) is the same as  in another
population (another climate period), and assuming
these variables as statistically independent, we intro-
duce the following test statistic:

(5)

The null hypothesis is accepted with a confidence
level of  if

(6)
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where  is the cumulative distribution function of
a standard normal distribution;  is a significance
level (the probability of rejecting the null hypothesis
when it is true).

Hereafter, the significance level is  = 0.05.
Let us assume that for the ith climate period,

 and . Then,
according to (5) and (6), the difference between two
independent estimations is statistically insignificant
with a confidence level of  if

(7)

where

(8)

i,j = 1, …,4; i > j.
Sample NSE-variance for ith climate period is

defined as

(9)

where  is Pearson’s correlation coefficient between

the simulated and observed discharge series; ,

, and  are the standard deviations of the simu-
lated and observed discharge series, respectively;

;  and  are the mean values for the

simulated and observed discharge series, respectively;
N is sample size.

The proof of the expression (9) based on the NSE
decomposition [16, 29] and first-order Taylor series
linearization is beyond the framework of the paper.

Thus, the modified DSS-test is assumed to be suc-
cessfully passed for a given hydrological indicator
(daily, monthly, or annual discharge) if and only if the
condition (7) is satisfied for all differences between the
NSE-values estimated for four contrast periods, i.e.,
for all six combinations of  (i, j = 1, … ,
4; i > j).

We applied the modified DSS-test to evaluate the
ECOMAG model performance for four different sites
within the catchment (Kabansk, Novoselenginsk,
Mostovoi, Zuunburen; see Fig. 1) and to three hydro-
logical indicators (daily, monthly, and annual dis-
charge).

Finally, trends in the observed and simulated
streamflow series were compared and analyzed for the
specified gauging stations and hydrological indicators.
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RESULTS AND DISCUSSION
Calibration Results

Figure 2 shows observed historic and simulated
hydrographs (daily, monthly, and annual discharge) at
the outlet gauging station Kabansk over the calibration
period (2000–2013). Trend-based efficiency criteria
estimated for four gauge stations located within the
Selenga River catchment (the whole simulation period
1980–2013) are given in Table 1. For comparison, the
standard Nash–Sutcliffe efficiency criteria are also
given in the table. As one can see from Table 1, the
model performance is acceptable in terms of the
enhanced trend-based efficiency measures: both
NSEs_trend and NSEy_trend appeared to be positive. This
means that, with the optimal values of the model
parameters adjusted against the observation data at the
outlet gauging station for the period 2000–2013, the
model correctly reproduced long-term historical run-
off data (daily, monthly, and annual discharge) at four
sites within the Selenga River Basin. The model effi-
ciency turned out to be approximately the same for the
three gauging stations located in the lower reaches of
the river, but it was significantly lower for the gauging
station Zuunburen located in the middle reaches of the
river; in other words, the model reproduced the water
regime in the upstream (Mongolian) part with a lesser
accuracy. This result can be explained by the lower
reliability of reanalysis data in this part of the basin due
to a much sparser meteorological station network and
a less detailed database on the underlying surface than
in the Russian part of the basin.

The obtained results confirmed that the use of the
trend-based efficiency measure sharply raises the
requirements for the hydrological model under test
than the standard NSE criterion. This finding is more
noticeable for daily discharges: the average trend-
based efficiency is 0.37 lower than the standard NSE.
For average monthly discharges, the average efficiency
is 0.36 lower than NSE. The decrease in efficiency is
due to the fact that the trend-based reference models
describe a significant portion of the observed dis-
charge variability.

There is also a small decrease (0.04) in the
NSEy_trend values compared to the corresponding NSE
values for annual discharge series. This means that in
1980–2013, a linear trend describing part of the vari-
ance appears in these series (Fig. 3).

Model Evaluation for Contrasting Climate Periods
NSE measures estimated by formulas (1), (2) for

the chosen contrasting climate periods, as well as the
sample standard deviations (Eq. (9)) of these measures
are shown in Table 2. Additionally, calculations of the
test statistics  are presented in this table. Overall, in
Table 2 gives data for verification of the inequality (7),
which is the necessary condition for the successful
completion of the modified DSS-test.

ijZ
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Fig. 2. Observed and simulated hydrographs (daily, monthly, and annual discharge) for the calibration period 2000–2013 at the
outlet Kabansk gauging station.
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The above results show that the model successfully
passed the developed test for average monthly and
annual discharges at all four gauging stations. In other
words, the model demonstrated statistically similar
performance for contrasting climate periods, a fact
which indicates its sufficient robustness for climate
impact assessment. At the same time, though the dif-
ference in the NSE-values estimated for daily dis-
charge is not too large (for instance, the maximum dif-
ference is only 0.11 for the basin outlet Kabansk; see
Table 2), but the DSS-test had not been passed, i.e.,
the model appeared to be insufficiently robust for the
daily data. The reason is the small NSE sample vari-
ance, which, in turn, is due to the large sample size for
daily discharge series.

Trend Analysis

The slope of linear trend lines fitted to the observed
and simulated discharge series of the Selenga River at
four gauging stations are compared in Table 3.
Figure 3 exemplifies the annual runoff series. We
found the same tendency to exist in the simulated and
observed series, namely, a decrease in runoff over the
study period at four gauging stations. According to
both observations and simulations, the decrease in the
summer and autumn runoff is most rapid, whereas
WATER RESOURCES  Vol. 45  Suppl. 1  2018
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Table 1. Trend-based efficiency measures (NSEs_trend and NSEy_trend) estimated for four gauge stations located within the
Selenga River catchment (the whole simulation period 1980–2013). The efficiency measure NSE (Eqs. (1), (2)) is shown
in brackets

Gauging station Catchment area, km2
NSEs_trend (Eqs. (1), (3)) NSEy_trend (Eqs. (1), (4))

daily discharge monthly discharge annual discharge

Kabansk 445000 0.46 (0.81) 0.51 (0.84) 0.74 (0.79)
Novoselenginsk 440000 0.47 (0.80) 0.52 (0.85) 0.71 (0.77)
Mostovoi 360000 0.38 (0.79) 0.50 (0.84) 0.76 (0.80)
Zuunburen 148000 0.22 (0.59) 0.22 (0.65) 0.65 (0.68)

Table 2. Nash–Sutcliffe Efficiency (NSE) values (formulas (1)–(2)), their sample standard deviations ( )
(formula (9)) and test statistics (formula (5)) estimated for the contrasting climate periods. Shared cells denote test-statis-
tics for which the conditions (7) has not been met

Climate 
period Statistics

Kabansk Novoselenginsk Mostovoi Zuunburen

daily monthly annual daily monthly annual daily monthly annual daily monthly annual

Nash–Sutcliffe Efficiency NSE

WW NSE1 0.86 0.89 0.80 0.85 0.88 0.75 0.83 0.86 0.67 0.62 0.63 –2.52

CW NSE2 0.79 0.83 0.61 0.81 0.86 0.71 0.80 0.85 0.77 0.66 0.70 0.70

WD NSE3 0.75 0.78 0.55 0.74 0.78 0.64 0.73 0.78 0.66 0.44 0.48 0.38

CD NSE4 0.78 0.84 –0.40 0.73 0.79 –2.64 0.74 0.81 –1.76 0.19 0.19 –3.59

Sample standard deviation of NSE (formula (9))

WW σ1 0.015 0.079 0.466 0.016 0.081 0.533 0.017 0.090 0.605 0.032 0.187 4.118

CW σ2 0.013 0.065 0.486 0.012 0.060 0.435 0.012 0.060 0.380 0.017 0.093 0.437

WD σ3 0.012 0.065 0.497 0.012 0.063 0.426 0.012 0.064 0.397 0.023 0.128 0.681

CD σ4 0.020 0.093 1.953 0.022 0.109 4.324 0.021 0.099 3.078 0.168 0.283 4.526

Test statistic (formula (5))

Z21 3.527 0.586 0.282 2.000 0.198 0.058 1.442 0.092 0.140 1.104 0.335 0.778

Z31 5.726 1.075 0.367 5.500 0.975 0.161 4.806 0.724 0.014 4.568 0.662 0.695

Z41 3.200 0.410 0.598 4.411 0.663 0.778 3.331 0.374 0.775 2.514 1.297 0.175

Z32 2.261 0.544 0.086 4.125 0.920 0.115 4.125 0.798 0.200 7.692 1.390 0.395

Z42 0.419 0.088 0.502 3.192 0.563 0.771 2.481 0.346 0.816 2.783 1.712 0.943

Z43 1.286 0.529 0.471 0.399 0.079 0.755 0.413 0.254 0.780 1.474 0.934 0.867

Has the DSS test been passed?

(i,j = 1, …, 4; i > j)

No Yes Yes No Yes Yes No Yes Yes No Yes Yes

σNSE*

( ) < − αΦ 1 /2ijZ
that in winter and spring runoff, conversely, is slow.
Both observed and simulated runoff at the down-
stream gauging stations in the Selenga River decrease
more rapidly than at the middle-reach gauging sta-
tions. The summer runoff decrease (the largest among
WATER RESOURCES  Vol. 45  Suppl. 1  2018
all seasons) is reproduced well by the model: for the
observed and simulated runoff series, it is about 200–
210 m3/s per decade. Note that summer runoff makes
the largest contribution to the annual runoff of the
Selenga River [11]. One can see from Table 3 that, in
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Fig. 3. Observed and simulated annual discharge series (with linear trends) for the period of 1980–2013 at four sites within the
Selenga River Basin.
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most cases, the decline rates are overestimated by the
model. The largest errors were obtained for the winter
and spring seasons, where they were, to some extent,
due to the very small absolute values of the trend slope
for these seasons. According to the annual runoff
observations, decreasing trend slope is approximately
WATER RESOURCES  Vol. 45  Suppl. 1  2018
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Table 3. Slope of trend lines (m3/s per year) fitted to the observed and simulated discharge series

Gauging station
Annual discharge Mean spring 

discharge
Mean summer 

discharge
Mean autumn 

discharge
Mean winter 

discharge

observed simulated observed simulated observed simulated observed simulated observed simulated

Kabansk –10.60 –14.71 –7.11 –1.31 –28.29 –24.53 –22.28 –35.65 –0.53 –9.47
Novoselenginsk –9.06 –12.54 –7.01 –1.92 –21.86 –24.61 –17.85 –28.71 –0.28 –8.09
Mostovoi –10.42 –14.69 –1.28 –5.11 –28.98 –24.59 –22.45 –35.60 –1.12 –9.45
Zuunburen –2.35 –5.77 –1.22 –0.25 –5.81 –7.74 –5.49 –12.97 –0.89 –5.04
Mean slope –8.11 –11.93 –4.16 –2.15 –21.24 –20.37 –17.02 –28.23 –0.71 –8.01
80 m3/s per decade whereas it is approximately
120 m3/s per decade for the corresponding simulation
series.

CONCLUSIONS

All models look good, but some are useless
<for impact studies>

(a rephrase of George Box’s quote).

In the recent decades, there is a large gap between
the progress in improving hydrological models, the
methods of their calibration, their ability to assimilate
different types of data, etc., on the one hand, and the
outdated methods of model evaluation and testing, on
the other hand. We still use easy-to-pass tests and very
“soft” statistical criteria of model efficiency. As a
result, there are a lot of “good” models that pretend to
be suitable for impact studies, and the number of such
models grows like a snowball. However, though the
performance of all models is mostly good, but, most
likely, some of them are useless. In order not to be
overwhelmed by pseudo-good models and to under-
stand the grounds for credibility of a given hydrologi-
cal model, we have to be able to distinguish between
models appropriate for impact studies and unsuitable
ones.

It seems reasonable to search these grounds within
the framework of the following pragmatic argumenta-
tion, which is based on three well-established state-
ments [1, 5, 20, 33, 38]. First, a predictive hydrologi-
cal model can never be universally validated, but its
performance can be evaluated for situations that imi-
tate the “target” conditions of the model application.
Second, if a model does not perform well, this implies
that the model is most likely inadequate under the
“target” conditions. Third, the opposite is not true:
the lack of disagreement does not necessarily imply
the model applicability for these conditions; however,
appropriate evaluation design increases the credibility
of and decreases the uncertainty in the model results.

As the model’s predictive ability usually cannot be
tested directly with the use of data (the latter, most
probably, never be available), specific test (“crash-
WATER RESOURCES  Vol. 45  Suppl. 1  2018
test”) is necessary, allowing one to reinforce the
model’s applicability.

In this study, we suggested such a crash test,
founded partly on the calibration/validation proce-
dure presented in [22], and applied the test to evaluat-
ing the performance of the physically based model of
the Selenga River runoff generation. First, for calibra-
tion, we established an enhanced NSE criterion
including models (3) and (4), which are more complex
and trend-oriented reference (benchmark) than the
simple reference model (2) used in the original NSE
criterion. Second, we introduced a modified DSS-test
focused on comparing the model performance criteria
for climatically contrasting periods, extracted from the
observation data, and proposed a new statistical mea-
sure (7)–(8) for obtaining the DSS-test result. Third,
the model’s performance was evaluated for four sites
within the catchment using three indicators of interest
(daily, monthly, and annual discharge series). The
model’s ability to reproduce the observed trends in
annual and seasonal discharge values was assessed.

Our findings can be summarized as follows:
(1) The model is demonstrated to be effective in

terms of the trend-oriented NSE measures, which
impose higher requirements on the tested model than
the ordinary NSE. This result is obtained for all con-
sidered hydrological variables and gauging stations.

(2) The differences in the NSE measures obtained
for the contrasting climate periods appeared statisti-
cally insignificant in terms of monthly and annual dis-
charge series for all considered gauging stations, i.e.
the model successfully passed the modified DSS-test
for these hydrological indicators. However, the model
has not passed the DSS-test in terms of the daily dis-
charge series because of small sample variance of the
NSE measure for this series. Thus, we conclude that
the model is robust enough to be applied to assess cli-
mate change impact on the annual and monthly run-
off in different parts of the Selenga River basin.

(3) The model demonstrates its ability to reproduce
the decreasing trend in multiyear variations of daily,
monthly, and annual discharge series observed at all
considered gauging stations. In accordance with
observations, the interannual decrease in the simu-
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lated summer and autumn runoff is more intensive
than the trends in other seasons. Also, the Lower
Selenga runoff decreases faster than that in the Middle
Selenga for both observations and simulations. The
decreasing trend in the summer runoff (about 200–
210 m3/s per decade) is well simulated by the model.
The errors in the trend slope are highest for winter and
spring runoff, but the absolute trend values are negli-
gible for these seasons. Overall, the model overesti-
mates trend slope comparing with observations.
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