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ABSTRACT. The paper is devoted to the application of the TerM land surface model to reproduce the water regime of typical 
watersheds of the European part of Russia (Vychegda River, Oka River) under the conditions of modern climate. The work 
evaluates the quality of the TerM model with respect to the main components of the water regime in regional climatic 
conditions: long-time runoff mean, mean snow water equivalent at the beginning of melting, volume and dates of spring 
floods in the studied catchments. The quality of the model is assessed by comparing the results of numerical experiments 
with observational data. To obtain optimal results, a number of model improvements are proposed, in particular: accounting 
for artificial irrigation of cultivated plants in the process of transpiration, calibration of the infiltration capacity parameter of 
watershed soils, roughness Manning coefficient for river bed and coefficient of river network tortuosity. The TerM model with 
the proposed modifications successfully reproduces main characteristics of the water regime in the studied catchments.
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INTRODUCTION

	 The TerM land surface model [34] is a numerical process-
based model of the dynamics of thermodynamic, hydrological 
and biogeochemical processes in the active layer of the 
Earth’s land. The model equations describe the dynamics of 
soil heat content, moisture, water vapour and ice, carbon 
dioxide and methane, carbon stocks and fluxes. The TerM 
model originate from the land surface block of the INMCM 
Earth System Model [38], implemented as an independent 
software code for simulations with prescribed atmospheric 
forcing. Within the TerM model, the initial code of the INMCM 
model was supplemented with a number of modifications, 
mainly related to the clarification of hydrological and carbon 
cycle processes, particularly for geographical conditions of 
Russia. The TerM model is used to develop and test promising 
physical parameterizations for the INMCM model and has 
been used for research of current state and anticipated 
response of ecosystems to future climate change in Russia.
	 In the original INMCM model, as in Earth System 
models in general, the hydrological simulations focus on 

reproducing the long-time runoff mean from the largest river 
catchments, which is necessary to describe the influence of 
hydrology on the thermohaline circulation in the ocean. At 
the same time, detailed representation of the intra-annual 
distribution of runoff and hydrographs on individual rivers is 
not usually considered a priority. However, the necessity for 
detailed reproduction of river runoff in Earth System models 
is gradually increasing with the increasing complexity 
of ocean models [15], the sophistication of carbon cycle 
parameterizations [21, 27], and improvements in atmospheric 
models to reproduce anomalous synoptic situations [19]. 
Also, the detailed representation of river runoff in Earth 
System models would facilitate hydrological predictions 
under different scenarios of anthropogenic impact or climate 
change for both well-studied and unexplored catchments, 
while the performance of statistical hydrological models in 
the same tasks is prone to overfitting the observational data 
[4]. At the side of hydrological modelling, a trend in the same 
direction, expressed in increasing of model robustness due 
to using of land-surface modelling approaches, can be noted 
(e.g., physically-based ECOMAG model [11]).
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	 As part of the development of the hydrological 
compartment of the TerM model, a number of 
advancements were performed to the original INMCM 
model. A one-dimensional model of the river flow was 
incorporated in the TerM model to represent the water 
mass transport through the river network and river 
thermodynamics [35]. The model input data on the 
geographical distribution of land surface properties were 
updated [28, 29], in particular, those used for simulations 
of Russian territory. Substantial efforts were devoted to 
improving the TerM model’s capability to reproduce the 
features of the water regime of rivers in the northern part of 
the East European Plain (Northern Dvina and Pechora river 
basins): the model’s ability to simulate the key elements of 
the land hydrological cycle was studied and improved in 
terms of evaporation and transpiration [22], snow water 
equivalent [23], infiltration processes in frozen soil, and 
spring flood runoff formation [24].
	 In this paper we apply the TerM model to reproduce the 
water regime of rivers located at the northern and central 
parts of the European territory of Russia. The Vychegda 
and Oka rivers were selected as the study catchments. 
These catchments represent typical conditions of the 
water regime for the northern and central parts of the East 
European Plain, and successful reproduction of their runoff 
in the TerM model will indicate the acceptable quality of the 
model for a large part of the Russian territory. The novelty 
of this study lies in its application of TerM for regions with 
drier climate and under intense anthropogenic impact 
compared to those previously studied. In addition, so far 
the TerM model output has not been analyzed in terms 
of runoff hydrographs of rivers of comparable catchment 
area (the model was used only for the largest river basins 
or small elementary catchments [22, 24]). In the future, 
the TerM model can be applied to carry out simulations 
with these catchments under past and future climatic 
conditions and to assess the impact of climate change on 
river flow.
	 The purpose of this work is to analyze and improve the 
reproduction of the mean annual runoff hydrograph in 
the TerM model for the Vychegda and Oka rivers. For this 
purpose, we consider the quality of simulation of the main 
characteristics of the catchment water balance: multiyear-
average runoff mean, snow water equivalent (SWE) at the 
beginning of melting, volume and dates of spring flood 
runoff. The quality of modelling is assessed on the basis of 
the results of numerical experiments with the model with 
prescribed atmospheric forcing. Based on the results of 
comparison of simulation results with observational data, a 
quantitative quality assessment is performed for the model, 
improvements in parameterizations of physical processes, 
and changes of calibration parameters are proposed.

MATERIALS AND METHODS

	 The main structural component of the TerM model is a 
solver for a system of one-dimensional equations of heat 
and moisture transport in a vertical soil column, which is 
applied in the cell centers of a regular latitude-longitude 
grid, with standard resolution 0.5°×0.5°. The depth of the 
soil column is assumed to be 10 m, and the equations are 
discretized at 24 vertical levels. At the upper boundary of 
the column (ground surface), the heat and water balance 
is evaluated taking into account the mosaic coverage of 
the cell by different types of surface (11 types of natural 
vegetation from SiB classification [7], 2 types of agricultural 
land, altogether grouped as a single vegetation tile, open 
soil tile, snow cover tile, intercepted moisture tile and 

open water tile represented by LAKE model [33]); zero-flux 
condition for diffusive transport of heat and liquid water 
are used as lower boundary conditions. The snow cover 
and a layer of intercepted moisture can be formed on the 
surface of the cell. Also in the cell, in case of water bodies, 
there can be an additional column representing the 
water body, in which the equations of heat, momentum 
and mass transfer in the aquatic environment are solved. 
Between the land cells, the water mass transport through 
the river network is performed using a diffusion wave type 
river network model [35]. The input data of the model 
include external parameter datasets (see below) provided 
by TerMPS package [29], which are used to specify the 
differential equations’ coefficients, as well as atmospheric 
surface layer variables including temperature, specific 
humidity, surface air pressure, wind speed, precipitation 
rate, incoming shortwave and longwave radiation fluxes 
involved to specify the top boundary conditions.
	 In the heat balance of the land surface, the TerM model 
takes into account the shortwave (radiation balance of soil 
and snow under the vegetation canopy are set according 
to the vegetation radiation transfer model [6, 32]) and 
longwave radiation fluxes, the turbulent fluxes of heat and 
moisture (to evaluate the turbulent exchange coefficients, 
dimensionless Monin-Obukhov similarity theory (MOST) 
stability functions are used, while the dynamic and thermal 
roughness parameterizations specific to different types of 
surface are taken into account [36]; the model of stomatal 
conductivity [31] is used to represent transpiration – see 
below), heat effects of snow melting and freezing, and 
heat flux into the underlying soil. The water balance at 
the surface takes into account the snow melting rate and 
intercepted moisture throughfall, as well as infiltration 
into the soil and the formation of slope runoff when the 
maximum infiltration rate is exceeded and when water 
enters moisture-saturated soil areas [8]. In the snow 
cover, a system of equations for vertical heat and melt 
water transport and snow density dynamics is solved; 
these equations are discretized at 4 vertical levels [23]. In 
the soil column, heat and moisture transport under the 
action of diffusion and capillary forces is described; phase 
transitions of water, water withdrawal during transpiration, 
and formation of subsurface runoff are taken into account 
[8]. An additional component of subsurface runoff to rivers 
is also the percolation flux through the lower boundary of 
the soil column. A number of the model parameters can be 
calibrated to achieve a better fit to the observed data.
	 In the context of this article, it is necessary to focus in 
more detail on transpiration and runoff parameterizations. 
Transpiration of vegetation cover, including cultivated 
vegetation, is calculated in the TerM model according to 
the concept of resistances as:

	 where E - transpiration rate [kg/(m2xs)], Δq - difference of 
specific air humidity at the height of the atmospheric surface 
layer and inside the vegetation cover [g/g], ρ - air density [kg/
m3], r

a
 and r

s,total
 - aerodynamic and stomatal resistances of 

water vapour transport in the surface layer of the atmosphere 
[s/m]. The value of aerodynamic resistance characterises the 
efficiency of water vapour transport by turbulent vortices, while 
the stomatal resistance is linked to the degree of openness of 
plant leaves stomata, which determines the efficiency of water 
vapour diffusion from plant tissues into the atmosphere. The 
stomatal resistance of the vegetation cover rs,total is evaluated 
by integrating the expression for the stomatal resistance of 
a single leaf rs over the thickness of the vegetation cover, 
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taking into account the photosynthetically active radiation 
attenuation [31]. The expression for an individual leaf is written 
within the multiplicative model expressing the concept of 
limiting factors [18]:

	 where r
s,min

 is the minimum stomatal resistance given by 
the constant, individual for each plant functional type [c/m]; 
f

R
(R), f

T
(T), f

d
(d), f

W
(W) are functions of photosynthetically active 

radiation P, temperature T, air moisture deficit d and soil 
moisture W, respectively. These functions take values from 0 to 
1 and characterise the degree of opening of stomata on plant 
leaves depending on environmental factors. The function 
f

W
(W) for soil moisture has the following form:

	 where W - integral moisture in the root-inhabited soil layer 
[m]; W

wilt,start
, W

wilt,end
 - integral moisture at the beginning of 

wilting process and intensive wilting respectively in the root-
inhabited soil layer [m] (the integral weights the soil moisture 
with the density of the root system). When calculating the 
parameters W

wilt,start
 and W

wilt,end
 the values of the soil water 

potential of the beginning of wilting and intensive wilting 
are used, which are considered constants individual for plant 
functional types of vegetation; for 2 types of agricultural land 
(arable land and tree plantations) the moisture potential of 
the beginning of wilting is set to -10000 cm and -19000 cm, 
the moisture potential of intensive wilting is -20000 cm and 
-25000 cm, respectively. Under moisture deficit conditions, 
the function f

W
(W) is the main limiting factor for plant 

transpiration. At this paper, in order to describe the effect of 
artificial irrigation of cultivated land in the TerM model for the 
corresponding vegetation types, it was supposed

	 One of the components of total river runoff (surface 
infiltration-excess runoff ), considered in this paper, is calculated 
as [25]:

	 where R
s,inf

 - surface slope runoff due to infiltration excess 
[m/s], B - water flux to the soil surface (consisting from liquid 
precipitation and melt snow water rate) [m/s], B

cap
- maximum 

infiltration rate into the soil [m/s] which depends on the soil 
type, γ

max
- maximum hydraulic conductivity in the soil column 

[m/s] in the depth range zє[0; h
soil

], where z=0 - soil surface, 
z=h

soil
 - lower boundary of the soil column; k - dimensionless 

calibration factor. The transfer of runoff through the river 
network is described by the diffusion wave model of riverflow 
dynamics [35]. In this model, the following equation is 
implemented to calculate the flow velocity in the cross section 
of the channel:

	 where U is the flow velocity in the channel [m/s], R is 
the hydraulic radius [m], h is the river depth [m], s is the 
tangent of the slope angle of the channel thalweg, n is the 
Manning roughness coefficient [sxm-1/3], x is the horizontal 
coordinate directed along the channel thalweg. The 
equation is solved using a finite-difference scheme along 
the x-axis; at the same time, the mesh spacing between 
nodes is corrected for the tortuosity of the channel 
network:

	 where Δx is the value of grid spacing along the 
channel thalweg [m], Δx’ is the value of grid spacing 
assuming straight channels connecting neighboring cells 
[m] [35], m is the tortuosity coefficient.
	 TerM uses external databases to specify maps of 
a number of model parameters: the map of terrestrial 
ecosystems of Russia by ICR RAS [39] for land cover types, 
GLCC database [20] for the same but outside Russia; 
GLDBv2 database [2] for depths and areas of water bodies; 
database [5] for hydrophysical properties of soils, digital 
model ETOPO1 [1] for surface elevation, DDM30 [30] for 
river flow directions, MODIS data [10] for leaf index of 
vegetation. The TerMPS package of unified algorithms [29] 
is used for aggregation of the data from original resolution 
of above listed databases onto the model grid.
	 It is known that the main factors affecting the perennial 
runoff rate are precipitation and evapotranspiration 
from the catchment surface. The magnitude of spring 
flood runoff, which is the most characteristic feature of 
the water regime of the studied rivers, is formed duew 
to the magnitude of SWE at the beginning of melting, 
the amount of precipitation during the flood period and 
the magnitude of infiltration losses at the catchment 
[37]. Errors in precipitation, which is an input parameter 
for the TerM model, can be considered negligible if a 
representative source of precipitation data is selected. 
Thus, in order to verify the main factors of river runoff 
formation at the catchment, it is necessary to analyze 
the mean annual runoff (to assess the quality of modeled 
evapotranspiration), the SWE at the beginning of melting 
(as the main factor of spring flood runoff formation) and 
the analysis of annual runoff hydrographs (to assess the 
quality of flood runoff simulation). This analysis was carried 
out by comparing river runoff and SWE provided by the 
TerM model with observational data.
	 The Vychegda River catchment is located in the 
middle taiga zone, the precipitation-evaporation ratio 
is about 1.5, the landscapes are represented mainly by 
dark coniferous, light coniferous, small-leaved and mixed 
forests; anthropogenic impact on the catchment area is 
minimal. The Oka River catchment is located in the zone 
of broadleaved forests, the precipitation-evaporation 
ratio is about 1.0, natural landscapes are represented by 
mixed and broadleaved forests; in contrast to Vychegda, 
a significant share of the area is occupied by agriculture 
lands and meadow vegetation. The natural landscapes of 
the Oka River catchment have been significantly altered by 
anthropogenic factors. Both catchments are characterised 
by predominantly snow feeding of runoff with pronounced 
spring flooding and stable winter low-water periods; the 
Oka River is characterised by a greater contribution from 
ground feeding and sometimes interruption of low-water 
periods by flooding due to thaws. The runoff of both rivers 
is insignificantly regulated [9, 39]. For the water discharge, 
we selected observations at the closing river gauges of the 
studied basins: Koryazhma station (32 km from the mouth 
of Vychegda, upstream runoff area 119 thousand km2) and 
Gorbatov station (78 km from the mouth of Oka, upstream 

(2)

(7)

(3)

(4)

(5)

(6)
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area 244 thousand km2). The period 2008-2020 was chosen 
for model-observations comparison; TerM model runs 
were performed for the period 2000-2020 (with spinup 
period of 8 years, primarily to bring the soil moisture to 
equilibrium with long-term atmospheric conditions) with a 
time step of 1 hour and a spatial resolution of 0.5º×0.5º (82 
cells for Vychegda basin and 134 cells for Oka basin). The 
ERA5 reanalysis data [14] (spatial resolution 0.5º×0.5º, time 
resolution 1 hour) were used as atmospheric forcing except 
precipitation, and the GPCP 3.2 data [16] (spatial resolution 
0.5º×0.5º, time resolution 1 day) were used as input data on 
atmospheric precipitation; daily mean intensity was used 
at each time step of the model within a day. The error in 
atmospheric forcing data in the study area was considered 
negligible [12, 26].
	 To assess the quality of SWE simulation, the TerM 
model output was compared with data from route snow 
measurement surveys counducted at meteorological 
stations within and in the immediate vicinity of the study 
catchments (4 stations for the Vychegda River and 9 
stations for the Oka River). Observational data represent 
measurements of SWE each 5-10 days; data from routes 
in non-forested landscapes were selected for analysis. 
Observational data were linearly interpolated over time to 
obtain averaged seasonal dynamics. The period 2000-2020 
was chosen for model validation; TerM model simulations 
were performed in a single-column mode for the same 
period with a time step of 3 hours at weather station 
points. In these numerical experiments, instantaneous 
3-hourly observational data at meteorological stations 
were used as input data; the ERA5 reanalysis [14] was used 
for the magnitudes of incoming shortwave and longwave 
radiation fluxes, as well as to fill the gaps in station data for 
other variables.

RESULTS AND DISCUSSION

	 Table 1 compares the results of the TerM model 
simulation of the long-term runoff mean in the Vychegda 
and Oka basins with the observed data. The observed 
model deviation in the mean value is acceptable 
compared to the annual precipitation (overestimation 
by 7-8% in both catchments). However, compared to 
the value of the runoff rate, the error is more significant 
(overestimation by 17.8% for the Vychegda River and 
34.8% for the Oka River). The overestimation of the runoff 
norm in the model indicates an underestimation of the 
summer evapotranspiration norm from the catchment 
(precipitation from GPCP are close to observational data 
[16], winter evapotransiration reproduced with high 
accuracy as shown below for SWE). At the same time, the 

relative error for the Oka River is almost twice as large as 
for the Vychegda River. We hypothesised that the larger 
error for the Oka River was due to an overestimation of 
the effect of wilting vegetation during drought periods in 
cultivated agricultural areas, which are widespread in the 
catchment of the river. In most agricultural areas, artificial 
irrigation of crops and maintenance of their optimal 
moisture regime are carried out on a permanent or one-
time basis during periods of drought. This anthropogenic 
factor is not taken into account in the TerM model, which 
may result in an overestimation of evapotranspiration. A 
modification of wilting multiplier (3) for parameterization 
of transpiration was proposed for the TerM model in the 
form of parametrization (4). Although this parameterization 
is very simplified (possibly overestimating the effect of 
irrigation), it can nevertheless be considered that it reflects 
the physical consequences of irrigation and can be used 
as one of the options for parameterizing anthropogenic 
effects in the TerM.
	 The results of TerM model for Oka river with this 
modification are presented in Table 1 - the proposed 
parameterization reduced the relative error to a level 
comparable to the Vychegda River. The obtained 
overestimation of the mean annual runoff by 13.3% for 
the Oka River and by 17.8% for the Vychegda River can be 
considered acceptable. The observed error may be related 
to the magnitude of stomatal resistance parameters for 
different vegetation types, LAI data, etc.
	 Table 2 presents the metrics of the TerM model error in 
the magnitude of maximum SWE (SWE by the beginning 
of melting) according to route measurements within 
the studied catchments. The values obtained indicate 
a significant scatter in the observed error both between 
different stations (relative error of mean ranging from 
-29.4% to +38.4%) and for each individual station beween 
different years (correlation coefficient values for the time 
series from 0.35 to 0.87). However, the error metrics for 
the values averaged over a set of meteorological stations 
show acceptable values (overestimation by 4.4% for the 
Vychegda River, by 7.3% for the Oka River). A significant 
part of the model error and low values of error metrics at 
individual stations may be related to local factors (wind 
redistribution, blizzards, etc) in the snow measurement 
data that influenced the dynamics of snow accumulation in 
a particular year for a particular location [23]. This variability 
can be eliminated by averaging. We assume that the error 
over the catchment surface as a whole will be close to the 
error obtained over the set of stations.
	 Figure 1 compares the SWE averaged over all 
meteorological stations within the study catchments and 
all winters in the period 2000-2020 provided by the TerM 

Vychegda
Oka

model, basic version model, modified version

Precipitation, mm 764.0 702.7

Runoff depth (observations), mm 345.1 151.3

Runoff depth (model), mm 406.4 203.8 171.5

Absolute error, mm (±interannual standard deviation of error, mm) +61.26 (±3.88) +52.59 (±1.54) +20.24 (±1.15)

Error relative to precipitation amount +8.0% +7.5% +2.8%

Error relative to runoff depth +17.8% +34.8% +13.3%

Table 1. Average runoff depth for 2008-2020 for the Vychegda and Oka rivers. Vychegda and Oka rivers according to 
observations and the TerM model output
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Fig. 1. Average seasonal course of snow accumulation at meteorological stations within the catchments of 
a) Vychegda River and b) Oka River for 2000-2020, based on observations and TerM model

Station
Average maximum 
SWE (observations), 

mm

Average maximum 
SWE (model), mm

Absolute error, mm 
(±interannual standard 
deviation of error, mm)

Relative error, %
Correlation coefficient 

for the time series

Vychegda River

Veliky Ustyug 180.0 177.7 +6.79 +4.0% 0.35

Oparino 190.2 196.2 +5.99 +3.1% 0.57

Sura 135.1 159.0 +23.88 +17.7% 0.83

Ust-Tsilma 188.2 182.2 -5.96 -3.2% 0.64

for the set of  stations 171.1 178.8 +7.7 (±37.0) +4.4% 0.62

Oka River

Bryansk 92.7 117.9 +25.18 +27.2% 0.80

Yelatma 101.6 135.1 +33.56 +33.0% 0.77

Kostroma 122.1 92.0 -30.10 -24.7% 0.69

Lukoyanov 103.2 112.3 +9.15 +8.9% 0.75

Mozhaisk 81.7 113.1 +31.38 +38.4% 0.81

Pavelets 105.7 74.7 -31.05 -29.4% 0.66

Penza 100.4 100.6 +0.13 +0.1% 0.87

Ponyri 92.2 92.5 +0.36 +0.4% 0.76

Sukhinichi 77.0 103.6 +26.6 +34.6% 0.87

for the set of  stations 97.4 104.6 +7.1 (±37.7) +7.3% 0.65

Table 2. Average maximum snow water equivalent (SWE) at meteorological stations within the catchments of the 
Vychegda and Oka rivers for 2000-2020 based on observations and TerM model

model and observations. In the averaging procedure, 
instead of the mean the median was calculated, due to the 
significant heterogeneity of samples during the periods of 
snow accumulation and snowmelt. The model correctly 
reproduces basic features of snow accumulation dynamics, 
such as the timing of snow cover emergence, the timing 
of the beginning of melting, the intensity of melting and 
the timing of snow cover melting. It should be noted that 
this was estimated only for snow cover at field landscapes, 
while part of the error of the model in spring flood runoff 
may be associated with errors of the snow dynamics at the 
forest, associated with the errors in taking into account the 
processes of radiation and turbulent transfer at the canopy.
	 Table 3 presents a comparison of the average spring 
flood depth (the spring flood depth is computed from 
the average hydrograph as an integral for part of curve 

which exceeding of the baseflow line) for the Vychegda 
River and the Oka River according to the TerM model and 
observations. Fig. 2 shows the corresponding mean runoff 
hydrographs. The results indicate an underestimation 
of the flood runoff volume and earlier timing of spring 
flood in the non-calibrated version of the TerM model. 
The observed error can be controlled by the values of 
the calibrated model parameters: the infiltration capacity 
parameter of the upper soil layer in the catchment, the 
roughness parameter in the river channels, and the 
tortuosity coefficient of the river network.
	 The calibration factor k for the infiltration capacity 
parameter of the topsoil is included in the equation for 
calculating the surface component of catchment runoff (5) 
[25], which is formed when the rate of water flux to the soil 
surface exceeds the maximum rate of infiltration through 
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the topsoil (soil infiltration capacity) and is the main 
mechanism of spring flood runoff formation when soils on 
watershed are frozen. This equation is written under the 
assumption of a subgrid distribution of infiltration capacity 
within a latitude-longitude model grid cell according 
to an exponential distribution law with mathematical 
expectation B

cap
. From a physical point of view, the value of 

B
cap

 should be related to the value of γ
max

, representing the 
maximum hydraulic conductivity of the topsoil averaged 
over the cell. In the TerM model, the value of γ

max
 is obtained 

by averaging the original fine-scale input data on soil 
properties [5]. However, the γ

max
 values thus obtained often 

cannot provide the actual observed flood runoff volume 
according to equation (5), which is due to the large spatial 
variability of soil hydraulic conductivity in the catchment 
within several orders of magnitude, which is reflected in 
the input data with high uncertainty. A common approach 
in hydrological modelling practice is to calibrate the 
parameter B

cap
 for each individual catchment under study 

[25]. A similar approach has been implemented in the TerM 
model; in this case, the calibration factor k in formula (5) 
is set to a single value for all cells located within the study 
catchment. By default, k is assumed 1. Once the calibration 
factor decreases, an increase in flood discharge can be 
expected and vice versa; the range of possible values of k 
spans from 0.01 to 100 [28].
	 The channel roughness parameter (Manning’s 
coefficient) and tortuosity coefficient of the river network 
are used in the diffusion wave model of riverflow dynamics 
(6-7) [35]. By default in the TerM model, the values of river 
model parameters are set the same constants for all rivers: 
the Manning coefficient n is 0.035 s∙m-1/3 and the tortuosity 
coefficient m is 1.4. In reality, the values of these parameters 
vary considerably. The value of the Manning coefficient 
depends on the state of the watercourse bottom surface 
and varies from about 0.025 (for smooth channels with 
free flow) to 0.2 (for overgrown forested floodplains) [3]. 

During flooding and overflow periods, the flow enters the 
vegetated floodplain, which results in an increase ofn the 
roughness coefficient; accounting for this process in the 
model can lead to slowing down the flow and shifting 
the timing of floods to later dates. The possible range of 
tortuosity coefficient values can be from 1 to 3 or more; for 
the Oka River, the maximum values are of the order of 2.6 
(in some sections) [17]. Greater tortuosity and, accordingly, 
greater channel length entails in a later onset of flooding, 
under other conditions fixed. Thus, the refinement of the 
Manning coefficient and tortuosity coefficient parameters 
for the studied catchments can improve the TerM model 
performance in the timing of floods so that their values 
are considered as calibration settings and determined to 
achieve an optimal fit of the model to the observed river 
discharge. Nevertheless, it should be taken into account 
that assessing these parameters on a global scale may be 
difficult.
	 To assess the magnitude of the calibration parameter 
values in the TerM model for the Vychegda and Oka 
catchments, a series of sensitivity numerical experiments 
were carried out with values of the k, m and n of different 
orders. The calibration was done using the enumeration 
method and the objective function was the Nash-
Sutcliffe coefficient for the daily runoff series. As a first 
approximation, the value of the roughness coefficient 
was set constant throughout the year; one can expect less 
influence of this coefficient change on runoff during low 
water periods compared to spring floods. The parameter 
values that allowed to demonstrate the lowest level of 
errors in the volume and timing of spring floods were 
as follows: k = 0.1 for the Vychegda River, for Oka k = 2.0, 
for both rivers n = 0.050 s∙m-1/3, for both rivers m = 2.5. 
Comparison of the results of the calibrated TerM model 
with the observed data is presented in Table 3 and Fig. 2. 
The calibrated model shows much lower errors in spring 
flood volume and timing. Fig. 3 shows the series of daily 

Vychegda River Oka River

model non-calibrated model, calibrated model, non-calibrated model, calibrated

Spring flood runoff depth (observations), mm 229.2 74.2

Spring flood runoff depth (model), mm 107.79 259.5 57.5 85.0

Absolute error, mm (±interannual standard 
deviation of error, mm)

−121.41 (±34.71) +30.30 (±16.90) −16.69 (±24.23) +10.82 (±20.03)

Error relative to long-term runoff mean, % −35.2% +8.8% −12.4% +8.0%

Table 3. Spring flood runoff depth extracted from the mean hydrograph for the Vychegda and Oka rivers, 2008-2020, 
based on observations and TerM results

Fig. 2. Average annual hydrograph of the Vychegda and Oka rivers runoff depth for 2008-2020 
according to observations and TerM model
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values of the runoff depth for the studied catchments for a 
part of the analyzed time period. The model demonstrates 
realistic hydrograph pattern; the value of the Nash-
Sutcliffe coefficient for Vychegda river is 0.67, while for 
the Oka river 0.62. The model overestimates the low-water 
discharge compared to the observed data which may be a 
consequence of errors in the reproduction of evaporation 
and errors in the calibration of  spring flood runoff, and also 
does not well reproduce some flood events which may be 
related to the parametrization of groundwater and rain 
floods.
	 The values obtained are within physically reasonable 
ranges reported in literature. The value of the calibration 
coefficient for the infiltration capacity parameter obtained 
for the Vychegda River coincided with the optimal values 
of the order of magnitude obtained for the Northern Dvina 
River [24], for which the Vychegda River is a sub-basin. The 
Manning coefficient values obtained correspond to flow on 
a floodplain covered with cultivated crops or predominantly 
shrub vegetation [3]. The obtained coefficient of tortuosity 
values are close to the maximum values observed in these 
river sections along their entire length [17]. It is likely that 
the coefficient of tortuosity value obtained during the 
calibration process is slightly higher than the actual one, 
and the shift of optimal m from realistic value served to 
eliminate the errors of other model parameters as well as 
misrepresentation of physical processes.

CONCLUSIONS

	 As a result of a series of computational experiments, 
the TerM land surface model was shown to be of 
acceptable quality in reproducing the water regime of 
the Vychegda and Oka rivers under conditions of modern 

climate (2008-2020), in particular, such characteristics as 
the long-term runoff mean (error with respect to the long-
term precipitation mean +8.0% and +2.8%, respectively, 
and with respect to long-term runoff mean provided by 
river gauges +17.8% and +13.3%, respectively), snow water 
equivalent at the beginning of melting (error +7.7% and 
+7.1%, respectively), spring flood runoff volume (error 
+8.8% and +8.0%, respectively), dates of spring flood and 
annual hydrograph behavior in general (Nash-Sutcliffe 
coefficient 0.67 and 0.62, respectively). The obtained 
quality metrics may be insufficient in comparison with 
specialized hydrological models, but are quite high in 
comparison with other land surface models [13]. In the 
process of model calibration, values of calibrated model 
parameters, in particular, the coefficient for soil infiltration 
capacity parameter, Manning’s roughness coefficient and 
river network tortuosity coefficient were obtained for 
the studied catchments; the obtained parameter values 
fell within the physically reasonable ranges reported 
in literature. Also, a modification of vegetation wilting 
parameterization was proposed for the model, which 
allows taking into account the effect of artificial irrigation 
of cultivated lands and allowed improving the results of 
annual discharge reproduction for the Oka River. Based 
on the results obtained, it can be concluded that the TerM 
model can be successfully applied to perform hydrological 
simulations in geographical conditions typical for a large 
part of Russia.
	 Further work will be continued in the direction of 
carrying out numerical studies with the TerM model for the 
Vychegda and Oka rivers under climatic conditions of the 
past and future and to assess the impact of climate change 
on the water regime of the European part of Russia.

Fig. 3. Dynamics of daily runoff depth of the Vychegda River and Oka River for 2017-2020 according 
to observations and results of TerM model
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