V. 1. Karev - Dmitry Klimov -
Konstantin Pokazeev
Editors

Physical and Mathematical
Modeling of Earth

and EIlViI'OIlIIlCIlt Processes
(2018)

4th International Scientific School for Young
Scientists, Ishlinskii Institute for Problems

in Mechanics of Russian Academy

of Sciences

@ Springer



Editors

V. L. Karev Dmitry Klimov

Institute for Problems in Mechanics Russian Institute for Problems in Mechanics Russian
Academy of Sciences (IPMech RAS) Academy of Sciences (IPMech RAS)
Moscow, Russia Moscow, Russia

Konstantin Pokazeev

Faculty of Physics

Lomonosov Moscow State University
Moscow, Russia

ISSN 2524-342X ISSN 2524-3438 (electronic)
Springer Proceedings in Earth and Environmental Sciences
ISBN 978-3-030-11532-6 ISBN 978-3-030-11533-3  (eBook)

https://doi.org/10.1007/978-3-030-11533-3
Library of Congress Control Number: 2019930995

© Springer Nature Switzerland AG 2019

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt from
the relevant protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, expressed or implied, with respect to the material contained
herein or for any errors or omissions that may have been made. The publisher remains neutral with regard
to jurisdictional claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland


https://doi.org/10.1007/978-3-030-11533-3

)

Check for
updates

Bayes Estimates of Variations of the Duration
of the Navigation Period Along the Northern
Sea Route in the XXI Century
from Simulations with Ensemble of Climate
Models

0. V. Kibanova'*®*¥®, A. V. Eliseev'**®, L. I. Mokhov'**®,
and V. Ch. Khon

! Faculty of Physics, Lomonosov Moscow State University, Moscow 119991,
Russia
kibanova. 0. v@gmail. com
2 AM. Obukhov Institute of Atmospheric Physics, Russian Academy of
Sciences, Moscow 119017, Russia
3 Kazan Federal University, Kazan 420008, Russia
4 Moscow Institute of Physics and Technology, Dolgoprudnyi, Moscow Oblast
141701, Russia

Abstract. In the 21st century, a significant increase in the duration of the
navigation period on the Northern Sea Route is expected. This is due to the
stronger warming of the climate in the Arctic. Current climate models are
characterized by considerable uncertainty in the sensitivity of the characteristics
of sea ice in the Arctic Ocean to current climate changes. In order to take into
account, the uncertainty of the results of numerical calculations for models,
together with the uncertainty of the observational data, Bayesian analysis
methods are used. This paper analyzes the changes in the duration of the nav-
igation period (NPD) on the Northern Sea Route (NSR) for the Coupled Models
Intercomparison Project, phase 5 (CMIP5) climate model ensemble under
Representative Concentration Pathways (RCP) anthropogenic scenarios using
Bayesian statistics. For various scenarios of anthropogenic impact, it was found
that the expected duration of the navigation period on the Northern Sea Route
will be 2-3 months by the middle of the XXI century and 3—6 months by its end.

Keywords: Climate changes - The arctic - Sea ice - North sea route - Satellite
data - Climate models - Bayesian statistics + CMIP5

1 Introduction

Variations in the sea-surface temperature in the arctic latitudes in recent decades were
lager then the global mean changes by a factor of two. At the same time, the area of sea
ice in the Arctic is rapidly decreasing. The area of the Arctic sea ice in 1979-2014 in
September it decreased at a rate of 1.3% per year [1]. With the continuation of modern
climate warming in the 21st century, the Arctic Ocean can be free of sea ice in the
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summer-autumn seasons. This tendency contributes to an increase in the duration of the
navigation period on the Northern Sea Route [2—4].

Climate models, in particular the models included in the CMIPS5 ensemble, are
characterized by considerable uncertainty in the reproduction of the characteristics of
sea ice in the Arctic Ocean compared to the observed climate changes, both from the
results of numerical calculations of the climate reproduction of the XX century and
calculations of climate change in the 21st century [5]. In order to obtain more reliable
estimates of changes in the PNP on the SMP in the 21st century, it iS necessary to use
analysis methods that take into account the uncertainties in the results of climate model
estimates and uncertainties in the observational data. For this, in particular, one can use
Bayes averaging [6-8].

In our work, we analyze changes in the duration of the navigation period using
calculations of the Coupled Models Intercomparison Project, phase 5 (CMIP5) climate
model ensemble for Representative Concentration Pathways (RCP) 4.5 and 8.5 sce-
narios of anthropogenic impact using Bayesian statistical methods.

2 Data and Methods

For the analysis, model calculations of sea ice compactness in the Arctic Ocean of the
CMIP5 ensemble for the period 1979-2100 were used. The initial year of this period
was chosen as the beginning of satellite observations. We use numerical calculations of
the “historical” scenario for the period 1979-2005. and the results of numerical cal-
culations with the CMIP5 climate model ensemble under the scenarios of anthro-
pogenic and natural impacts of the RCP family for the period 2006-2100. Of the four
anthropogenic RCP scenarios, we select the moderate (RCP 4.5) and more “aggressive”
(RCP 8.5) anthropogenic scenarios. To find the duration of the navigation path, we
considered that the model cell was free of sea ice, if it had an average monthly ice
concentration of no more than 15%. In addition, the duration of the navigation period
was determined by taking into account how much Z of the route of the Northern Sea
Route was ice-free (for Z, values of 80% and 90% were used).

We highlight some of the characteristics in order to take into account both the
quality of the reproduction of the current climate models, and climate change at dif-
ferent time scales. These characteristics are (1) the average long-term NPD duration
T7 . (2) the linear trend for a series of NPD data T’Z, and (3) the standard deviation of
the short-period interannual variability o,. Bayesian weights are calculated as the
likelihood functions of these quantities for the measured data. To obtain observational
data, we use the Scanning Multichannel Microwave Radiometer instrument on the
Nimbus-7 satellite (SMMR) for the period 1980-2014. We assume that all variables are
normally distributed and their means and standard deviations can be found from
observational data. Thus, weights are calculated as:

wh = N(X.(” X 0'(-0)) : (1)

J J J
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where j = 1 — 3, k is mmodel index, N(x,xo, o) is the normal distribution of variable x
with the mean value xy and standard deviation o. The weights taking into account traits

13 and X =T, if j=1, XV = T,, if j =2, X" = o, if j = 3. Here, X", 6"’
indicates that these are the data of observations. In addltion, we assume that each trait
contributes to the result independently of the others, and the resulting contribution of
this model will be the product of the weights:

(k) (k) (k). (k)

Wy W Wy W3

An additional condition is required for all weights:

S wlh =

In addition, combinations of weighting factors are used that take into account all
three time scales. Using the calculated weight factors, the ensemble averaging E(T%|D)
and calculation of the intermodel (intraensemble) standard deviation ¢(7%|D) is
performed:

E(Ty|D) = > 1w
a(Tz|D) = {Z{ [a(TZ|D)2 +T§">2w(k)} — E(T/|D, Té/a)z}}lﬁ

Where Ték) are array of variable T of traits 1-3.

3 Results

Weights for scenarios of anthropogenic impacts RCP4.5 and RCPS8.5 and Z = 80% are
illustrated on Fig. 1. Weights w; (characterizing the average multiannual value of the
NPD) are distributed relatively uniformly between the models. A more non-uniform
intermodal distribution of weights is noted for w;, w3 and wy. The degree of this non-
uniformity can be characterized using the information entropy normalized to a value
corresponding to the weights wo = 1/ K:

k k
~(3 " wi¥1og, wi)/ log, K

The values of this entropy are: H; = 0.98, H, = 0.93, H3 = 0.72 and H4 = 0.66.
They decrease with increasing weights numbers. The greatest contribution to the inter-
model differences in estimating the change in the NSR is due to the reproduction of the
short-period interannual variability of sea ice compactness on the NSR. In addition, the
pairwise correlation coefficients between weights are not statistically significant. This
allows us to use the combined weighting factor in the form wy.
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Fig. 1. Bayesian weight factors for the NPD on the Northern Sea Route (a case where 80% of
the route is ice-free). For simplicity, an index indicating the climate model is omitted in the
drawings. In determining the weights for 2006-2014. used the results of calculations with the
script RCP 4.5. The number of the climatic model is indicated on the abscissa axis. The
horizontal line shows the weight w (0) = 1 / K (K is the number of models in the ensemble).

It was found that the models of the CMIP5 ensemble are consistent with each other
in an overall significant increase in the NPD at the NSR in the 21st century. This
increase is more for the RCP 8.5 scenario than for the RCP 4.5, which is associated
with a large increase in greenhouse gas concentrations in the atmosphere in the first
scenario than in the second. In the case when 80% of the NSR route is free of sea ice,
the change in the NPD under anthropogenic impact on the climate is slightly larger than
in the case of 90%, the uncertainty intervals overlap for these values. Thus, the results
of the work are not very sensitive to the choice of the value of Z (Fig. 2).

Models that best reproduce the current multi-year value of the NPD (models whose
weights w; are greatest) are characterized by a small change in T, during warming
caused by anthropogenic impact. In addition, the sensitivity of the NPD in the models
that best reproduce the linear trend 7z over the past decades (which is characterized by
weights w;) is maximum. The response of 7 in models with the best reproduction gz
(i.e. with maximum weights wyz) is greater than the response of models that best
reproduce 7T7,, but smaller than the corresponding response in models that best
reproduce T/z- The response of models with the largest weights wy is similar response
models with relatively large w3 weights.
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Fig. 2. The ensemble average value of the NPD on the Northern Sea Route for scenarios of
anthropogenic impacts on the climate system RCP 4.5 and RCP 8.5, for different values of the Z
parameter and for different options for calculating Bayesian weights.

The models that best reproduce the modern climate are not sensitive to anthro-
pogenic warming. The models that best reproduce the linear trend over the past decades
are the most sensitive to anthropogenic warming. Combining criteria in the form of a
weight wy leads to an average response of the NPD to anthropogenic warming.

With all the choice of weighting factors used, the intermodel standard deviation
o(Tz|D) as a whole increases with time. As the weight number increases, the inter-
model standard deviation decreases (Fig. 3). It can be observed that the intermodel
variation for different scenarios of anthropogenic impact and Z values is very signifi-
cant. But this does not mean that changes over time in the NPD are statistically
insignificant. The change in E(Tz|D) for time variations should be compared not with
a(Tz|D), but with T, (standard deviation of interannual variability). The values of this
standard deviation for different scenarios of anthropogenic influences, Z values and
time points range from 1 to 2 weeks. Thus, the increase in the NPD on the Northern Sea
Route becomes statistically significant even for the beginning of the XXI century.
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Fig. 3. The inter-model standard deviation of the NPD on the Northern Sea Route for scenarios
of anthropogenic impacts on the climate system RCP 4.5 and RCP 8.5, for different values of the
Z parameter and for various options for calculating Bayes weights.

Thus, the estimated duration of the navigation period on the Northern Sea Route for
the scenarios of anthropogenic impacts of RCP is expected to be 2-3 months according
to the ensemble model estimates. in the middle of the XXI century. At the end of the
XXI century, the duration is expected to be 3—6 months.
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