
 

Ara

Stepan 
1 Lomon

ABSTR

Since th
signific
in 1960
conditio
preserv
exposed
provide
level fa
seabed.
while d
hummo
decreas
Aral Se

KEY W

INTRO

The Ar
Burr et 
the Late
level ex
change 

Sea ice 
evolutio
Howeve
latitude
process
associat
hummo
topogra

In this 
evolutio

al Sea Ice
an

V. Maznev
nosov Mosc

RACT 

he beginnin
cantly chang
0, its ice c
ons for ice 
ation of ice
d bottom o
ed the mean
all. It allow
  We found

drifting alon
ocks, scouri
se in the wa
ea bed cease

WORDS: Ara

ODUCTION

ral Sea is a 
al. (2019) d

e Pleistocen
xtent affecte
throughout

as a zonal 
on of the co
er, it can al

es (Grass, 1
s driven by
ted with ice

ocks (stamu
aphy (Ogoro

study, we c
on along wi

e Condit
nd Their 

1, Stanislav
cow State U

ng of the sec
ged, mostly
conditions a
scouring by

e gouges on
of the Aral 
ns to recons

wed to recon
d out traces
ng the wind
ing on the 
ater area, th
ed. Today, ic

al Sea, ice c

N 

famous ex
demonstrate
ne under th
ed ice condi
t the second

factor is as
oasts and sea
lso affect th
1984, etc.), 
y ice is me
e cover mo
ukhas) und
odov, 2011)

characterize
ith a recons

tions in t
Effect o

A. Ogorod
University, M

cond half of
y due to ant
also change
y ice humm

n the exposi
Sea using 
truct a vari

nstruct ice c
s of former

ds and curre
fast ice rim

he formation
ce gouging 

conditions, 

ample of hu
ed that sea 

he influence
itions of the

d part of 20th

ssociated w
abed in pola
he coasts a
in particul

chanical pl
vement, ice
er the influ
. Ice gougin

e ice-gougi
struction of 

Procee
Port and O

 
the Seco
on the Bo

 
 

dov1, Alisa V
Moscow, Ru

f the 20th c
thropogenic
ed. Before 

mocks. Afte
ing bottom.
remote sen

ety of mech
conditions 
r multiple k
ents, marks 
m, etc. In t
n of ice hum
is almost ab

ice gouging

uman impa
level fluctu

e of runoff a
e Aral Sea. 
h century an

with high lat
ar regions (

and bottom 
lar, Aral Se
lowing of b
e hummock
uence of h
ng significa

ing landform
f ice-gougin

edings of the
Ocean Engin

June 9-

 
 
 

nd Part 
ottom To

V. Baranska
ussia 

entury, the 
c causes. Du

1960, the 
er 1960, the
 However, 
nsing meth
hanisms of 
and mechan
keels bottom
of wind di

the late 200
mmocks dim
bsent in the 

g, bottom to

act on the n
uations occu
and evapora
This study 
nd their infl

titudes and 
Barnes et al
of freezing
ea. The mo
bottom gro

king (ridgin
hydrometeo
ntly change

ms at the A
ng processes

e 25th Interna
eering unde
-13, 2019, D

of the 20
opograp

aya1, Valeri

water area 
uring a rapi
Aral Sea p

e rapid leve
the study o
ods along w
the ice effe
nisms of th
m scouring,
rection cha
00s, togethe
minished an
Aral Sea. 

opography  

natural envir
urred many 
ation variat
aims to sho
luence on th

plays an im
l., 1988; Og

g seas and l
ost dangero
und called 
g) and form

orological f
es bottom to

Aral Sea be
s. The Aral 

ational Confe
er Arctic Co

Delft, The Net

0th Cent
phy 

ia V. Selyuz

of the Aral 
id level fall
provided fa

el fall favor
of the scour
with the fi

ect acted du
he ice effec
, repeated s

anges, groun
er with the
nd ice effec

ronment. H
times at lea

tions. Chang
ow the ice c
he seabed.  

mportant rol
gorodov, 20
large lakes 
ous and im

ice gougin
mation of g
factors and 
opography. 

ed, their ori
Sea (Figur

erence on 
onditions 
therlands 

tury 

zhenok1 

Sea has 
l, started 
avorable 
red good 
rs on the 
ieldwork 
uring sea 
ct on the 
scouring 
nded ice 
e critical 
ct on the 

However, 
ast from 
ging sea 
ondition 

le in the 
011, etc). 

in mid-
mpressive 

ng. It is 
rounded 

coastal 

igin and 
e 1) is a 



unique 
water le
scours 
(usually
studies 

Figu

Before 
period a
signific
(Figure 
investig
gouging
the sea
mechan

Figure 
Ara

Scours 
photogr
Institute
showed
0.5 m in
gouging

site for stu
evel declin
on the surf
y not excee
of the ice g

ure 1. Study

1960 the A
are well-stu

cance led to
2), the vas

gations. We 
g landforms
a level dec
nisms of the

2. Fluctuati
al Sea (1986

at the exp
raphs by B
e of Kazak

d that traces 
n depth. Ho
g and interp

udies of ice
ne. Modern 
face of the 
eding 3 m).
gouges’ mor

y area. The r

Aral Sea w
udied. Ice c
o a termina
st surface o
studied the

s. Ice scour
rease. The 

e effect of ic

ions of the A
6–2006); 4–

posed botto
B. Smerdov
khstan. He m

on the Ara
owever, Sm
preted them

e gouging, a
remote sen
former sea

. The possi
rphology an

red rectangl
greatest ext

as heavy u
conditions c
ation of ic
f the seabe

e exposed A
s are the re
study of 

ce on the bo

Aral Sea lev
–East Aral S

om of the 
in 1990 (

made a fie
l seabed are

merdov rejec
m as traces o

as most of 
nsing metho
a bottom, a
ibility of di

nd distributio

le surrounds
tent in the 2

used for fish
changed dur
ce condition
d was expo

Aral seabed b
esult of inte
ice-gouging

ottom. 

vel in 1960-
Sea (2007–2

former Ar
(published 
eld descripti
e up to 8 km
cted the ver
of divine or

its bottom 
ods provide

as well as a
irect in situ
on. 

s the territor
20th century

hery purpos
ring sea lev
ns monitori
osed to dire
by the both 

ensive impa
g landform

-2018. 1–Ar
2018); 5–W

ral Sea we
in 2008) fr
ion of the 

m long, look
rsion that su
igin or trac

is now exp
e an opport
at shallow d
u observatio

ry of the Ar
y. 

ses and ice
vel drop. A 
ing. After t
ect studies a

methods an
ct of ice on

ms allowed 

ral Sea (196
West Aral Sea

ere first dis
rom the Hy
landforms 

k like a “com
uch landform
es of aliens

posed after
tunity to de
depths unde
ons allows 

ral Sea durin

e conditions
decrease in
the sea lev
and remote 
nd documen
n the bottom

to reconst

60–1986); 2
a (2007–20

scovered o
ydrometeor
and a trial 
mb” and rea
ms appeare
s’ activity. R

r a rapid 
etect ice 
er water 
detailed 

 

ng its 

s of this 
n fishery 
vel drop 

sensing 
nted ice-
m during 
ruct the 

 

2–South 
18). 

n aerial 
rological 

pit and 
ach 0.4–
d by ice 

Recently 



we started detailed academic studies of ice gouging at the bottom of the Aral Sea. 

Here, we use high-resolution satellite imagery along with field surveys to characterize ice 
gouging landforms and reconstruct the mechanisms of ice impact on the Aral Sea bottom. We 
also estimate main climatic drivers of ice gouging. 

MATERIALS AND METHODS 

Climate and Ice Conditions Review 

The Aral Sea is located in an inland cold desert. The local summer is dry and hot; the winter 
is cold with unstable weather (Kostianoy & Kosarev, 2010). In November, air temperature in 
the northern part of the sea drops below zero; the average temperature of January is 
−11…−13 °C. In the southern part of the sea, the average temperature of January is 
−6…−8 °C. The period with negative temperatures lasts for 120–150 days (Bortnik & 
Chistiaeva, 1990). In winter, when the Siberian Atmospheric Pressure High affects the vast 
area of the Aral Sea, invasions of cold air masses from the north and northwest cause rapid 
temperature drops. In warm seasons, when the Siberian High recedes, the South Asian Low 
affects the region, and winds from eastern directions persist. In March, air temperature 
quickly rises to + 5…+10 °C. 

Before 1960, water level in the Aral Sea was at the elevation of 53 m a.s.l. (above mean sea 
level). In 1961, it started to decline as a result of the flow redistribution of Syr Darya and 
Amu Darya rivers. After extensive water use for irrigation of cotton and rice fields, these 
rivers could not further sustain the water balance of the Aral Sea, and evaporation exceeded 
discharge. Consequently, the Aral Sea experienced a fast level drop. In 55 years, the water 
level lowered by more than 30 m in some locations. Because of the level decrease, in 1986, 
the lake split into the North and South Aral Seas, which started to retreat separately. In 2007, 
the South Aral Sea was divided into the West and East Aral Seas. Today, the water level of the 
West Aral Sea is at 23.5 m. The level of the East Aral Sea was at 28.5 m, before it dried out 
completely by 2014 (Schwatke et al., 2015, Figure 2). 

The salinity of the Aral Sea increased significantly as a result of water level decrease. In 
1961, the average salinity of the Aral Sea water was about 10‰; by 1990, it had increased to 
32‰. In 2008, the salinity of the Western Aral Sea exceeded 100‰, and the Eastern Aral Sea 
had the salinity of 210‰ (Zavialov et al., 2012). 

Before the 1960s, the Aral Sea usually began freezing up in November, reaching its 
maximum extent in mid-February. Fast ice covered the coastal zone of the sea, reaching 20–
30 km in width in the north; open areas were occupied by drifting ice consisting of brash ice 
and ice fields. Ice thickness ranged from up to 65–70 cm in the north to 35–45 cm in the 
south. Fast ice was broken up repeatedly by strong winds during the freeze-up, and drifted 
offshore. Because of strong northeasterly winds (up to 35% occurrence in the cold period), 
formation of rafted ice and hummocks often took place. Northerly and easterly winds pushed 
the ice to the southern part of the sea, causing its high concentration in the south. Ice started 
to melt in the second half of February and completely disappeared by the end of April 
(Bortnik and Chistiaeva, 1990). Thus, the ice conditions of the lake during its high water 
level position in the past were favorable for ice gouging.  

After the water level drop, ice conditions became more severe. Along with the decrease in 
water area, the Aral Sea froze up faster and several days earlier; ice melt began later and 
lasted longer. The results of satellite imagery monitoring in 1982–2009 confirm significant 
changes in the thermal and ice conditions compared to the quasi-undisturbed period before 
1961, resulting from shallowing and heat content lowering, along with the decrease in 
temperatures of the water layer immediately below the ice (Kostianoy and Kosarev, 2010). 



Therefore, the climate of the Aral Sea region provided favorable conditions for ice scouring 
of the bottom by hummocks both before and during the water level fall. Strong winds and 
presence of drifting ice for up to 6 months gives evidence of permanent movement of large 
ice fields. The presence of relatively vast shallows, both before and after the water level fall, 
implies that the keels must have penetrated into the bottom ground causing extensive 
formation of ice scours. 

Remote Sensing Imagery Interpretation 

For documentation of the ice gouging topography on vast territories of the former Aral Sea 
bottom, high-resolution imagery with significant spatial coverage was required. We analyzed 
the exposed bottom of both the North and South Aral Seas within the limits of the shoreline 
of 1960, as well as shallow waters down to 3 m depth, estimating the bottom coverage by 
scours. A key area in the northeastern part of the East Aral Sea was subject to more detailed 
studies with analysis of the morphologic and morphometric parameters of the scours, their 
directions and distribution. We used WorldView, QuickBird, Sentinel, IKONOS, and GeoEye 
images taken from Bing, Yandex, Google websites and ESRI, the combination of which 
covered the whole study area without clouds, deep water areas, etc. The imagery was 
georeferenced and interpreted in ArcGIS 10.2 (ESRI Inc., Redlands, CA, USA). 

Optical imagery allows ice scours and other forms of ice impact on the bottom to be 
distinguished due to the difference in spectral reflectance. However, the scours can be both 
brighter and darker than the background surface, and may have a complicated shape. 
Therefore, we considered manual selection of the scours to be most reliable. As a result of the 
imagery interpretation, we obtained linear shapefiles showing the scours.  

In total, we processed 138 scours within the key area in the northeast of the Aral Sea. The 
obtained data were further statistically processed in Ms Excel. For all parameters, maximum, 
minimum and average values, standard deviations, and coefficients of variation were 
calculated. 

To estimate the bottom coverage by the ice scours and their distribution, areas with similar 
patterns and a visually similar coverage were selected. Within these areas, small experimental 
key sites (e.g., 1 × 1 km) were assigned, where the surface affected by ice gouging was 
deciphered using polygon ArcGIS shapefiles, and the percentage of land coverage by ice 
gouges was calculated. These values were extrapolated to larger previously selected areas, 
and grouped into intervals reflecting the degree of ice impact, in order to create a scheme of 
the whole former Aral Sea bed.  

Previously Maznev et al. (2019) showed that the deciphered lines are traces of ice effects 
during higher level position of the Aral Sea. The parameters of the deciphered lines were used 
to reconstruct the mechanisms of ice effects on the bottom. This allowed us to discuss the 
diversity of ice formations existed on the Aral Sea in the second part of 20th century. 

Field Investigations 

During fieldwork conducted in October 2018 in the northeastern part of the East Aral Sea, 
fragments of ice gouges on the former bottom were shot by an unmanned aerial vehicle 
(UAV) with subsequent ortho-photo mosaic and digital elevation model (DEM) creation. 
Leveling profiles were made to check the accuracy of the resulting DEM. The measurements 
were conducted with a BOIF AL 120 automatic level with a vertical accuracy of 1 mm. The 
position of the selected key and typical topographic points was measured to correct distances 
and elevations. The geomorphological descriptions of the territory were also made; field 
photographs of the ice-gouging landforms were taken. Trial pits and trenches were made at 
the polygons with the most prominent scours. The trenches were up to 7 m long and about 30 
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A feature directly evidencing the ice gouging origin of a scour is the presence of front 
mounds both at the ends of the scours and along their sides. Such mounds, typical for ice 
gouges of the different freezing seas were observed both in field and by remote sensing at the 
former Aral Sea bottom. 

The morphometric parameters of the scours at the bottom of the Aral Sea are also comparable 
to the dimensions of ice-gouging landforms in other modern freezing seas and lakes. The ice 
gouges of Baydaratskaya Bay are presumably several kilometers long (at least 2 km long); 
however, parallel surveying lines allow us to suppose much more considerable gouges of 
several kilometers or even tens of kilometers. The values for the Caspian Sea, Lake Erie and 
the Aral Sea are comparable, reaching several kilometers. The Aral Sea ice gouges are wide 
(to 15 m) in relation to other seas and lakes (Maznev et al., 2019). They are also shallower 
(0.2 m at the average) than the ice gouges of the Caspian Sea, Kara Sea and Lake Erie 
reaching ca. 1 m. Firstly, all of the ice gouges at the Aral Sea were smoothened by waves 
during the water level decrease, while in all other seas, there are still deep water areas with 
little wave action and small sedimentation rates, where the scours remain well-preserved. 
Secondly, after the exposure, aeolian processes contributed to their further filling. Generally, 
the dimensions of the Aral Sea scours are of the same order as the ice gouging landforms of 
other freezing seas and lakes.  

In this way, the intensity of ice effect on the bottom in the Arctic seas and the Aral Sea is 
slightly different. However, beds of these seas are not scoured by ice hummocks of the same 
size, since the depth of the effects varies significantly. Typical ratio of the underwater and 
surface parts of the ice hummock is 1:5. The assumed depth of the most intensive ice effect in 
the Aral Sea is 2-5 m (Maznev et al., 2019). We suppose that thickness of ice hummocks 
rarely exceeded 6 m. 

 

Distribution of the Landforms on the Former Aral Sea Bed  

The conducted satellite imagery analysis implies that almost the whole former South Aral Sea 
is covered by the linear landforms which we identify as ice scours. The distribution of their 
coverage (Figure 7) shows that areas with the highest concentration of ice gouges (more than 
50% coverage) are situated in the central part of the East Aral Sea and in the southern part of 
the West Aral Sea, in the vicinity of the remaining reservoir. They occupy about 5% of the 
whole Aral Sea region. A significant coverage (from 20 to 50%) is typical for areas near the 
central part of East Aral, to the east of the former Vozrozhdeniya Island and Berg Strait; these 
areas occupy about 10% of the whole region. The margins of the sea, as a rule, are less 
covered by the ice gouging landforms (0–20%). At the bottom of the North Aral Sea, ice 
scours were totally absent. 

The distribution of the scours in the Aral Sea and their density patterns are a result of both the 
varying ice-gouging intensity and the different degree of their preservation. The spatially 
non-uniform intensity of ice impact resulted in lower concentrations of ice scours in the 
coastward parts, while in the central part, there were more ice gouges, just as in 
Baydaratskaya Bay and the Caspian Sea. The largest coverage of the central part of the 
Eastern Aral Sea by scours was also provided by their long-term accumulation when the 
water level was at 2–5 m above the vast flat bottom plains in its center. Moreover, a fast 
water level drop promoted the preservation of bottom fragments with high ice scour 
concentrations even in relatively shallow areas. Despite the northerly and northeasterly 
winds, which pushed the ice to the south in the Aral Sea, most of ice gouges are concentrated 
in its flat central part.  
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early 1990s) was so high that the ice scours could not be filled with the bottom sediments. In 
one year, several kilometers of the former bottom surface became exposed, providing an 
unprecedented degree of ice-gouging topography preservation. 

In the mid-1990s and 2000s, the shallowing slowed down, and extensive shoals formed. At 
that time, vast areas were in conditions favorable for ice gouging (2–5 m depths). At the same 
time, the wave action on the east coast was almost absent due to its flat topography, small 
depths and prevalence of storm winds blowing from the northeast. In the late 2000s, the 
waters of the East Aral Sea became hypersaline, and the ice formation diminished. The 
surface area of the sea reduced to such an extent that rare ice could not get enough 
acceleration for the hummocking. The ice-gouging processes, therefore, largely ceased. 

Today, ice gouging is almost absent at the Aral Sea. The East Aral Sea, which used to be the 
area with the most intense ice impact, has now entirely dried out. In the West Aral Sea, the 
water is hypersaline, and ice forms at extremely low temperatures; it is thin and incapable of 
plowing the bottom. On the North Aral Sea, ice gouging is limited, as it always was. Today, 
no significant regional climate or anthropogenic drivers can cause an increase of the Aral Sea 
level, so it is unlikely that the ice effect on the bottom will intensify in the nearest future. 

CONCLUSIONS  

The ice-gouging processes on the Aral Sea are an outstanding example of ice effect on the 
bottom. In the second half of the 20th century, ice conditions changed along with the 
decrease in the water area. Before 1960, the Aral Sea provided favorable conditions for ice 
scouring by ice hummocks, but ice gouges were not preserved due to the wave action. 
Favorable conditions for ice scouring remained along with the sea level drop while at the 
same time conditions for better preservation of the ice-gouging topography were created on 
the gradually exposing bottom. Knowledge of ice conditions after 1960 has decreased. 
However, the study of the scours on the exposed bottom of the Aral Sea allowed to 
reconstruct a variety of mechanisms of the ice effect acted during sea level fall. In the late 
2000s, together with the critical decrease in the water area, the formation of ice hummocks 
diminished and ice effect on the Aral Sea bed ceased. 
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