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The changing water cycle: Burabay
National Nature Park, Northern

Kazakhstan

Vadim Yapiyev,?* Zhanay Sagintayev,” Anne Verhoef,®> Anara Kassymbekova,'

Marzhan Baigaliyeva,* Dauren Zhumabayev,' Daniyar Malgazhdar,”
Damira Abudanash,’ Nurlan Ongdas' and Saltanat Jumassultanova®

Water resources in Central Asia are scarce, so complicated issues arise from this.
Kazakhstan is a Central Asian landlocked country, which has mostly closed drain-
age basins, characterized by endorheic lakes that do not drain to the oceans. These
endorheic lakes are very sensitive to climate change and anthropogenic influences.
Very few studies have been conducted on the hydrological cycle of the small
endorheic lakes. This work reviews the endorheic lakes within Burabay National
Nature Park (BNNP), Northern Kazakhstan. BNNP is a small ecozone consisting of
terminal lakes watersheds covered by mixed forests and grasslands. These endor-
heic lakes have been drying out during the last one hundred years or so with the
water level decrease accelerated in the past few decades. According to historical
observations (1935-2014), on the one hand precipitation amounts did not signifi-
cantly change, while on the other hand, air temperature steadily increased. The
lake level decrease is most probably caused by a water budget deficit, with evapo-
ration exceeding the precipitation inputs in the long term. The direct anthropo-
genic impact (water abstraction) plays a minor role in the deterioration of water
levels, with most significant impacts through localized land-use changes such as
road and building construction in the catchments. The future of the park’s sensi-
tive ecosystems in a changing climate is uncertain; therefore, BNNP requires mod-
ern ecohydrological monitoring methods and analysis tools to improve our
understanding of its hydrological cycle variability, and to enable us to develop
adequate adaptation and mitigation measures. © 2017 Wiley Periodicals, Inc.
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INTRODUCTION

Kazakhstan is an inland country of the Eurasian
continent with scarce water resources. Thus far,
the hydrological cycle of the semi-arid Northern
Kazakhstan region has not been researched exten-
sively. According to the available literature, the last
comprehensive water resources research campaigns
were conducted more than 50 years ago.'~
Kazakhstan has mostly endorheic watersheds,
which are closed basins with drainage to isolated
lakes, without outflow to neither large rivers nor
oceans.” Because of the lack of hydrological verifica-
tion data, and the complexity of the system, global
climate and hydrology models often poorly represent
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the hydroclimatological behavior of Central Asian
and Kazakhstani territory.*® The water inflow to the
endorheic lakes comes from precipitation and small
rivers. The major loss is through evaporation, human
water consumption, and to a lesser extent, ground-
water recharge. The absence of regulating outlets
leads to evaporative concentration of solutes and
subsequent deterioration of water quality. Most
endorheic lakes are located in drylands with limited
precipitation and are quick to react to global climate
change.’ Recently published research” on global sur-
face water, and its changes during the past 30 years
based on Landsat imagery, documented an overall
net increase in permanent terrestrial water extents.
However, Pekel et al.” reported that worldwide more
than 70% of permanent water loss took place in the
Middle East and Central Asia, mostly in relation to
dry spells and human activities.

The geographical focus of this review is
Kazakhstan’s Burabay National Nature Park
(BNNP), a relatively small unique ecological zone
located in the northern part of Kazakhstan. It con-
sists of several small terminal lakes within catch-
ments with a dominant land cover of temperate semi-
arid mixed forest and grassland. The park is located
on the southern edge of Northern Eurasia where
energy-limited boreal forests transcend into water-
limited steppe. BNNP is one of the most famous and
popular tourist attractions in Kazakhstan attracting
visitors from all over Kazakhstan and neighboring
regions.® The water levels of these lakes have experi-
enced dramatic fluctuations during the past century
(Figure 1 and Table 1) and the lakes have a tendency
to dry up,>”'>'* which has detrimental ecological
consequences but also adversely affects tourism in
the area. Unfortunately, the components of the
hydrological cycle for these watersheds have not been
properly monitored and quantified.

This paper is an overview of the main hydro-
logical processes and the current state of water
resources of BNNP, and a discussion of the potential
ecosystem responses to climate change and anthropo-
genic impact of this economically and ecologically
significant part of northern Kazakhstan.

The review specifically focuses on:

1. The primary characteristics of BNNP, in particu-
lar those related to the hydrological cycle and its
connections to local ecosystem functions, scaled
up to the regional level of Northern Central Asia;

2. Ecohydrological feedbacks to climate change

within BNNP and their relative signifi-
cance; and
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3. Identification of gaps in knowledge of the
hydrological cycle of BNNP basins that need to
be addressed in order to predict the future
changes in important ecosystem services.

GEOGRAPHIC LOCATION

BNNP is located in the Akmola province, in the
northern part of Kazakhstan (53°N 70°E) (Figure 2).
The park was established in August 2000 by a State
Decree'® with the aim to preserve and restore this
unique natural complex which has important ecologi-
cal, scientific, cultural, and recreational value. The
total area of the BNNP is 1296 km?, of which
141 km? are in a zone with special conservation con-
ditions.® The main purpose of the park is to preserve
its unique ecosystems, as well as its historical and
cultural heritage sites.

CHARACTERISTICS OF BNNP

Climate

The Northern part of Central Asia (NCA) is consid-
ered to have the world’s strongest degree of continen-
tal climate,* with the maximum winter—-summer
temperature range (difference between the absolute
summer maximum and absolute winter minimum)
approaching 100°C” and a negligible direct oceanic
influence. Based on climatological data recorded
from 1935 to 2014 at the Shuchinsk meteorological
station located within the park, the mean annual pre-
cipitation has fluctuated between 200 and 400 mm
(long-term average is 336 mm) without a significant
trend (see Figures 3(a) and 4(a)). The mean monthly
temperatures in July were between 18.0 and 20.5°C,
and in January they were between -16.0 and
-19.0°C. The mean annual air temperature was 2.3
and 1.4°C at Burabay (1980-2014) and Shuchinsk
(1935-2014), respectively.'® In BNNP, the seasonal
cycles of both temperature and precipitation peak
prominently in July, which is typical for NCA
(Figure 3). The period of actively growing vegetation,
when the temperature is higher than 5°C, is about
200 days year™'. There are no long-term evaporation
measurements available for the region. Local long-
term mean precipitation and temperature observa-
tions are within the range of regional climatological
averages of NCA. The regional mean annual air tem-
perature is 2.6°C, and the regional mean annual pre-
cipitation is 346 mm for the period of 1971-2000.*

© 2017 Wiley Periodicals, Inc.
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FIGURE 1 | The reconstructed long-term lake levels for main lakes of Burabay National Nature Park: (a) Shortandy (red line), (b) Burabay (blue
line), Ulken Shabakty (green line), Kishi Shabakty (black line), Maybalyk (brown dash-dotted line). For sources of data and additional information,

see Table 1.

Geology and Soils

The contemporary landscape of Burabay consists of
hilly terrain that has been modified by geological
processes along with anthropogenic activity and
related land use. The most distinctive features of the
landscape are mountains with afforested steep and
gentle slopes with lakes in the lower areas (see
Figure 2).

This part of Northern Kazakhstan is deter-
mined by two large geomorphologic structures: the
West Siberian Plain in the north and the Kazakhstan
Uplands in the south. BNNP has terrain that is typi-
cal of both kinds of structures, i.e., flat steppe and
forested hills."”

North Kazakhstan is characterized by erosive-
tectonic and denudation highlands and mounded
hills. Hilly and mountainous terrain surrounds Bur-
abay’s granite and intrusive massif that is located in
the middle part of the park. An arched rocky ledge

of mounded hills, consisting of a strip of about
20 km in length with an average width of 2.5 km,
extends north of Shuchinsk town (Figure 2). The
highest peak of the area is Kokshetau Mountain,
which is 947 m above mean sea level (msl) tower-
ing between lakes Ulken Shabakty and Burabay
(Figure 2). The terrain forms were developed during
the early-middle Pleistocene period, and it is
believed that the formation process still continues
due to the overall tectonic activity of the
territory.'”

Erosive-tectonic depressions exist mainly in the
western part of the park. At their lowest points, we
encounter small but relatively deep lakes. Most of
them have developed as a result of tectonically low-
ered blocks and at fault zone intersections. Shortandy
(23 m deep) and Ulken Shabakty (33 m deep) are the
deepest lakes of the National Park (Table 2). Some
lakes have rocky islands and peninsulas.

TABLE 1 | Historical Water Levels (m) of the Main Lakes of Burabay National Nature Park, above Mean Sea Level (msl)’

Lake 1900-19207  1942°  1962°  2000°  2015*  Change (m), First Half of 20th Century to 2000-2015
Kishi Shabakty 307.0 303.6 301.2 -5.8
Ulken Shabakty 309.3° 305.0 301.6 298.5 296.9 -12.4
Burabay 320.9 320.1 319.7 320.0 -0.9
Shortandy 408.0° 397.5 395.2 389.3 388.9 -19.1
Maybalyk 3044  301.8 2992 -5.2
T\WGS-84 ¢ Baltic normal height system zero-mark of the Kronstadt tide gauge.
2 Ref 9.
3 Ref 10.
4 Ref 13.

S The period of highest water level of Ulken Shabakty (1900-1920) is defined approximately by Refs 10,12,13.
¢ Korde'? reported the level of Shortandy Lake dropped below a discharge threshold to Kylshakty river (408.0 msl; Ref 9) in 1920.

© 2017 Wiley Periodicals, Inc.
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FIGURE 2 | Burabay National Nature Park location and main lake drainage basins: 1, Kishi Shabakty (Maloe Chebachie); 2, Ulken Shabakty
(Bolshoe Chebachie); 3, Burabay (Borovoe); 4, Shortandy (Shuchie); 5, Tekekol; 6, Maybalyk. Former names of the lakes are given inside
parentheses. Also indicated are the three main weather stations in the area (red stars), Shuchinsk town and Burabay settlement.
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FIGURE 3 | The seasonal cycle of precipitation (a) and temperature (b), at Shuchinsk weather station (most southern station in Figure 1), for
the period 1935-2014.°
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FIGURE 4 | Long-term annual precipitation (blue line) (a) with 3-year moving average (red dotted line), mean 336 mm (black line); and mean
yearly air temperature (b) both at Shuchinsk Weather Station, 1935-2014.

An erosive-accumulative surface landscape is
common for the southern part of the territory, near
the Kylshakty river watershed (Figure 2). Valleys are
intersected by small rivers and temporary streams,
and alluvial deposits are found in the narrow flood
plains along the rivers.

In general, the territory of BNNP is composed
of a denudation remnant surface which is well
expressed in the terrain and landscape features. Ter-
rain formation and its modification occurred during
a general uplift of the area since the early Oligocene
period which was over 36 million years ago. In con-
trast to the Canadian prairie lakes where the geology
is determined by clay-rich glacial deposits with low
water  permeability  inhibiting  groundwater
recharge,'®!'” BNNP lakes have originated from tec-
tonic geology”!’and are dominated by fractured
rocks.

The dominant soil type present in the BNNP
area is a chernozem with a medium content of humus
on evenly drained landmasses.?° The main soil form-
ing material consists of medium and heavy loam that
lies above tertiary salt-bearing clays.” The average
humus content is 7-9% and the soil depth is
0.15-0.3 m. In the mountainous areas, there are
fragmented products of weathering, such as rubble,
quartz rocks, and sand-stones. In the lake and river
valley soils, alluvial deposits have been formed. The
low water permeability of the loamy soils promotes
surface runoff and constrains the groundwater
recharge. The granite lowlands in the center of the
park are lithosolic in nature and have small soil
depth. Forested soils generally consist of sod-podzols
underlain by coarsely fragmented weathering pro-
ducts, with pine-dominated areas dominated by
brown forest soils.” The plain slopes of hilly uplands

TABLE 2 | Morphometric Characteristics of the Lakes of Burabay National Nature Park

Ratio Fluoride Max.
Area Watershed Watershed/ Salinity Content Depth Average Volume
Lake (km®'  Area (km?) Lake Area (g L7")? (mg L7")? (m) Depth (m)  (min. m3)
Kishi Shabakty ~ 17.0 139° 8.2 42-46 13.1 12.0¢ 6.67 112
Ulken Shabakty — 18.7 150° 8.0 0.8-0.9 15.5 33.3° 11.1° 208
Burabay  10.2 164° 16.1 0.1-0.2 2.4 5.7° 3.4° 35
Shortandy ~ 15.1 70° 4.6 0.2-0.3 6.2 22.7° 11.0° 166
Tekekol  1.14 9.7° 8.5 0.7-0.8 8.7 7.5% 48° 5.8
Maybalyk  0.53 5.82 10.9 18-27 8.5 (4.0)% — —
Maximal depth is calculated on base of a bathymetry measured in 1956.
' LANDSAT 8 imagery, August 2015.
2 Ref 13.
3 Ref 16.
4 Ref 9.
3 Ref 10.
© Own survey, 2014.
© 2017 Wiley Periodicals, Inc. 5 of 14
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and stone-free denudation flats have undeveloped
chernozems. The chernozems of BNNP have a wide
range of vertical drainage properties due to their var-
iable depth, high variability in soil structure, and
considerable terrain heterogeneity.'°

Vegetation and Landcover

The vegetation types of the BNNP are forest, shrub,
steppe, and wetland. The total regional flora that can
find an ecological niche in the national park includes
more than 800 species of higher plants, with the
greatest number of species concentrated in the for-
ests.® The tree species in the region comprise pine
(65%), birch (31%), aspen (3%), various shrubs
(1%), and other species (<0.1%) such as larch, wil-
low tree, poplar, and apple trees. Nearly 85% of the
Shortandy lake watershed is mainly covered by pine
forests, while almost 90% of the Burabay lake water-
shed is covered by pine and birch trees.'?

The majority of forest areas are occupied by
Scots pine (Pinus sylvestris), as well as mixed birch
(Betula pendula, B. pubescens) and pine. Saucer-
shaped plains are covered with birch forests, and
sometimes with aspen (Populus tremula). In the small
river and stream valleys, floodplain birch forests are
formed, with an undergrowth of willows (Salix
caprea, S. triandra) and shrubs (Lonicera tatarica,
Rosa). The elevated plains between the forests are
classified as steppes; 60-70% of the steppe area is
dominated by bunchgrass.'?

Kremenetski et al.”! suggested that birch forests
started to grow in BNNP from the early Holocene
era onwards. Their findings further suggested that
pine (Pinus sylvestris) entered the region soon after
7000 BP. The present pine forests were then formed
around 5200 BP. Since then, the vegetation cover of
the region has remained largely unchanged.

In a recent local investigation on tourism
impacts on BNNP, Budnikova et al.'® found that nat-
ural landcover of BNNP has only been relatively
weakly disturbed during past few decades.

WATER RESOURCES AND
HYDROLOGICAL PROCESSES

Brief Overview of Water Balance
The water balance equation for a general lake catch-
ment can be expressed as:

P-AR-AG-ET = AS, (1)
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where P is precipitation, AR is surface/streamflow
runoff (inflow - outflow), AG is change in ground-
water storage (recharge — discharge), ET is evapo-
transpiration  (lake  evaporation, bare  soil
evaporation, transpiration, canopy interception loss,
and sublimation), and AS is change in water storage
(lake water and soil water in the catchment).

For terminal basins, two main processes, pre-
cipitation (main input) and evapotranspiration (ET,
main output), normally determine the natural water
balance.>**** Among BNNP lakes, only Burabay
Lake has two continuous tributaries. The other lakes
have no permanent surface channel inflows or out-
flows. As a consequence, all water inflow comes from
precipitation either directly or indirectly, as a lateral
flow, through shallow groundwater/baseflow. For
terminal semi-arid basins, such as BNPP lakes, ET is
the single largest component in the water balance.>**

Precipitation: Rainfall, Snow, and Snowmelt
In BNNP, precipitation is the most important compo-
nent of the hydrological cycle. In the summer season,
the prevalence of latitudinal circulation allows the
transfer of moist air from the west, and creates more
favorable conditions for the formation of cyclones.®
As a result of the intensification of cyclonic activity,
the amount of precipitation increases sharply, com-
pared to winter. The unique forest ecosystems of
BNNP are generally considered to have formed due
to a relief ‘perched’ above surrounding steppes allow-
ing interception of atmospheric moisture, thereby
creating higher precipitation conditions.'*'? The
park authorities report the greatest amount of precip-
itation (averages around 400 mm year™') falling in
the western part of BNNP, on the slopes of Kokshe-
tau Mountain, and the smallest amount (annual
mean of 280 mm) to the east of the upland.® On the
plain, rainfall decreases from north to south due to
the prevalence of winds blowing from the southwest
direction.” Taking into account the dominant wind
direction, the Kokshetau ridge circling Shortandy
and Burabay Lakes (Figure 2) creates a modest ‘rain
shadow’ over Shortandy, Ulken, and Kishi Shabakty
Lakes. Most of the precipitation falls in the summer
season (Figure 3(a)) from June to August (40-50%
of the annual amount). The annual mean precipita-
tion varies considerably [particularly wet years were
1938 and 1960 with values up to 607 mm; dry years
(e.g., 1936, 1951, 1988, 1991, 1995, 1997, 2003,
and 2010) had values as low as 181 mm]. The pre-
cipitation time series does not show a significant
trend (Figure 4(a)), although the occurrence of dry
years appears more prevalent in the last three

© 2017 Wiley Periodicals, Inc.
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decades. Numaguti,>* based on simulations by an
atmospheric general circulation model and tracer
data experiments, concluded that most of the sum-
mer precipitation in the northern inlands of Eurasia
comes from recycling of continental evaporation,
reporting that about half of all precipitation in the
Central Asia region comes from the North Atlantic
Ocean. Recent research of Miralles et al.,**> who used
novel satellite observations and modeling, emphasizes
the importance of local evaporation for the supply of
rainfall in semi-arid ecoregions where recycling ratios
can reach up to 40%.

In BNNP, the extensive winters (up to 6 months
in duration) are associated with the process of snow-
fall, snow accumulation, and subsequent snowmelt in
late spring. Winters are characterized by reduced
amounts of solar radiation, not only because of the
reduced solar altitude but also as a result of dense
clouds (55-65% cloud cover) and misty weather con-
ditions.” Winter snow accumulation varies among
the various landscapes of the park. In contrast to the
summer months, precipitation during winter in
Northern Eurasia directly originates from evapora-
tion from the oceans.”* The major part of this precip-
itation (about 80%) for Central Asia is supplied by
moisture from North Atlantic Ocean and Mediterra-
nean Sea.”*

As temperature decreases in September and
October (Figure 3(b)), precipitation mostly falls in
the form of snow. Around mid-October, after the
first snowfall, the thick snowpack takes 2-3 weeks to
develop and a steady snowpack is generally formed
by mid-November. Average amounts of snow during
the winter season (from mid-December until the
beginning of April), expressed in snow water equiva-
lent (SWE), are 50-60 mm across the territory.>’
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FIGURE 5 | Lake water levels 2008-2015: Shortandy Lake
(brown), Burabay Lake (blue), Ulken Shabakty (green).'® Zero datum
level (msl, Baltic reference): Shortandy Lake—380.04 m; Burbabay
Lake—311.23 m; Ulken Shabakty—289.5 m.
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Evapotranspiration

Jung et al.*® found modeled ET values for the cold
semi-arid steppe of NCA to be around 350 mm
year™'. Perez-Quezada et al.?” provided estimates of
330-360 mm for ET of the grassland steppes, for the
growing period from May to October. In a recent
review on the role of transpiration (T) in the global
hydrological cycle, Schlesinger et al.*® estimated T to
comprise 51 + 15% of total ET for the semi-arid
ecosystems thus implying the lesser role of vegeta-
tion, in its contribution to ET, in these regions com-
parative to tropics. BNNP represents a diverse range
of landscapes and vegetation types such as steppe,
mountain pine, and pine-birch forests as well as
steppe and forest lakes, which all have different ET
rates. Unfortunately, there are no historical ET data
available, and we are not aware of any on-going
direct measurements of ET [e.g., using the eddy
covariance (EC) method]*® in BNNP. However, the
steady decline of long term (Figure 1) and in particu-
lar recent (between 2008 and 2012; Figure 5) BNNP
lake levels are an indirect measure of increased ET
rates,'® emphasizing the need for long-term in situ or
remote-sensing based monitoring of this important
water balance component. It is interesting to note
that according to observations'® the open-water
period duration of BNNP lakes has not significantly
changed over the past 30 years, so there is no length-
ening of the evaporation season as reported for lakes
in North America.>*>? The open-water period starts
at the end of April and beginning of May, and per-
manent ice-cover is established around late October
and beginning of November.'® The local hydrome-
teorological agency provided estimates'® of monthly
open-water evaporation rates for BNNP lakes using
a simple empirical model calibrated by submerged
pan evaporation measurements developed by Soviet
hydrologists in 1955 (Table 3). This model is based
on monthly air temperature data and gives annual
open-water evaporation totals in the range of
700-740 mm during the past 30 years.'® It assumes
that evaporation rates change linearly with changes
in air temperatures (Figure 4(b)). However, calcula-
tion of open-water evaporation is not straightfor-
ward as demonstrated by Granger and Hedstrom,>?
who investigated and modeled hourly lake evapora-
tion rates from small Canadian lakes and concluded
that for periods shorter than one day, wind speed,
land—water temperature, and vapor pressure con-
trasts are most significant drivers. The reported
annual lake evaporation for similar closed-basin
lakes in North America with the same climatic condi-
tions ranges between 600 and 900 mm.***
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TABLE 3 | Water Balance Components of Major Lakes of Burabay National Nature Park during 2011-2013

Open-Water Watershed Inflow and Change in

Precipitation’ Evaporation? Groundwater Anthropogenic Water Storage in

Lake (mm) (mm) Discharge® (mm) Consumption? (mm) Lake® (mm)
Burabay 300 730 450 50 -30
Ulken Shabakty 295 740 350 30 -125
Shortandy 290 720 280 70 -220

The monthly open-water evaporation was calculated using the following equation: E = 8.28 x T, + 11.3, where T, is mean monthly air temperature in °C and

E is open-water evaporation in mm month™.
! Direct precipitation over the lake surface.
Open-water evaporation during ice-free period.
3 Lumped estimated discharge from watershed and groundwater.
# Total human water consumption from surface and groundwater sources.

% Calculated as a difference between water balance components (data source: Ref 16).

Gronewold et al.?? in their synthesis on the hydrolog-
ical status of the North American Great Lakes,
asserted that a continual increase in lake evaporation
over the past 50 years is related to a long-term
change in climate which has led to the decrease in
permanent water levels in the world’s largest lake
system, especially during the last decades. Shikano
et al.?® estimated total evaporation for Chany, a shal-
low endorheic lake in Southwest Siberia close to
BNNP area, to amount to 714 mm (1994-1999).
Two recent studies focused on North Eurasia’s
ET?%37; based on ecosystem and remote sensing
modeling efforts they found open-water evaporation
estimates (using the Penman model) about 800 mm
year™', with around 300 mm year™' terrestrial ET
(growing season) for the southern part of the region.
These literature values fit well with the values
reported for BNNP.

Surface Water and Runoff

The water resources of the BNNP are characterized
by numerous lakes and a poorly developed river net-
work. There are 22 lakes in the park: 14 of which
have a surface area larger than 1 km*®'3 The biggest
lakes are Ulken and Kishi Shabakty, Shortandy, and
Burabay while the smaller lakes are Tekekol and
hypersaline Maybalyk (Figure 2 and Table 2). The
overview of the main lake watersheds is shown in
Figure 2, and the morphometric and some water
quality characteristics are summarized in Table 2.
Burabay and Shortandy Lakes, located inside of Kok-
shetau arched ridge, are typical forest fresh water
lakes; Ulken and Kishi Shabakty, Tekekol, and May-
balyk, located outside of the mountain range, are
more characteristic of steppe lakes with various
degrees of salinity (Figure 5, Table 2). It is suggested
that the high salinity of Maybalyk is caused by brine
groundwater discharge to the lake.”"?
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BNNP lakes were formed by young tectonic
faults and are classified as mountain lakes. Judging
by the forms of the relief and the location of ancient
lake terraces, it could be claimed that the Kishi and
Ulken Shabakty, Tekekol, and Maybalyk lakes were
formed from one big lake on the northern side of
Kokshetau Ridge.” However, based on the differ-
ences in gyttja (peat based mud) between the adjacent
Maybalyk and Ulken Shabakty lakes, any former
connections between the lakes has been refuted by
Korde.'?

By using paleomorphometric analysis, it has
been possible to reconstruct the hypsometric position
of BNNP?® terraces and thus to recover the maxi-
mum water levels of these lakes. It was found that
the levels of the lakes were higher at the quaternary
period, as the height of the fragments of terraces
exceeds the present floodplain rivers by 5-7 m.'%!”

According to Kazhydromet,'® the recharge of
these lakes is the result of snowmelt water (25-30%),
the surface flow of temporary streams (60%) and
groundwater (up to 15%). The river network density
of the area is very low, and streams appear only dur-
ing the snowmelt season. In recent years, there has
been a steady drop in the lake water level (Figure 5),
averaging 15-20 cm year™" due to a decrease in the
inflow of snowmelt, associated with an accumulation
of runoff water because of artificial damming (road
construction, ponding due to human influence, etc.),
the enhanced role of evaporation, and an increase of
water being pumped from groundwater stores due to
the growing number of recreational facilities.!>'¢-1”
The watershed draining area of the largest lakes with
the highest historical water level decline (Shortandy
and Ulken Shabakty) is not sufficient to sustain high
levels. The smaller long-term decrease of Lake Kishi
Shabakty water levels compared to the decline in
Ulken Shabakty levels can be attributed to its rela-
tively big drainage area and higher salinity (see
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Table 2). Lake levels stabilize (Ulken Shabakty Lake)
or start to increase again from 2013 onwards (the
other two lakes), most likely as a result of increased
precipitation (Figure §).

Groundwater and Subsurface Flow

The hydrogeology of BNNP is very complex due to
its high diversity in geology, diverse types of relief,
and land cover. The regional and local groundwater
flows are dominated by fractured zones of Paleozoic
and Archean rocks and to a lesser degree by quater-
nary alluvial deposits and weathering crusts.” Within
the lake catchments, in the absence of impervious
materials, all aquifers are connected into one hydrau-
lic system controlled by a common surface level and
accumulation conditions. "

The main source of groundwater recharge is
atmospheric precipitation. However, though most
precipitation falls during summer, the groundwater is
mainly recharged by spring snowmelt infiltration as a
result of the very thin unsaturated zone and the prev-
alence of fractured areas.'®> The quaternary alluvium
deposits are not very developed and exist only in the
valleys of old stream beds in the southern and eastern
parts of BNNP, such as Kylshakty and Sarybulak riv-
ers, and they play a minor role in subsurface flow."?
Due to the primary recharge of groundwater by
snowfall accumulated during the winter—early spring
period, water is usually fresh especially in areas con-
trolled by fractured rocks.’” Snowmelt recharge of
groundwater and lakes in BNNP is still very poorly
understood and can be identified as one of the big-
gest knowledge gaps requiring the application of
modern approaches such as, e.g., use of stable water
isotopes and numerical modeling.*°

The lake beds and local groundwater have very
good connectivity owing to the high permeability of
the fractured zone. The low mineral content of water
(200-300 mg L") in Burabay and Shortandy lakes
illustrates the high inflow of ultra-fresh snowmelt via
groundwater discharge. The growing fluoride con-
centration in all BNNP lakes (ranging from 2 to
15 mg L™")'® indicates the evaporative enrichment of
this highly mobile ion that is leached from the
groundwater (Table 2). The granites of the fracture
zone have fluorites and tourmaline inclusions which
constantly contribute fluoride ions.'®!” The shallow
groundwater provides water for the pine forests’
transpiration especially during the dry summers."’
Further investigation is required to understand the
lateral interactions between lakes and shallow
groundwater as well as the role of forest transpira-
tion in these links in BNNP.

© 2017 Wiley Periodicals, Inc.
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Summary of Water Balance for BNNP
Lakes

In 2012, the Government of the Republic of Kazakh-
stan requested the local state hydrometeorological
monitoring agency (Kazhydromet) to estimate the
state of the water resources of the BNNP lakes.'®
The estimated annual water balance broken down in
its main components for three important BNNP lakes
is presented in Table 3 (reference period
2011-2013). Although the strongest long-term
decline in water level has been observed in Shortandy
Lake (Figure 1 and Table 1), the biggest level drop in
recent years is evident for Ulken Shabakty Lake
(Figure 5). The Kazhydromet report'® emphasized
the stability of precipitation inputs into the lakes as
well as the increasing role of open-water evaporation,
with anthropogenic consumption playing a minor
role only in the overall water budget. The main cause
of lake level decline is proposed to be a steady rise of
open-water evaporation rate due to rising mean air
temperatures (Figure 4(b)) resulting in a growing
atmospheric demand for water.

HYDROLOGICAL RESPONSES TO
ANTHROPOGENIC DISTURBANCE
AND CLIMATE CHANGE

Climate Change

Future climate change projections in the region show
an increase of mean annual air temperature from
1°C to over 7°C depending on emission scenarios,
compared to 1986-2005 reference time period.*' At
the same time, winter precipitation is predicted to
increase moderately by about 10%. Precipitation in
other seasons is projected to remain approximately
the same. Evaporation is estimated to increase by
0.2 mm day™" in all scenarios, which means that the
soil moisture deficit will increase.*!

Changes in the onset, end, and length of the
vegetation growing season in BNNP will have an
unknown effect on the various ecosystems in the
park. On the one hand, longer growing seasons and
warmer springs may strengthen the forest C sink. On
the other hand, disturbances (such as fire) may
increase the amount of open land relative to forests.

The evident increase in air temperature in the
region (Figure 4(b)), especially in winter, spring, and
autumn periods, is already having its impact by
increasing evaporation and changing freeze-thaw
cycles. One of the notable impacts is the change in
snow precipitation with more precipitation coming
as rain.® BNNP is a cold semi-arid
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hydroclimatological region where snow, though com-
prising only about 25% of annual precipitation, pro-
vides a significant addition of water for the soil,
groundwater, and lakes. The increase in the relative
contribution of liquid precipitation compared to solid
precipitation will most probably decrease the net pre-
cipitation (P - E) inputs. There are many uncertain-
ties connected with the total precipitation rate, as the
current ground observations do not show a signifi-
cant trend (Figure 4(a)).

The decline in surface winds speeds observed in
Northern Hemisphere and worldwide**** over the
past few decades, attributed to increased surface
roughness,*” climate change, and anthropogenic
activities,** is considered to be a major cause for the
decrease in globally observed pan evaporation
rates.** Kazakhstan is a country with the highest
annual negative wind speed trends estimated to reach
-0.03 ms~! year '*} Nevertheless Brutsaert and Par-
lange®® demonstrated that decreasing pan evapora-
tion in water-limited environments can be a good
indicator of increasing terrestrial evaporation caused
by intensification of hydrological cycle. This conclu-
sion was experimentally corroborated for the former
USSR and the United States by comparing data for
pan and actual evaporation rates.*® Moreover, the
most recent studies?®*”*® on global terrestrial evapo-
ration though emphasizing the high uncertainty of
this component of global water and energy budget
agree that land ET has a small positive trend over the
past few decades.

BNNP watersheds are imbedded into the larger
Esil-Tobyl river basin that drains into the Irtysh
River. The drainage area of BNNP became com-
pletely isolated about 100 years ago when Shortandy
lake level dropped below the threshold that allowed
drainage to the Kylshakty River.'*” The endorheism
of these basins makes them a unique proxy for cli-
mate change,® serving as an illustration of what may
happen to neighboring areas, such as for example
Siberian boreal coniferous forests .

Large hydrological research studies conducted
in USSR times® for Virgin lands (Tselina) develop-
ment purposes already reported the drying trends of
local lakes due to higher evaporation loss. In the two
most recent decades, the water levels dramatically
decreased, especially those of lakes Shortandy and
Ulken Shabakty (Figure 5).

Furthermore, due to water scarcity in the terri-
tory of BNNP, climate change will pose an impact on
vegetation, particularly on the forests. Such distur-
bances in forests include fire, drought, insect out-
breaks, and urban encroachment. Climate change
directly and indirectly affects the growth and
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productivity of forests in BNNP: directly due to
changes in atmospheric carbon dioxide and local cli-
mate regime and indirectly through complex interac-
tions in forest ecosystems, also involving the
hydrological cycle. The role of forests in the park is
to accumulate snowfall, and to store and recycle the
moisture. However, during the dry season, ground-
water levels can decline as a result of water extracted
for transpiration. Climate change impacts on forest
productivity and tree growth are already being docu-
mented across the boreal forests of North America,
and are interpreted as signals of increasing drought
stress.”” Overall, each disturbance influences the for-
est communities differently. However, they all impact
the way forests accumulate moisture and store car-
bon. In water-limited regions, changes in temperature
can significantly alter seasonal water amounts that
will in turn influence vegetation distribution patterns
and photosynthetic activity.

Climate change will not only affect forest
growth and productivity. It will also increase the
length of the growing season. However, warming
could also shift the geographic ranges of some tree
species, simultaneously changing the habitat of some
animal species. BNNP lies on the southern extent of
Scots Pine (Pinus Sylvestris) determined by high tem-
perature and low precipitation,?! so rising air tem-
peratures threaten to destroy the ecosystem forming
tree species in coming decades. Increased tempera-
tures would alter the timing of the snowmelt, affect-
ing the seasonal availability of water. Although many
trees are resilient to some degree to drought,
increases in temperature could make future droughts
more damaging than those experienced in the past.
In addition, drought increases the risk of fire since
dry trees and shrubs provide fuel for fires.

Human Disturbance

Historically, the water supply for human needs for
Shuchinsk town (population of 50,000)'° and the
settlement of Burabay (population of 5000)'° both
indicated in Figure 2, came from nearby lakes and
groundwater sources. Budnikova et al.(2010)"
reported that for the period of 20062010 around
500,000 tourists visited BNNP annually, and their
number is growing. Due to the declining lake water
levels, the direct anthropogenic water abstraction
from lakes was cut to almost zero by local authorities
in 2008. Water was supplied to the communities by
constructing a water pipeline from a reservoir located
about 200 km away from BNNP.'® However, this
measure did not stop the continued decrease in lake
water levels, especially for Lake Shortandy, where
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the biggest human settlement is situated. While direct
water abstraction from lakes has been prohibited the
pumping from groundwater continues especially in
the areas without a centralized water supply, usually
located close to the lakes.'® These groundwater with-
drawals though quite small are poorly regulated and
may disturb lateral interactions with the lakes.”

Based on available land-use information,'®!1%°
we cannot explain the dramatic decline in lake water
levels neither through a change in forest area nor by
a change in surface water area. Maybe the answer to
the recent decline in lake water levels can be found
by looking into qualitative land-use data. A clear
example is the watershed of Lake Ulken Shabakty
(Figure 2) where the main portion of the forest drain-
ing area is disconnected by the development of the
Burabay settlement and related asphalt road con-
struction. Through this activity, the actual catchment
has been considerably reduced. Another example is
that of Lake Kishi Shabakty where by recommenda-
tions of Soviet hydrologists,” narrows in the North-
East direction were dammed to conserve the water
for agricultural purposes. In recent decades, the small
ponds that developed as a result of these develop-
ments are evaporation reservoirs with no obvious use
to local communities. The dense patterns of roads
and paths, resorts, and villa construction sites on the
lake shores have created barriers for surface and sub-
surface water drainage to the lakes. During the
design phase of these construction projects, no water
passages or bypasses were planned for. The culverts
under roads exists only in the places where perma-
nent running streams cross the roads and develop-
ment sites.

Further research on landcover and land-use
dynamics is needed to improve our understanding of
impact of human activities on ecohydrology in
BNNP both presently and historically.

CONCLUSION

One of the greatest problems of the BNNP is the
decline water levels of its main lakes. All of the lar-
gest lakes in BNNP, apart from Lake Burabay, are
drying out. The obvious explanation is that lake
evaporation is higher than the input of water from
the atmosphere directly by precipitation and through
catchment basin stream runoff, and lateral ground-
water flow. However, relatively little research on lake
evaporation and catchment evapotranspiration has
been conducted in BNNP, as the methods used for
hydrological monitoring are still the same as 30 years
ago. The anthropogenic influences such as impacts of
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groundwater pumping, construction, and other
human induced land-use changes must be assessed in
detail. Moreover, there is an urgent need for reliable
water accounting.

It is interesting to note that the recent stabiliza-
tion, and even increase of BNNP levels from 2012
onwards (Figure 5) coincides with the fastest
observed rise of Lake Superior and Lake Michigan-
Huron (the Great Lakes, North America) water levels
in 2013-2014 after 15 years of below-average condi-
tions.”! Since 2013, the water levels of Burabay and
Shortandy Lakes have been steadily increasing while
Ulken Shabakty water levels remained approximately
stable (Figure 5). There are similar trends between
long-term water level changes in endorheic lakes of
Canadian praries®* and BNNP lakes. The higher lake
levels a century ago in both regions are attributed to
wetter conditions.'”** We could identify a similar
lake level fluctuation evolution for Redberry Lake in
Saskatchewan, Canada and Ulken Shabakty in
BNNP located at the same latitude.”** van der Kamp
et al.>* reported a 9-m decline for Redberry lake
between 1918 and 1986,while Kazhydromet esti-
mated the drop of Ulken Shabakty’ water level to be
more than 10 m since the middle of last century to
2000.” The decline in Canadian prairie lakes levels is
associated with land-use changes leading to a
decrease in runoff to the lakes, and an increase in
evaporation, as a result of rising air temperatures
especially in the spring-time period.**

Although we have data on monthly average
precipitation levels over the past 70 years, we have
limited knowledge of the spatial and temporal distri-
butions of precipitation, and how these would
change under climate change. The hydrometeorologi-
cal observations conducted by Kazhydromet are gen-
erally based on old technologies, with an emphasis
on manual collection and without implementation of
modeling tools. To improve our understanding of the
hydrological cycle in BNNP, modernization of moni-
toring methods is required. One example of such a
tool is the EC method, which has led to significant
scientific advances, making it a primary in situ tech-

nique for energy (including latent heat flux,
Le., evapotranspiration) and CO, flux
measurements.

Recent research®® suggests that drylands, occu-
pying almost half of the terrestrial biosphere, and
semi-arid ecosystems in particular, will play an
increasingly important role in the carbon cycle which
has strong interdependencies with hydrological
conditions.

Hydrologic connectivity between the lakes and
local groundwater in BNNP is another area in need
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of investigation. Currently, the surface water
resources and meteorology monitoring are conducted
by KazHydromet, while groundwater research is con-
ducted by the Geology and Subsurface Resources
Committee. This has led to surface and groundwater
resources and needs being considered separately from
each other. A modern approach, using integrated
water resources monitoring and management, is
needed without delay. The emerging interdisciplinary
field of Critical Zone Science,’>>* that considers the
complex interaction of processes occurring between
the top of the vegetation and the base of groundwa-
ter offers promising methods and approaches to ask
and answer the right questions in the context of the
BNNP hydrological cycle.

ACKNOWLEDGMENTS

wires.wiley.com/water

Once improved in situ monitoring is implemen-
ted, these data sources can be combined with satellite
observation data and integrated with models, such as
hydrological or climate models that have land surface
models embedded within them.’® This will improve
our understanding of key aspects of the water bal-
ance which are often intricately linked to the energy
and carbon balance. Long-term measurements accu-
mulated by EC flux towers will allow for develop-
ment and validation of regional and global models
that are underpinned by remote sensing. Such
research developments are essential if we want to
protect the unique landscape of BNNP and the eco-
system services it provides.

This research was funded under the target program no. 0115RK03041 ‘Research and development in the fields
of energy efficiency and energy saving, renewable energy sources, and environmental protection for years
2014-2016 from the Ministry of Education and Science of the Republic of Kazakhstan. We also would like to
acknowledge the support from a partner project, ‘Climate Change, Water Resources and Food Security in
Kazakhstan {(CCKAZ) funded by the United Kingdom's Newton Fund Institutional Links Programme (Grant
No. 172722855), especially project’s Principal Investigator Prof. Maria Shahgedanova (University of Read-

ing, UK).

REFERENCES

1. Uryvaev V. Surface Water Resources of Virgin and Fal-
low Lands Development Regions Akmola Province of
Kazakh SSR (In Russian). Leningrad: Hydrometeorolo-
gical Press; 1958.

2. Uryvaev V. Surface Water Resources of Virgin and Fal-
low Lands Development Regions Kokshetau Province
of Kazakh SSR (In Russian), vol. 3. Leningrad: Hydro-
meteorological Press; 1959.

3. Baird AJ, Wilby RL. Eco-hydrology: Plants and Water
in Terrestrial and Aquatic Environments. London:
Routledge Psychology Press ; 1999.

4. Mannig B, Muller M, Starke E, Merkenschlager C, Mao
WY, Zhi XF, Podzun R, Jacob D, Paeth H. Dynamical
downscaling of climate change in Central Asia. Glob
Planet Change 2013, 110:26-39. https://doi.org/10.
1016/j.gloplacha.2013.05.008.

5. Mason IM, Guzkowska MA, Rapley CG, Street-
Perrott FA. The response of lake levels and areas to cli-
matic change. Clim Change 1994, 27:161-197.

6. Unger-Shayesteh K, Vorogushyn S, Farinotti D,
Gafurov A, Duethmann D, Mandychev A, Merz
B. What do we know about past changes in the water
cycle of Central Asian headwaters? A review. Glob
Planet Change 2013, 110:4-25.

12 of 14

7. Pekel J-F, Cottam A, Gorelick N, Belward AS. High-
resolution mapping of global surface water and its
long-term changes. Nature 2016, 540:418-422.

8. Nugmanova V, Chuntonova L, Zakenayeva O. Chron-
icle of Nature 2012 (In Russian), vol. 103. Burabay:
Burabay National Nature Park Administration; 2013.

9. KazHydromet. Development of Predictive Models on
the Ecological Condition of Schuchinsk-Burabay
Resort  Territory for 2005-2007: The Project
(In  Russian), vol. 245. Kokshetau: KazHydro-
met; 200S5.

10. Budnikova T, Musataeva G, Plokhih R. Report on
Integrated Ecological Studies of the Schuchinsk-
Burabay Resort Area for the Definition of the Ways of
Sustainable Development (In Russian), vol. 281.
Astana: The Institute of Geography; 2010.

11. Zharmukhanbetova A, Bekturov N, Bossert U,
Nugmanova V. Chronicle of Nature 2015
(In Russian), vol. 113. Burabay: Burabay National
Nature Park Administration; 2016.

12. Korde NV. The History of Burabay National Park
Lakes in Northern Kazakbstan (In Russian). Lenin-
grad: The Laboratory of Sapropel Deposits of the
Academy of Science of the USSR; 1951.

© 2017 Wiley Periodicals, Inc.


https://doi.org/10.1016/j.gloplacha.2013.05.008
https://doi.org/10.1016/j.gloplacha.2013.05.008

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

28.

T4
) WIREs Water

KazHydromet. Development of Predictive Models of
Environmental Conditions on the Territory of
Schuchinsk-Burabay Resort Territory: Final Report
(In Russian), vol. 151. Almaty: KazHydromet; 2007.

Shnitnikov V. Chapter 5. In: The Lakes of Semi-Arid
Zone of the USSR. Leningrad: Nauka; 1970, 5-14.

Nugmanova V, Chuntonova L, Zakenayeva O,
Bekisheva M. Chronicle of Nature 2011 (In Russian),
vol. 106. Burabay: Burabay National Nature
Park; 2012.

KazHydromet. Conducting Research to Compreben-
sively Address the Issue of Increasing Volume (level)
and Water Quality of Lakes in Schuchinsk-Borovoe
Resort Territory (In Russian), vol. 92. Astana: KazHy-
dromet; 2014.

Dosumov A, Deineka V, Isin K, Ashimov A, Kim D,
Timeyeva L. Compilation of Modern Hydrogeological
Map with Scale of 1:200000 and Map-Frames with
Scale of 1:50000 of the Territory of Schuchinsk-
Burabay  Resort Area in  Akmola  Province
(In Russian), vol. 156. Kostanay: Geobyte Info; 2014.

van der Kamp G, Hayashi M. Groundwater-wetland
ecosystem interaction in the semiarid glaciated plains
of North America. Hydrgeol ] 2009, 17:203-214.

Hayashi M, van der Kamp G, Rosenberry DO.
Hydrology of prairie wetlands: understanding the inte-
grated surface-water and groundwater processes. Wet-
lands 2016, 36:1-18.

Zykov D, Ivanova E, Kalinina A, Lavrenko E,
Fedorovich B. Natural Zoning of Northern Kazakh-
stan (In Russian), vol. 476. Moscow: USSR Academy
of Sciences Publishing House; 1960.

Kremenetski CV, Tarasov PE, Cherkinsky AE. Postgla-
cial development of Kazakhstan pine forests. Geogr
Phys Quatern 1997, 51:391-404.

Zhang L, Dawes WR, Walker GR. Response of mean
annual evapotranspiration to vegetation changes at
catchment scale. Water Resour Res 2001, 37:701-708.

Shikano S, Kawano K, Kudoh ]JI, Yurlov AK,
Kikuchi E. Intraannual and interannual changes in the
surface area of a closed lake complex in southwestern

Siberia using NOAA images. Limnology 2006,
7:123-128. https://doi.org/10.1007/s10201-006-
0175-z.

Numaguti A. Origin and recycling processes of precipi-
tating water over the Eurasian continent: experiments
using an atmospheric general circulation model.
J Geophys Res Atmos 1999, 104:1957-1972.

Miralles DG, Nieto R, McDowell NG, Dorigo WA,
Verhoest NEC, Liu YY, Teuling AJ, Dolman AJ, Good
SP, Gimeno L, et al. Contribution of water-limited
ecoregions to their own supply of rainfall. Environ Res
Lert 2016, 11:124007. https://doi.org/10.1088/1748-
9326/11/12/124007.

© 2017 Wiley Periodicals, Inc.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Changing water cycle in Burabay National Nature Park

Jung M, Reichstein M, Ciais P, Seneviratne SI,
Sheffield J, Goulden ML, Bonan G, Cescatti A, Chen ]J,
de Jeu R, et al. Recent decline in the global land evapo-
transpiration trend due to limited moisture supply.
Nature 2010, 467:951-954.

Perez-Quezada JF, Saliendra NZ, Akshalov K,
Johnson DA, Laca EA. Land use influences carbon
fluxes in Northern Kazakhstan. Rangeland Ecol Man-
age 2010, 63:82-93. https://doi.org/10.2111/08-106.1.

Schlesinger WH, Jasechko S. Transpiration in the
global water cycle. Agric For Meteorol 2014,
189:115-117.

Aubinet M, Vesala T, Papale D. Eddy Covariance: A
Practical Guide to Measurement and Data Analysis.
Dordrecht: Springer Science & Business Media; 2012.

Spence C, Blanken PD, Lenters JD, Hedstrom N. The
importance of spring and autumn atmospheric condi-
tions for the evaporation regime of Lake Superior.
J Hydrometeorol 2013, 14:1647-1658. https://doi.org/
10.1175/JHM-D-12-0170.1.

Blanken PD, Spence C, Hedstromb N, Lenters JD.
Evaporation from Lake Superior: 1. Physical controls
and processes. | Great Lakes Res 2011, 37:707-716.
https://doi.org/10.1016/i.jglr.2011.08.009.

Gronewold AD, Fortin V, Lofgren B, Clites A, Stow
CA, Quinn F. Coasts, water levels, and climate
change: a Great Lakes perspective. Clim Change
2013, 120:697-711. https://doi.org/10.1007/s10584-
013-0840-2.

Granger R], Hedstrom N. Modelling hourly rates of
evaporation from small lakes. Hydrol Earth Syst Sci
2011, 15:267-277. https://doi.org/10.5194/hess-15-
267-2011.

van der Kamp G, Keir D, Evans MS. Long-term water
level changes in closed-basin lakes of the Canadian
prairies. Can Water Resour | 2008, 33:23-38.

Shao C, Chen ], Stepien CA, Chu H, Ouyang Z,
Bridgeman TB, Czajkowski KP, Becker RH, John
R. Diurnal to annual changes in latent, sensible heat,
and CO, fluxes over a Laurentian Great Lake: a case
study in Western Lake Erie. ] Geophys Res: Biogeosci
Res 2015, 120:1587-1604. https://doi.org/10.1002/
2015JG003025.Received.

Liu Y, Zhuang Q, Pan Z, Gonzalez Miralles D,
Kicklighter D, Zhu Q, He Y, Niyogi D, Chen ],
Tchebakova N, et al. Evapotranspiration in Northern
Eurasia: impact of forcing uncertainties on terrestrial
ecosystem model estimates. | Geophys Res Atmos
2015, 120:2647-2660.  https://doi.org/10.1002/
2014JD022531.

Liu Y, Zhuang Q, Pan Z, Miralles D, Tchebakova N,
Kicklighter D, Chen J, Sirin A, He Y, Zhou G,
et al. Response of evapotranspiration and water availa-
bility to the changing climate in Northern Eurasia.
Clim Change 2014, 126:413-427. https://doi.org/10.
1007/s10584-014-1234-9.

13 of 14


https://doi.org/10.1007/s10201-006-0175-z
https://doi.org/10.1007/s10201-006-0175-z
https://doi.org/10.1088/1748-9326/11/12/124007
https://doi.org/10.1088/1748-9326/11/12/124007
https://doi.org/10.2111/08-106.1
https://doi.org/10.1175/JHM-D-12-0170.1
https://doi.org/10.1175/JHM-D-12-0170.1
https://doi.org/10.1016/j.jglr.2011.08.009
https://doi.org/10.1007/s10584-013-0840-2
https://doi.org/10.1007/s10584-013-0840-2
https://doi.org/10.5194/hess-15-267-2011
https://doi.org/10.5194/hess-15-267-2011
https://doi.org/10.1002/2015JG003025.Received
https://doi.org/10.1002/2015JG003025.Received
https://doi.org/10.1002/2014JD022531
https://doi.org/10.1002/2014JD022531
https://doi.org/10.1007/s10584-014-1234-9
https://doi.org/10.1007/s10584-014-1234-9

Focus Article

38.

39.

40.

41.

42.

43.

44.

4S.

46.

14 of 14

Tarasov PE, Pushenko MY, Harrison SP, Saarse L,
Andreev AA, Aleshinskaya ZV, Davydova NN,
Dorofeyuk NI, Efremov YV Elina GA, et al. Lake Sta-
tus Records from the Former Soviet Union and Mon-
golia: Documentation of the Second Version of the
Database. 1996.

KazHydromet. Development of Predictive Models on
the Ecological Condition of Schuchinsk-Burabay
Resort Territory: The Interim Report (In Russian),
vol. 83. Almaty: KazHydromet; 2006.

Kendall C, McDonnell JJ. Isotope Tracers in Catch-
ment Hydrology. Amsterdam: Elsevier; 2012.

Collins M, Knutti R, Arblaster J, Dufresne J-L,
Fichefet T, Friedlingstein P, Gao X, Gutowski WJ,
Johns T, Krinner G, et al. Climate Change 2013: The
Physical Science Basis. IPCC Working Group 1 Contri-
bution to ARS. Cambridge: Cambridge University
Press; 2013.

Vautard R, Cattiaux J, Yiou P, Thepaut J-N, Ciais P.
Northern Hemisphere atmospheric = stilling partly
attributed to an increase in surface roughness. Nat

Geosci 2010, 3:756-761. https://doi.org/10.1038/
ngeo979.
McVicar TR, Roderick M, Donohue R, Li L,

Niel TGV, Thomas A, Grieser ], Jhajharia D, Himri Y,
Mahowald N, et al. Global review and synthesis of
trends in observed terrestrial near-surface wind speeds:

implications for evaporation. | Hydrol 2012,
416-417:182-205.  https://doi.org/10.1016/j.jhydrol.
2011.10.024.

Roderick ML, Rotstayn LD, Farquhar GD,
Hobbins MT. On the attribution of changing pan
evaporation. Geophys Res Lett 2007, 34:117403.
https://doi.org/10.1029/2007GL031166.

Brutsaert W, Parlange MB. Hydrologic cycle explains
the evaporation paradox. Nature 1998, 396:30.

Golubev VS, Lawrimore JH, Groisman PY,
Speranskaya NA, Zhuravin SA, Menne M]J, Peterson
TC, Malone RW. Evaporation changes over the con-
tiguous United States and the former USSR: a reassess-
ment. Geophys Res Lett 2001, 28:2665-2668. https:/
doi.org/10.1029/2000GL012851.

47.

48.

49.

50.

51.

52.

53.

54.

55.

wires.wiley.com/water

Miralles DG, Jiménez C, Jung M, Michel D, Ershadi
A, McCabe MF, Hirschi M, Martens B, Dolman A]J,
Fisher JB, et al. The WACMOS-ET project—part 2:
evaluation of global terrestrial evaporation data sets.
Hydrol Earth Syst Sci Discuss 2015, 12:10651-10700.
https://doi.org/10.5194/hessd-12-10651-2015.

Blunden J, Arndt DS. State of the climate in 2015. Bull
Am Meteorol Soc 2016, 97:51-S275. https://doi.org/
10.1175/2016BAMSStateoftheClimate.1.

Ireson AM, Barr AG, Johnstone JF, Mamet SD, van
der Kamp G, Whitfield CJ, Michel NL, North RL,
Westbrook CJ, DeBeer C, et al. The changing water
cycle: the Boreal Plains ecozone of Western Canada.
Wiley Interdiscip Rev Water 2015, 2:505-521.

Baigaliyeva M, Nessipbekov G, Yapiyev V,
Abudanash D, Kassymbekova A, Kabiyeva M,
Malgazhdar D, Zhumabayev D. Nazarbayev Univer-
sity Research Week. Astana: Nazarbayev Univer-
sity; 2014.

Gronewold AD, Bruxer J, Durnford D, Smith JP, Clites
AH, Seglenieks F, Qian SS, Hunter TS, Fortin
V. Hydrological drivers of record-setting water level rise
on Earth’s largest lake system. Water Resour Res 2016,
52:4026-4042. https://doi.org/10.1002/2015wr018209.

Poulter B, Frank D, Ciais P, Myneni RB, Andela N, Bi
J, Broquet G, Canadell JG, Chevallier F, Liu
YY. Contribution of semi-arid ecosystems to interann-
ual variability of the global carbon cycle. Nature 2014,
509:600-603.

Brantley SL, Goldhaber MB, Ragnarsdottir KV. Cross-
ing disciplines and scales to understand the critical
zone. Elements 2007, 3:307-314.

Brooks PD, Chorover ], Fan Y, Godsey SE, Maxwell
RM, McNamara JP, Tague C. Hydrological partitioning
in the critical zone: recent advances and opportunities for
developing transferable understanding of water cycle
dynamics. Water Resour Res 2015, 51:6973-6987.
https://doi.org/10.1002/2015WR017039.

Martin GM, Bellouin N, Collins W], Culverwell ID,
Halloran PR, Hardiman SC, Hinton TJ, Jones CD,
McDonald RE, McLaren AJ, et al. The HadGEM2
family of met office unified model climate configura-
tions. Geosci Model Dev 2011, 4:723-757.

© 2017 Wiley Periodicals, Inc.


https://doi.org/10.1038/ngeo979
https://doi.org/10.1038/ngeo979
https://doi.org/10.1016/j.jhydrol.2011.10.024
https://doi.org/10.1016/j.jhydrol.2011.10.024
https://doi.org/10.1029/2007GL031166
https://doi.org/10.1029/2000GL012851
https://doi.org/10.1029/2000GL012851
https://doi.org/10.5194/hessd-12-10651-2015
https://doi.org/10.1175/2016BAMSStateoftheClimate.1
https://doi.org/10.1175/2016BAMSStateoftheClimate.1
https://doi.org/10.1002/2015wr018209
https://doi.org/10.1002/2015WR017039

	 The changing water cycle: Burabay National Nature Park, Northern Kazakhstan
	INTRODUCTION
	GEOGRAPHIC LOCATION
	CHARACTERISTICS OF BNNP
	Climate
	Geology and Soils
	Vegetation and Landcover

	WATER RESOURCES AND HYDROLOGICAL PROCESSES
	Brief Overview of Water Balance
	Precipitation: Rainfall, Snow, and Snowmelt
	Evapotranspiration
	Surface Water and Runoff
	Groundwater and Subsurface Flow
	Summary of Water Balance for BNNP Lakes

	HYDROLOGICAL RESPONSES TO ANTHROPOGENIC DISTURBANCE AND CLIMATE CHANGE
	Climate Change
	Human Disturbance

	CONCLUSION
	ACKNOWLEDGMENTS
	References


