Journal of Hydrology 593 (2021) 125781

Contents lists available at ScienceDirect

Journal of Hydrology

FI. SEVIER

journal homepage: www.elsevier.com/locate/jhydrol
Research papers , )
Estimating seasonal water budgets in global lakes by using multi-source

remote sensing measurements

Tan Chen?, Chungiao Song ™, Linghong Ke ™€, Jida Wang‘, Kai Liu? Qianhan Wu®°

@ Key Laboratory of Watershed Geographic Sciences, Nanjing Institute of Geography and Limnology, Chinese Academy of Sciences, Nanjing 210008, China
b State Key Laboratory of Hydrology-Water Resources and Hydraulic Engineering, Hohai University, Nanjing 210098, China

¢ College of Hydrology and Water Resources, Hohai University, Nanjing 211100, China

d Department of Geography and Geospatial Sciences, Kansas State University, Manhattan, KS 66506, USA

¢ Department of Earth Sciences, The University of Hong Kong, Hong Kong, China

ARTICLE INFO ABSTRACT

This manuscript was handled by A. Bardossy,
Editor-in-Chief, with the assistance of Purna
Chandra Nayak, Associate Editor

The seasonal change in lake water storage (LWSsc) reflect periodic fluctuations of the basin-scale water balance.
However, the role of LWSsc in regulating the water budget at the global scale has not yet been investigated based
on straight-forward observations. Quantifying LWSsc is necessary, especially under the context of global change.
Available in-situ measurements of lake water levels and volumes are still scarce. Therefore, the Global Surface

I;eywordif; Water datasets of Joint Research Centre and multi-source satellite altimetry datasets through mathematical
in?:v: EZ storage statistics methods are used in this study to address this issue. We estimate the LWSsc of 463 lakes and reservoirs
Reservoir worldwide with areas greater than 10 km?, which represent nearly 64% of the total global lake area and 93% of

the total lake volume capacity. Results show that the global seasonal water storage variation of these examined
water bodies is 1390.91 + 78.91 km®, comprising 869.44 + 67.35 km® from lakes and 521.46 + 41.11 km® from
reservoirs. The relatively large estimates of LWSsc are concentrated in North American and African basins.
Among the watersheds, the seasonal fluctuations of lakes in the North American Lawrence basin make up the
most substantial magnitude of 10.76% of the global LWSsc. The latitudinal direction zonality of LWSsc is rela-
tively significant. The LWSsc is concentrated between 30° N and 60° N in the northern hemisphere and between
the equator and 30° S in the southern hemisphere. Considering the geographic similarity and climatological
zonality, the global LWSsc estimates are also extrapolated to other lakes without direct satellite altimetry ob-
servations on the basis of the average rate of the examined lakes distributed in the same Koppen — Geiger
Climate Classification zones. The LWSsc is calculated with a consequence of 488.23 + 14.72 km® for these
extrapolated lakes, indicating an estimate of 1357.67 =+ 68.94 km® for the LWSsc of the global natural lakes (>10
km?). This initial estimation of LWSsc at a global scale will greatly help the improvement of our understanding of
the seasonal behavior of lakes and reservoirs in regulating global and regional water cycles and the contribution
of terrestrial water storage to sea level rise.

Satellite altimetry
Water cycle
Landsat

1. Introduction

Lakes are regarded as one of the most significant stores of terrestrial
surface liquid water and play a crucial role in regulating regional
climate, balancing ecosystems, and protecting biodiversity. The lake
water resources are also widely utilized in different human-related ac-
tivities, such as water conservation, hydropower, irrigation, and culti-
vation (Johnston et al., 2011; Wada et al., 2014; Zarfl et al., 2015). In the
past decades, lakes in different regions have undergone various degrees
of change because of global change (Williamson et al., 2009; Zhang
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et al., 2011; Sterling et al., 2013). Global warming or the rapid increase
in surface temperatures has accelerated the melting of polar ice caps and
the sea ice around them; this phenomenon has also increased the hu-
midity, which brings more precipitation and further increases the un-
evenness of the distribution of lake water storage (Wang et al., 2018;
Erler et al., 2019). Consequently, changes in lakes and reservoirs are
increasingly concerned and all of their morphodynamic characteristics
(e.g., water area, water level, and water storage) are particularly
observed in changing environments (Crétaux et al., 2016). The current
situation and variation trend of lake water storage is the basis for the
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estimation of the terrestrial water availability and becomes a particular
subject for assessments of present and future water resources. As a
result, the lake water storage change plays an important role in the
global hydrological cycle and influences the hydrologic process (Hirschi
et al., 2006; Yeh and Famiglietti, 2008).

Seasonal change in lake water storage (LWSsc) is an essential
element in the global or regional water budget. It reflects the seasonal
fluctuation of hydrological regime of lakes. Although lake water storage
change in typical basins (Hirschi et al., 2006; Sheffield et al., 2009; Pan
et al., 2012; Ehalt Macedo et al., 2019; Hamlington et al., 2019; Borja
et al., 2020) or seasonal fluctuation of typical lakes and reservoirs
(Gronewold and Stow, 2014; Zhou et al., 2016; Borja et al., 2020) has
been studied previously, the seasonal change of water storage in lakes
and reservoirs has not yet been measured directly at the global scale. At
present, in-situ lake water storage measurements are sparse, especially
in developing countries (Duan and Bastiaanssen, 2013). Since hetero-
geneous in situ networks are always poorly shared at global level
(Biancamaria et al., 2016), the global LWSsc has been difficult to esti-
mate and has not been known. As a result, the role of LWSsc in modu-
lating global water cycles and the contribution to sea-level rise has been
challenging to estimate.

Remote sensing provides an effective and straight-forward way of
monitoring lakes and reservoirs in the macroscale area and has gained
much attention in recent years. Studies on water extent monitoring have
been conducted using different optical sensors and analyses of lake
changes in interannual and decadal timescales (Du et al., 2014; Pekel
et al.,, 2014; Yao et al., 2015; Feng et al., 2016; Sheng et al., 2016;
Khandelwal et al., 2017; Yang et al., 2017; Zhu et al., 2020). Numerous
studies have shown the possibility of observing water surface elevation
on the basis of satellite altimetry by using different altimeter missions
(Birkett, 1995; Frappart et al., 2006; Da Silva et al., 2010; Schwatke
et al., 2015a; Villadsen et al., 2015; Zawadzki and Ablain, 2016; Zhang
et al., 2019). To measure long-term lake water level at the global scale,
recent studies have proposed altimetry datasets, such as the Hydroweb
database established by Laboratoire d’Etudes en Géophysique et
Océanographie Spatiales (LEGOS, Laboratory of Studies in Space
Geophysics and Oceanography) (Crétaux et al., 2011), Database for
Hydrological Time Series of Inland Waters (DAHITI) (Schwatke et al.,
2015b), and the US Department of Agriculture (USDA) Global Reservoir
and Lake Monitoring (G-REALM) datasets (Birkett et al., 2011). Conse-
quently, analyzing the lake water storage variations becomes possible
through these combinations of multi-satellite data and optical remote
sensing images. Furthermore, the changes in lake water storage could be
estimated based on the time series of water area and water level changes
(Luetal., 2013; Zheng et al., 2016; Avisse et al., 2017; Yao et al., 2019).
Thus, estimating the global LWSsc based on multi-source measurements
is feasible and necessary to reveal the magnitude of the seasonal water
cycle in the global water budget, making the LWSsc spatially and
temporally comprehensive.

Monitoring lakes and reservoirs about their morphodynamic char-
acteristics using remote sensing have been approached mentioned
above. However, the straight-forward estimation of the global LWSsc
using remote sensing or geospatial data sets has yet been done. Our
objective is to employ a simple and effective method to estimate the
seasonal change in lake water storage at a global scale from satellite
observations. Here, we quantify the LWSsc with uncertainty estimates of
global lakes and reservoirs based on the Global Surface Water (GSW)
datasets of the Joint Research Centre (JRC) and all available altimetry
level time series from Hydroweb, DAHITI, and G-REALM. We then
extrapolate the LWSsc estimates to other lakes without direct satellite
measurements based on the average seasonal water-level variation of
the examined lakes within the same climatological zones according to
the Koppen — Geiger Climate Classification (Kottek et al., 2006). We aim
to advance existing understanding of the role of the seasonal behavior of
lakes and reservoirs in regulating the global and regional water cycles
and the contribution of terrestrial water storage to sea level rise.
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2. Study area and data
2.1. Investigated lakes and reservoirs worldwide

In the study, a total of 463 lakes and reservoirs with long-term sat-
ellite altimetry measurements were selected to estimate the global
LWSsc and investigate their spatial patterns (see Supplementary Infor-
mation Table S1 for attribute information of lakes and reservoirs stud-
ied). Fig. 1 shows the locations of these lakes and reservoirs, with lake
area size and distribution. These contained 283 natural lakes and 180
reservoirs located on every continent. All the 463 large and medium-
sized global lakes (149 from North America, 136 from Asia, 74 from
South America, 54 from Africa, 39 from Europe, 11 from Oceania) are
over 10 km? in size. These lakes, with a total area of 1393.25 thousand
km? and a total volume of 171 thousand km?, represent nearly 64% of
the global lake area and 93% of the total volume capacity. The infor-
mation on these lakes was obtained from the HydroLAKES database
(http://www.hydrosheds.org) (Messager et al., 2016).

2.2. Study data

2.2.1. Altimetry water level datasets

In this study, water level time series from three merged altimetry
data platforms, namely, Hydroweb, DAHITI, and G-REALM databases
were used as input data for the LWSsc estimation. Established by LEGOS,
the Hydroweb database was a combination of Topex/Poseidon, Jason-
1/-2/-3, ENVISAT, and GFO measurements (Crétaux et al., 2011). This
database contained the time series of water level observations with a
decimeter precision for 155 global lakes and reservoirs selected in this
study. The DAHITI database was based on a widespread outlier rejection
and a Kalman filter approach and incorporated with cross-calibrated
multi-mission altimeter data from Topex/Poseidon, Jason-1/-2/-3,
ENVISAT, ERS-1/-2, Cryosat-2, and SARAL/AltiKa (Schwatke et al.,
2015a). The DAHITI database was reported to achieve more accurate
height information with an RMSE as low as 4-5 cm for large lakes and
several decimeters for smaller lakes than the other available altimeter
databases (Busker et al., 2019). Operated by USDA, G-REALM database
merged Topex/Poseidon, Jason-1/-2/-3, and ENVISAT missions with
temporal resolutions varying from 10 to 35 days (Birkett et al., 2011).
The 10-day G-REALM product, which contains sufficient temporally
data, was selected in this study.

2.2.2. Lake and reservoir area data

This study used the Yearly Water Classification History data layer of
the JRC GSW dataset (Pekel et al., 2016) to calculate the annual
maximum, minimum, and average surface areas of lakes and reservoirs
investigated. The JRC GSW dataset is a high-resolution stack of images
that maps the spatial and temporal distributions of surface water over
the last 35 years from 1984 to 2018. This dataset was produced based on
the entire image archive of the Landsat 5, 7, and 8. It recorded the
months and years of water-land cover, water changes, seasonality, and
persistence at 30 m resolution (Pekel et al., 2016). The Yearly Water
Classification History data set provided information on the seasonality
of the water year to year over the world. We could distinguish seasonal
water and permanent water of lake and reservoir area each year through
the Yearly Water Classification History data.

3. Methods
3.1. Constructing water level time series of lakes

First, we generated monthly mean values by integrating all of the
water level observations and then averaging all the measurements for
each lake in each month. Second, we filtered the surface elevation data
from a combination of satellite altimeters, which met the requirements
of owning a time series of five consecutive years during 1992 to 2018
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Fig. 1. Locations of the analyzed global lakes (blue) and reservoirs (orange). The background image shows the Esri World Topographic Map (http://goto.arcgiso
nline.com/maps/World Topo_ Map). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

and surface area larger than 10 km?. Finally, we obtained the monthly
water levels for all the study lakes and reservoirs.

Fig. 2 shows the number of observed lakes with a different number of
observation years of water level. A total of 92 lakes had complete
altimetry time series during the study period (1992-2018), accounting
for nearly 20% of the total number of studied lakes. The time series of
altimetry water levels for most of the study lakes (92.7%) have a tem-
poral coverage of 9 years, whereas only 34 lakes had been observed for
less than 9 years. The median of the observed period was 13 years for the
examined lakes.

3.2. Retrieval of annual average inundation area of lakes

We used the Yearly Water Classification History dataset, a set of
maps in a raster format showing annual global water-land cover with
surface water changes from 1984 to 2018. We examined the inundation
areas of lakes and reservoirs from the 27 years dataset from 1992 to
2018, considering the time range of altimetry water level data. We
classified four categories in the dataset: permanent water, seasonal

water, land, and no observations (Fig. 3). We selected the seasonal and
permanent water categories to calculate the annual average maximum
(seasonal and permanent water pixels) and minimum (permanent water
pixels) areas of each lake or reservoir on the Google Earth Engine plat-
form. We then obtained the multi-year averaged maximum and mini-
mum lake areas by averaging the maximum and minimum lake areas
recorded within the study periods. As an example of the retrieval of the
annual average inundation area of lakes studied, we performed the
sample and processing of the Aral Sea showed in Fig. 3.

3.3. Estimation of seasonal water storage and uncertainty

In general, the bottom morphology of lakes and reservoirs was
assumed to be regular with a pyramidal shape (Abileah et al., 2011).
Therefore, the seasonal water storage variations (AV;) can be derived
from the following equation (Taube, 2000):
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Fig. 2. Frequency of observed years used to estimate the LWSsc for the 483 analyzed lakes and reservoirs, with the total number of observations for lakes in different
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water-land classification maps show the seasonal and permanent water inundation area on the basis of GSW datasets. In the bottom panel, the calculation pro-
cess of the multi-year average min and max lake areas is shown. The green line is the multi-year average max lake area of Aral Sea marked as LA,.y, whereas the red
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1992 to 2018. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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where Ah; is the multi-year mean seasonal water level change
(defined as hmax — hmin in the year i of lake j, reflected the intra-annual
level range), hjjmaris the maximum water level, and Ay, is the minimum
water level from altimetry for the year i of lake j. Ajpgcand Aj, are the
multi-year mean calculated maximum and minimum lake areas derived
from the GSW dataset. AVj is the seasonal water storage variations of the
lake j.

Moreover, the uncertainty of estimation is calculated considering the
changes in surface water level, the average maximum area, and the
minimum area of study lakes by using Eq. (3).
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When calculated the aggregated uncertainties, we employed the
error propagation law showed like the Eq. (4).

Vst = \/AVipy + AV + oo+ AV + AV, @

where AVspp is the standard deviation of estimated LWSsc, defined as
the uncertainty of each lake. Ah is the multi-year mean seasonal water
level change, and Ahgyp is the mean standard deviation of multi-year Ah.
Anaand Ay, are the multi-year mean calculated maximum and mini-
mum lake areas derived from the GSW dataset. A,._stp and A;,_srp are
the standard deviations of maximum and minimum lake areas in
different years. AVsmp_gun is the aggregated uncertainties based on error
propagation law by the Eq. (4).

4. Results
4.1. Analyses of LWSsc estimates by continent

The LWSsc of 463 water bodies (lakes and reservoirs, >10 km?)
located in different continents are estimated. Table 1 provides the
summary of the water level changes (/A\H), the maximum water surface
area, the minimum water surface area, and the LWSsc (/A\V) with
standard deviations (STDs) of the target lakes and reservoirs per conti-
nent. The majority of the studied lakes are located in Asia and North
America, which make up more than 60% (quantity: 285, proportion:
62%), while the smallest target number of lakes (11) in Oceania (a
majority of them belong to Australia). Globally, the LWSsc of studied
water bodies is 1390.91 + 78.91 km®. The North American lakes show
the highest seasonal fluctuation of water storage of 435.18 + 42.08 km®,
given that most lakes in this continent have large surface areas. Europe
has an LWSsc of approximately 311.64 + 48.68 km>, owing to the super-
large lake Caspian Sea (assigned to Europe when categorizedby conti-
nents). The lakes in Europe lead in terms of maximum and minimum
water surface area of 462.4 + 12.77 thousand km? and 459.2 + 11.75
thousand km?, respectively. The lakes in South America (186 + 28.01
km3) and Africa (250.15 + 29.19 km3) show high variability in water
surface level with 4.54 + 1.45 m and 3.86 + 1.63 m, respectively,
suggesting their complex topography and highly hydro-climatological
dynamic variations. However, the causes of seasonal fluctuations in
the lakes in these two continents are not entirely identical. The vast lake
inundation areas have dominated the LWSsc of the African water bodies.
Frequent flooding of the major river lagoons and reservoirs in South
America dominates the seasonal fluctuations accompanied by the vari-
ations in water level.
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Table 1

Summary of the average seasonal water storage of the 463 water bodies by continent.
Continent Number of water bodies AH (m) Max Area (thousand km?) Min Area (thousand km?) AV (km®)

Mean STD Total STD Total STD Total STD
Africa 54 3.86 1.63 198.66 2.44 193.29 2.20 250.15 29.19
Asia 136 3.71 1.41 144.44 9.17 136.26 11.44 201.53 21.15
Europe 39 2.88 1.10 462.40 12.77 459.20 11.75 311.64 48.68
North America (N.A.) 149 2.94 1.29 445.89 2.68 442.88 3.05 435.18 42.08
South America (S.A.) 74 4.54 1.45 69.02 2.21 64.09 3.49 186.00 28.01
Oceania 11 2.84 1.33 3.27 0.18 2.12 0.16 6.41 1.43
Global 463 3.52 1.38 1323.67 29.45 1297.84 32.09 1390.91 78.91
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Longitude summaries of LWSsc

4.2. Analyses of the spatial characteristic of the LWSsc of global lakes
and reservoirs

Fig. 4 shows the spatial distribution map of the LWSsc estimates of
different water bodies. The LWSsc are calculated with 10° latitude/
longitude summaries on the right and underneath panels of the global
map (Fig. 4). Globally, the study lakes and reservoirs show significant
seasonal fluctuations. The total LWSsc of examined lakes and reservoirs
are 869.44 + 67.35 and 521.46 + 41.11 km?, respectively. Considerable
LWSsc are distributed in the North American lakes, the South American
large reservoirs, the Eurasian lakes, and the Africa Great Rift Valley
lakes. The Caspian Sea of Eurasia exhibits a significant seasonal fluctu-
ation with the largest LWSsc (144.85 + 44.98 km®). The second-largest
LWSsc are observed for the Great Rift Valley Lakes in Africa and the
Great Lakes in North America (including Malawi Lake, Victoria Lake,
Lake Superior, Lake Michigan, and Lake Huron). The seasonal fluctua-
tion of each lake is between 27 + 14.11 to 31 = 6.71 km?®. Furthermore,
the study reservoirs also have large LWSsc. Guri Reservoir (37.78 +
24.84 km®) in South America has led the largest LWSsc among the
analyzed reservoirs. Tucurui Reservoir (South America), Lake Nasser
(Africa), and Lake Volta (Africa) have relatively high seasonal fluctua-
tions over 20 km® compared withother study reservoirs.

The latitudinal direction zonality of LWSsc can be clearly observed in
Fig. 4. The LWSsc is mainly distributed in the middle and high latitudes
of the northern hemisphere. A secondary LWSsc peak distributed in the
low latitudes is also observed around the equator. The LWSsc is less
obvious in the middle and high latitudes of the southern hemisphere due
to fewer observed lakes in this area. Among the investigated basins, the
higher magnitudes of LWSsc are distributed in the Mackenzie basin

Latitude summaries of LWSsc
100 200 300 400
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(North America), the Saint Lawrence basin (North America), the
Amazon basin (South America), the Nile basin (Africa), the Caspian Sea
(Eurasia), and the Yenisei basin (Eurasia). The studied lakes in the Saint
Lawrence basin, where the North American Great Lakes are located,
make up the largest proportion of nearly 11% (10.76%) of the global
LWSsc. In summary, the amount of LWSsc is more concentrated between
30° N and 60° N of the northern hemisphere. The amount of LWSsc is
focused between the equator and 30° S of southern hemisphere.

4.3. Analyses of long-term LWSsc estimates based on typical lakes

To further reveal the change in the characteristics of LWSsc
throughout the study period, we select five lakes and reservoirs located
in different basins with considerable seasonal fluctuations and long-term
satellite altimetry measurements as examples to demonstrate the annual
LWSsc time series, as shown in Fig. 5. The estimated LWSsc of the study
lakes is between the maximum and the minimum annual LWSsc. The
Caspian Sea, with a surface area of 0.38 million km?, is the largest lake in
the world (Mehdinia et al., 2020). This lake has exhibited a fluctuating
pattern, displaying the seasonally fluctuating increase in the water
storage during 1992 to 2018 (Fig. 5¢). This lake’s estimated LWSsc of
144.85 + 44.98 km® is between the lower annual LWSsc of 21.41 +
11.41 km?® and the upper annual LWSsc of 227.54 + 89.29 km® and close
to the annual average LWSsc of 135.82 + 62.01 km®. Other estimated
LWSsc of typical lakes also reflected the average level of interannual
fluctuations, for example, Malawi Lake at 31.45 + 14.57 km® (lower
limit: 26.63 + 11.01 km?®, upper limit: 38.14 + 17.93 km®), Superior
Lake at 30.97 + 16.32 km?® (lower limit: 13.94 + 6.87 km?, upper limit:
57.38 + 27.65 km3), Guri Reservoir at 37.78 + 24.84 km® (lower limit:
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Fig. 5. Examples of LWSsc from the typical lake with affiliated basins: (a) Superior Lake (St. Lawrence basin, North America), (b) Kuybyshev Reservoir (Volga basin,
Europe), (c) Caspian Sea (Eurasia), (d) Malawi Lake (Zambezi basin, Africa), and (e) Guri Reservoir (Orinoco basin, South America). The study lakes are shown with
water level time series and trendline to understand further the temporal characteristics of the LWSsc. The red trendline means a linear decrease, whereas the green
trend line means a linear increase. The red and blue stripes mark the synchronous feature between the time-series variation of LWSsc and water level (red stripe
represents small LWSsc and changes in water level, whereas blue stripe represents large LWSsc and changes in water level). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

14.41 + 4.83 km®, upper limit: 77.93 + 41.45 km®), and Kuybyshev
Reservoir at 18.76 + 6.29 km® (lower limit: 9.19 + 4.39 km?, upper
limit: 25.23 + 12.58 km®).

Intuitively, the LWSsc is dependable on the seasonal changes of lake
level. For example, the synchronous feature between the time-series
variation of LWSsc and water level are marked as the red and blue
stripes in Fig. 5. However, the interannual variations of the LWSsc do not
always depend on the changing trend of water level in the long term. The
pattern for these examined lakes can be divided into three categories.
The first category includes Lake Superior, Guri Reservoir, and the Cas-
pian Sea. As the water level decreases in these bodies of water, the
LWSsc increases, especially for the Caspian Sea. The second category is
represented by the Malawi Lake, whose water level and LWSsc are
increasing synchronously. The third category includes the Kuybyshev
Reservoir, which is characterized by decreasing LWSsc but rising water
levels.

5. Discussion
5.1. Comparison among different LWSsc calculation methods

In this study, the seasonal amplitudes of lake water level were esti-
mated by calculating the multi-year averaged differences between intra-
annual maximum and minimum water levels. This process was termed
as the LWSsc_Mean method. We applied here the Seasonal-Trend
Decomposition Procedure Based on Loess (STL) method to decompose
the time-series seasonal variations of water level and compare them with
the performance of LWSsc estimation results used in this study. The STL

was a statistical method of decomposing a time series data into four
components containing data display, seasonality, trend, and residual.
We employed the seasonal amplitudes to replace multi-year variations in
water levels to calculate the LWSsc. This process was termed as the
LWSsc_STL method. Then, we picked four lakes (i.e., Tanganyika Lake,
Malawi Lake, Huron Lake, and Kuybyshev Reservoir) with diverse water
level ranges and long-term satellite altimetry measurements to conduct
a comparison among different LWSsc calculation methods. The two
methods used to estimate the LWSsc and the annual time series of sea-
sonal fluctuations of water storage are shown beneath the STL decom-
position of water level for each lake in Fig. 6.

Generally, the estimates derived from the LWSsc_STL method were
smaller than those obtained from the LWSsc_Mean method. The
LWSsc_STL method decomposed the high-frequency noise signal and
several years of periodic vibration trend. Although the LWSsc_Mean
method could smooth seasonal fluctuations in the trend, it cannot
eliminate high-frequency noises and periodic variations. However, the
LWSsc of Tanganyika Lake (21.35 km®), Malawi Lake (22.19 km®),
Huron Lake (20.73 km3), and Kuybyshev Reservoir (14.03 km?) calcu-
lated using the LWSsc_STL method were within the standard deviation
range of estimates by the LWSsc_Mean method (e.g., Tanganyika lake,
24.67 + 8.41 km®; Malawi Lake, 31.45 + 14.57 km?, Huron lake, 27.86
+ 14.11 km?, and Kuybyshev Reservoir, 18.76 + 6.29 km®). Moreover,
the biases of the LWSsc exhibited by the LWSsc_Mean method for the
sample lakes were within 30% compared with the result derived from
the LWSsc_STL method. No complete and regular time series of water
level was used because of the absence of satellite altimetry data in many
lakes. Therefore, the LWSsc_Mean method can still be acceptable to
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estimate the LWSsc.

5.2. Estimation of the LWSsc of other global lakes without direct satellite
measurements

Given that the satellite altimetry was limited to their footprint size,
incomplete observations, and other reasons, we could not cover every
lake, especially those with small surface areas. Considering the
geographic similarity and the climate regulating effect of climatological
zonality on lake water storage, we assumed that the lakes had relatively
comparable seasonal fluctuations in the same climate zone. Accordingly,
we employed the three-level classification system of Koppen — Geiger
Climate Classification (Kottek et al., 2006) to estimate the LWSsc of
14,333 global lakes determined by the HydroLAKES database with
surface areas above 10 km? without direct altimetry satellite measure-
ments (see Fig. 7 for the climate area distribution). We excluded the
reservoirs in this estimation because the water storage changes in this
body of water were regulated by human operations. Then, we extrapo-
lated the LWSsc of the unobserved lakes on the basis of geographically
and lake-capacity weighted and provided a summary with the examined
lakes by climate zone, as shown in Table 2. The maximum LWSsc was
found with 515.12 + 36.86 km® in the Df climate (Df for snow and fully
humid, together with hot summer, warm summer, and cool summer).

North American and Eurasian lake groups had the most LWSsc because
of the abundance of lakes in the Df climate zone. The lakes in the Df
climate, especially those with snow climate and fully humid with cool
summer zone, exhibited the maximum LWSsc value of 300.83 + 18.54
km?®. The minimum LWSsc amount of 1.13 + 0.23 km?® observed in the
As climate zone (As for equatorial savannah with dry summer) was due
to their limited number of lakes.

In summary, the total LWSsc of examined and extrapolated lakes
were 869.44 + 67.35 and 488.23 + 14.72 km?, respectively. The LWSsc
of 283 observed lakes occupied a proportion of 64.04% compared with
1357.67 + 68.94 km®, which is the total occupied proportion of the lakes
with surface areas above 10 km? worldwide. The number of lakes,
whether examined or extrapolated in this study, occupied a similar
proportion in each climate zone or continent. Therefore, the estimated
LWSsc can be extended to global lakes as a significant reference.
Currently, the number of lakes is of large uncertainty due to their global
distribution (Verpoorter et al.,, 2014). This global estimate only
considered lakes with the water mask above 10 km? from the Hydro-
LAKES database. The global estimate methodology could be employed
to future high-resolution measurements satellite missions, for instance,
the Surface Water and Ocean Topography (SWOT) satellite mission,
which goals to detect lakes with an area large 250 x 250 m? (Bianca-
maria et al., 2016).
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Table 2

Estimation of LWSsc for the lakes above 10 km? based on extrapolation compared to investigated lakes.

Climate Examined lakes Extrapolate lakes Total lakes

Classification Count AV (km?) STD (km®) Count AV (km?) STD (km?®) Count AV (km?) STD (km®)
Af 15 21.81 2.39 189 20.57 291 204 42.38 3.76
Am 9 9.66 1.68 200 36.95 2.59 209 46.61 3.09
As 1 0.29 0.06 25 0.84 0.22 26 1.13 0.23
Aw 39 164.02 22.24 566 1.42 0.11 605 165.44 22.24
BSh 6 1.48 1.25 183 8.89 0.99 189 10.37 1.59
BSk 27 38.26 7.81 477 0.36 0.05 504 38.62 7.81
BWh 11 21.64 7.97 316 24.99 6.97 327 46.62 10.59
BWk 22 43.94 14.38 229 2.16 0.69 251 46.1 14.40
Cfa 12 22.75 6.78 497 38.69 4.62 509 61.44 8.21
Cfb 10 8.11 2.46 438 13.58 1.31 448 21.69 2.78
Csa 6 8.11 2.45 89 2.75 0.53 95 10.86 2.50
Csb 4 3.96 1.17 83 3.04 0.67 87 7.01 1.35
Cwa 2 4.23 3.35 98 2.47 0.37 100 6.7 3.37
Cwb 2 7.34 1.88 29 0.48 0.06 31 7.82 1.88
Dfa 4 44.84 15.28 74 0.07 0.01 78 44.9 15.28
Dfb 28 155.24 27.95 2155 14.15 0.59 2183 169.39 27.96
Dfc 37 79.86 15.18 5907 220.96 10.64 5944 300.83 18.54
Dsc 6 26.88 16.03 708 7.42 0.66 714 34.3 16.05
Dwa 1 4.83 3.11 121 5.57 0.77 122 10.4 3.20
Dwc 9 33.75 7.71 88 2.09 0.29 97 35.84 7.71
ET 31 23.6 5.59 1861 80.77 3.57 1892 104.37 6.64
Caspian Sea 1 144.85 44.98 1 144.85 44.98
Total 283 869.44 67.35 14,333 488.23 14.72 14,616 1357.67 68.94

6. Conclusion

This study estimated the LWSsc for a total of 463 global lakes and
reservoirs worldwide with inundation areas above 10 km? by combining
the JRC GSW dataset with the satellite altimetry datasets, which
represent nearly 64% of the global lake area and 93% of the total lake
volume. The LWSsc of these examined water bodies was estimated at
1390.91 + 78.91 km?, including 869.44 + 67.35 km® for natural lakes
and 521.46 + 41.11 km® for reservoirs. The zonality in latitudinal di-
rection of LWSsc is relatively significant. The amount of LWSsc was
more concentrated between 30° N and 60° N of the northern hemi-
sphere. The larger LWSsc can be observed between the equator and 30° S
of the southern hemisphere. LWSsc in North America Great Lakes made
up the most substantial magnitude of nearly 11% (10.76%) of the sea-
sonal water storage variations of the global lakes. The basins with

relatively large seasonal lake water storage variations concentrated in
North America and Africa had a significant seasonal fluctuation with
more uncertainty. We also extrapolated a total of 14,616 global lakes
(>10 km?) with total LWSsc of 1357.67 + 68.94 km® on the basis of the
examined lakes within the similar climatological and hydrological
zones.

The inadequate coverage of satellite altimetry measurements on lake
water level, especially for the continents Oceania and Africa, was
considered a limitation for the global LWSsc estimation in this study.
Therefore, future studies are encouraged to develop different techniques
to decrease the no-data percentage in lake observations. In the pro-
spective study plan, recently launched or planned satellite altimetry
missions, e.g., ICESat-2 and SWOT, and increasing altimetry water level
databases will be a great help in improving the spatial coverage of lake
water bodies and quantification accuracy of LWSsc.
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