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ABSTRACT
The Tibetan Plateau houses numerous lakes, the phenology and
duration of lake ice in this region are sensitive to regional and
global climate change, and as such are used as key indicators in
climate change research, particularly in environment change com-
parison studies for the Earth three poles. However, due to its harsh
natural environment and sparse population, there is a lack of
conventional in situ measurement on lake ice phenology. The
Moderate Resolution Imaging Spectroradiometer (MODIS)
Normalized Di�erence Snow Index (NDSI) data, which can be
traced back 20 years with a 500 m spatial resolution, were used
to monitor lake ice for �lling the observation gaps. Daily lake ice
extent and coverage under clear-sky conditions was examined by
employing the conventional SNOWMAP algorithm, and those
under cloud cover conditions were re-determined using the tem-
poral and spatial continuity of lake surface conditions through
a series of steps. Through time series analysis of every single lake
with size greater than 3 km2 in size, 308 lakes within the Tibetan
Plateau were identi�ed as the e�ective records of lake ice extent
and coverage to form the Daily Lake Ice Extent and Coverage
dataset, including 216 lakes that can be further retrieved with
four determinable lake ice parameters: Freeze-up Start (FUS),
Freeze-up End (FUE), Break-up Start (BUS), and Break-up End
(BUE), and 92 lakes with two parameters, FUS and BUE. Six lakes
of di�erent sizes and locations were selected for veri�cation
against the published datasets by passive microwave remote sen-
sing. The lake ice phenology information obtained in this paper
was highly consistent with that from passive microwave data at an
average correlation coe�cient of 0.91 and an RMSE value varying
from 0.07 to 0.13. The present dataset is more e�ective at detect-
ing lake ice parameters for smaller lakes than the coarse resolution
passive microwave remote sensing observations. The published
data are available in https://data.4tu.nl/repository/uuid:fdfd8c76-
6b7c-4bbf-aec8-98ab199d9093 and http://www.sciencedb.cn/
dataSet/handle/744.
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1. Introduction

Known as the “Roof of the World”, the Tibetan Plateau has an average elevation of more
than 2,000 m and an abundance of lakes. This region contains 2,612 lakes with a surface
area greater than 0.25 km2, as estimated from the lake database (Messager, Lehner, Grill,
Nedeva, & Schmitt, 2016) (Figure 1). Lake ice is an indicator of changes in lake environ-
ments; moreover, it is also one of the key Environmental Climate Variables (ECVs) in the
Global Climate Observing System (National centers for environmental information [EB/
OL], 2017) (GCOS). Lake ice phenology, extent, and the thickness and type of ice are of
great signi�cance for climate and environmental studies (Liu, Chen, Wang, & Qiu, 2018).
However, the existing in situ lake ice observation data for the Tibetan Plateau is severely
limited due to the remoteness, harsh eco-environmental conditions, and thin atmo-
sphere in this region. Therefore, a comprehensive lake ice monitoring dataset is urgently
needed to compensate for this observation shortage.

At present, Many researchers have studied the lake ice phenology based on remote
sensing data (Cai et al., 2019; Du, Kimball, Duguay, Kim, & Watts, 2017; Kropácek,
Maussion, Chen, Hoerz, & Hochschild, 2013; Peng, Qinghua, & Qiufang, 2015; Qi et al.,
2019), and released four data sets: (1) The Global Lake and River Ice Phenology Database
(Benson & Magnuson, 2000), which contains freeze-up/breakup dates of 865 lakes and
rivers in the Northern Hemisphere but which includes only one lake of the Tibetan
Plateau, namely, the Qinghai Lake; (2) The Canadian Ice Database (Canadian Cryospheric
Information Network, 2018), which concentrates on North America, contains ice freeze-
up and breakup data of 259 Canadian lakes, including lake ice thickness, snow depth,
and freeze-up and breakup dates; (3) the Daily Lake Ice Phenology Time Series Derived
from AMSR-E and AMSR2 (Du & Kimball, 2018) which describes daily lake-ice conditions
(binary ice-on/ice-o�) from 2002 to 2015 using a 5 km x 5 km grid (total 76,671 pixels)
over the Northern Hemisphere and presents the ice coverage using downscaled coarse
passive microwave observations; and, (4) The dataset of microwave brightness

Figure 1. Distribution of lakes within the Tibetan Plateau (Zhang, Yao, Xie, Kang, & Lei, 2013). Lake
boundaries derived from (Messager et al., 2016). Background map derived from the global open
digital elevation model data.
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temperature and freeze-thaw status for medium to large lakes over the High Asia (Yubao
et al., 2018; Qiu, Guo, & Ruan et al., 2017), which includes lake-ice phenology for 51 lakes,
of which 47 are located on the Tibetan Plateau, from 2002 to 2016. The dataset (4) was
derived primarily from coarse resolution passive microwave observations, and it is not
e�ective for monitoring the numerous small lakes in the Tibetan Plateau.

The dataset presented herein was prepared using the MODIS Normalized Di�erence
Snow Index (NDSI) with a spatial resolution of 500 m as input for the NDSI snow cover
algorithm SNOWMAP (George & Dorothy) in order to detect the lake ice coverage under
daily clear sky conditions. Furthermore, lake ice coverage under cloud cover conditions
was identi�ed using the spatial and temporal continuity of the lake surface conditions.
This method was used to calculate and classify the daily lake ice characteristics for the
maximum number of lakes within the Tibetan Plateau from 2002 to 2018. Moreover,
a time series analysis of lake ice coverage, which included lakes with a surface area
greater than 3 km2, was carried out to provide a clear list of lakes where the lake ice
phenology, i.e. Freeze-up Start (FUS), Freeze-up End (FUE), Break-up Start(BUS), or Break-
up End(BUE), can be accurately estimated and retrieved.

2. Methodology and process steps

The MODIS Snow Cover Daily L3 Global 500 m Grid dataset was used as the input data,
which was obtained from the US National Snow and Ice Data Center (Hall & Riggs, 2016),
including MODIS/Terra morning acquisition data (MOD10A1) and MODIS/Aqua after-
noon acquisition data (MYD10A1). The MODIS data pre-processing was carried out at the
UTM/WGS84 system with steps of image splicing, projection, transformation, and image
cropping. The NDSI snow cover algorithm SNOWMAP (George & Dorothy) was used to
estimate the daily lake ice on/o� at a single pixel under clear sky, and then a series of
further processes was conducted under cloudy conditions based on spatial and tem-
poral continuity of lake surface conditions.

As a result, the lake ice extent data with partial cloud cover were obtained for 5,834
days, and lake ice, water and cloud coverage for each single lake, which was de�ned as
the ratio of extent of lake ice and lake area, were obtained accordingly. The coverages
for each lake were then processed with a time series �lter to eliminate the contamina-
tion, thereby obtaining the �nal cloud-free lake ice coverage data product at cloud-free
conditions.

The data-processing �ow is shown in Figure 2 and described below.

2.1. Application of the SNOWMAP algorithm

Lake ice detection is based on the spectral re�ectance characteristics of ice and water in
the MODIS bands (Equation (1)). The re�ectance of ice in the visible and near-infrared
spectrum is high, whereas it is low for water. Therefore, the conventional SNOWMAP
algorithm (George & Dorothy) was used to distinguish lake ice from lake water. For
MODIS data, the NDSI is calculated as follows:

NSDI …
band4 � band6
band4 þ band6

(1)
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where band4 and band6 are the re�ectance at 545–565 nm and 1628–1652 nm bands,
respectively. Under clear-sky conditions, when the NDSI is greater than 0.4 and the near-
infrared re�ectance of band 2 and band 4 are greater than 0.11 and 0.10, respectively,
the pixels within lake areas are classi�ed as lake ice.

2.2. Identi�cation of lake ice/water under cloud area

First, a lake map containing the lake’s vector boundary in the Tibetan Plateau was
created based on the lake data obtained from the HydroLAKES database (Messager
et al., 2016) for lakes with an area larger than 1 km2. Next, the SNOWMAP algorithm was
used to detect lake ice using MODIS data during the morning and afternoon orbit,
respectively. However, the results still contain a large amount of cloud contamination.

Figure 2. Flow chart of the Tibetan Plateau daily lake ice extent and coverage algorithm used within
this study.
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To overcome this issue, the temporal and spatial continuity of lake ice for a single lake
was used to re-identify lake ice/water under cloud cover conditions, the methods are
described below by a sequence of steps depending on the spatial–temporal combina-
tion rule – the “more reliability, earlier process”, which is to say that the process steps
with high correctness probabilities for cloud pixels were processed at a �rst priorities
(Huan, Yubao, Zhaojun, Duo, & Yudan, 2016).

S1: Synthesis with morning and afternoon orbit data.
Based on the complementary morning and afternoon satellite observations, daily lake

ice/water data under cloud cover conditions was synthesized based on the following
three rules: (a) If the same pixel was identi�ed as lake water, either in the morning or
afternoon, the cloudy pixel was designated as lake water, assuming that the water
observed in a single pixel is more credible according to the algorithm; (b) If the same
pixel was identi�ed as lake ice both in the morning and afternoon, the pixel was
designated as lake ice; and, (c) If the same pixel was identi�ed as cloud-covered in
either morning or afternoon, while being identi�ed as lake ice during the other observa-
tion, the pixel was designated as lake ice.

S2: Temporal continuity synthesis over three consecutive days.
Based on the temporal continuity of water/ice, the re-identi�cation of cloud-covered

pixels using a three consecutive day data interval were carried out based on the
following rules: (a) If both the previous and following day observations for the same
pixel was lake ice, the cloud-covered pixel was identi�ed as lake ice; (b) If either the
previous or following day observation for the same pixel was lake water, the cloud-
covered pixel was identi�ed as lake water; or, (c) If neither of the above rules applied,
the original pixel value of the cloud was retained. This step was conducted before Step 3
and Step4 bellow (Huan et al., 2016).

S3: Spatially proximity pixel method.
The cloud-covered pixels were re-identi�ed using spatial adjacent relationships and its

spatial continuity based on their proximity. Cloud-covered pixels adjacent to the shore of
the lake were considered together with the eight adjacent pixels, after eliminating land
pixels, if the remaining pixels were identi�ed either as lake water or lake ice, then the cloud-
covered pixel was identi�ed as lake water or lake ice. On the other hand, any cloud pixel
that was not close to the lake’s shore was identi�ed by comparing it with the four adjacent
pixels based on the following rules: (a) If at least three out of the four pixels adjacent to the
cloud-covered pixel were identi�ed as lake ice, then the center cloud pixel was designated
as lake ice; (b) If at least three out of four of the adjacent pixels were identi�ed as lake
water, then the center cloud-covered pixel was designated as lake water; or, (c) If neither of
the above rules applied, the pixel retained its cloud-cover value.

S4: Temporal continuity synthesis over �ve consecutive days.
Based on the above method of processing, a �ve-day time period was used for the

pixel identi�cation in order to obtain lake ice surface data under partly cloudy coverage,
based on the following rules: (a) If a pixel that was cloud-covered on day three was
identi�ed as lake ice on three out of the four remaining days, and no lake water was
detected, then the pixel was designated as lake ice; (b) If a pixel that was cloud-covered
on day three was identi�ed as lake water on at least three out of the four remaining
days, the pixel was designated as lake water; or, (c) If neither of the above rules applied,
the pixel retained its cloud-cover value.
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The daily map of lake ice or water has been eventually produced via the above steps,
while some pixels are still marked as cloud.

S5: Lake ice coverage time series �lter processing.
Aiming to obtain the inventory of lake ice/water change characteristics for every

single lake, a further time series �lter was conducted for each lake with ice, water, and
cloud.

Firstly, a time series of �lter with 10-days window was applied to these 5834-day lake
ice and water coverages, and a secondary series of lake ice and water coverage record
for each lake were produced. According to the MODIS-based lake ice phenology deter-
mination: the Freeze-Up End (FUE) is de�ned as the �rst day during the second half of
the year when the lake ice coverage is greater than 0.9, whereas the Break-Up End (BUE)
is the �rst day during the �rst half of the year when the lake ice coverage is less than
10% (Reed, Budde, Spencer, & Miller, 2009). As a result, when the lake ice coverage on
a given day was greater than 90%, the cloud coverage was re-designated as lake ice
part, and when the water coverage on a given day was greater than 90%, the cloud
coverage was designated as the water part.

Secondly, when not that case (ice/water coverage <90%), these �lters processed lake
ice and water coverage was normalized into two new series of dataset regardless of
cloud cover coverage, that means, the sum of coverage of lake ice and water is 100%.
Then, the original cloud coverage for each lake was reassigned to the original lake ice
and water coverage according to the normalization of ice and water time series data.

After the above processes, the �nal cloud-free lake ice coverage products at pixel-
detail level have been produced.

2.3. Classi�cation based on time series of lake ice coverage

Of total 2612 examined lakes in Tibetan Plateau, the 5834 days’ time series of cloud free
time series of lake ice coverage for 625 lakes with areas larger than 3 km2 were
e�ectively recorded. Depending on the stability of ice coverage time series, the total
625 lakes are categorized into four types (Figure 3). Types I are those lakes evidenced to
be not obviously thawing and freezing in winter time (November to April), and Type II
are with obvious periodic changes of ice coverage larger than 90% for the whole
freezing time span, Type III are more or less with periodic changes, not all examined
18 years are with ice coverage larger than 90%. Type IV are not convinced for its few
pure pixels because of their small lake area and the complexity of lake shore.

3. Result and analysis

In this paper, the ice coverage of 308 lakes for Type II and Type III and a table of records
for 39 lake of Type I have been released openly as reference data for other applications.
All the lakes with open data are shown in Figure 4 and Figure 5. The inland lakes in
Tibetan Plateau were observed clearly, and most of the lakes with salty plats experience
ice free seasons in our study. While the lakes of Type III are distributed in the southern
part of Plateau mostly.

An examination on the behavior of the time series of lake ice coverage for each single
lake has been conducted. The number of the pure pixel at MODIS 500 m resolution, lake
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