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Abstract: Ice phenology data of 22 large lakes of the Northern Hemisphere for 40 years (1979–2018)
have been retrieved from passive microwave remote sensing brightness temperature (Tb). The results
were compared with site-observation data and visual interpretation from Moderate Resolution
Imaging Spectroradiometer (MODIS) surface reflectivity products images (MOD09GA). The mean
absolute errors of four lake ice phenology parameters, including freeze-up start date (FUS), freeze-up
end date (FUE), break-up start date (BUS), and break-up end date (BUE) against MODIS-derived
ice phenology were 2.50, 2.33, 1.98, and 3.27 days, respectively. The long-term variation in lake ice
phenology indicates that FUS and FUE are delayed; BUS and BUE are earlier; ice duration (ID) and
complete ice duration (CID) have a general decreasing trend. The average change rates of FUS, FUE,
BUS, BUE, ID, and CID of lakes in this study from 1979 to 2018 were 0.23, 0.23, −0.17, −0.33, −0.67,
and −0.48 days/year, respectively. Air temperature and latitude are two dominant driving factors of
lake ice phenology. Lake ice phenology for the period 2021–2100 was predicted by the relationship
between ice phenology and air temperature for each lake. Compared with lake ice phenology changes
from 1990 to 2010, FUS is projected to be delayed by 3.1 days and 11.8 days under Representative
Concentration Pathways (RCPs) 2.6 and 8.5 scenarios, respectively; BUS is projected to be earlier by
3.3 days and 10.7 days, respectively; and ice duration from 2080 to 2100 will decrease by 6.5 days and
21.9 days, respectively.

Keywords: passive microwave; remote sensing; SMMR; SSM/I; SSMIS; lake ice phenology; the
Northern Hemisphere

1. Introduction

Under a changing climate, the average global surface temperature has increased by
0.85 ◦C from 1880 to 2012 [1]. Lake ice phenology is a terrestrial essential climate variable
(ECV) of the Global Climate Observation System (GCOS) [2], being a sensitive indicator
of climate change and reflecting yearly lake-ice freeze–thaw dynamics [3–9], especially
at higher latitude regions (>60◦ N) [4,10,11]. Comprehensive knowledge of the spatio-
temporal variation of lake ice phenology at the hemispheric scale helps understand climate
change and its impacts on regional climates.

Previous studies have documented significantly earlier ice break-up dates and decreas-
ing ice duration since the 1950s at the hemispheric scale [11,12], and in many typical regions
such as in the pan-Arctic [4,13–16] and the Tibetan Plateau [17–22]. The earlier ice break-up
dates and decreasing ice durations lead to the increase in spring meltwater and runoff and,
subsequently, to changes to the global hydrological cycle. Furthermore, lake ice phenology
impacts aquatic life and human activities in many ways. The freezing and break-up of
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lake ice influence the spread of human-made pollutants [23,24]. Additionally, more CH4 is
released from northern lakes with shorter ice duration, which further reinforces climate
warming [25]. Winter transportation, tourism, hydroelectric power, and reservoir capacity
are influenced by lake ice phenology [26–28].

Air temperature has been reported to be the most significant factor influencing ice
phenology, because lake ice cover has responded more strongly to regional air temper-
ature variability in recent decades among all climatic factors [11,12,29–33]. Particularly,
lake summer surface temperature (LSST) increased by 0.34 ◦C per decade based on the
investigation of 235 globally distributed lakes between 1985 and 2009 [34]. Apart from air
temperature, other factors such as latitude, altitude, surface area, depth, salinity, shoreline
shape, and other climate-related variables such as precipitation, wind speed, radiation,
and snow cover, play vital roles in lake ice phenology [26,30,35,36]. The freezing and
break-up processes lead to an abrupt change of lake surface properties such as albedo,
roughness, and energy exchange between lakes and the atmosphere [37,38]. Some studies
also revealed that large-scale teleconnections such as Pacific Decadal Oscillation (PDO),
North Atlantic Oscillation (NAO), and Antarctic Oscillation (AO) play essential roles in
limnological processes [13,29,39–41]. Research on the variation of lake ice and river ice in
future predicts that seasonal ice duration will keep declining as global mean surface air
temperatures increase under various scenarios [27,42,43].

Common methods of monitoring lake ice phenology include ground observations
and remote sensing techniques. In many regions, manual collection of in situ observations,
such as with meteorological or hydrological stations, began hundreds of years ago for
transportation, fishing, and even for religious purposes. For instance, freeze dates of Lake
Suwa have been recorded since 1443 for religious reasons [27,44]. The ground observation
of ice phenology is usually limited to lakeshores or bays [15,45–47]. Thus, it is hard to
determine the freeze status of large lakes from in situ observations. Furthermore, in recent
decades, due to government budget constraints and more attention on personnel safety,
the number of manually operated observation sites has declined [48–50].

Satellite remote sensing is the most logical alternative for observing lake ice [16]
because of its large spatio-temporal coverage. As well-known optical remote sensing prod-
ucts, Moderate Resolution Imaging Spectroradiometer (MODIS) and Advanced Very-High-
Resolution Radiometer (AVHRR) imagery have been used to retrieve lake ice phenology
with relatively high accuracy [7,13]. The lake ice condition can be identified by manual
recognition or automatically setting a threshold on the reflectance difference in specific
bands [51–54]. More studies combine site observations with optical remote sensing to
derive long time series of ice phenology [10,13,46,55,56]. However, optical images are
easily affected by clouds [57], especially for higher latitude lakes in winter in the Northern
Hemisphere, which cannot easily be used for identifying freeze-up dates due to high solar
zenith angles, persistent cloud cover, atmospheric aerosols, and melt ponds [9,58–60]. In
recent years, some researchers started to segment lake ice and water by a variety of machine
learning methods, such as support vector machine (SVM), multinomial logistic regression
(MLR), random forest (RF), and gradient boosting trees (GBTs) [61–63].

Microwave remote sensing can be used to derive ice phenology parameters from the
separate or joint analysis of the temporal variation of backscatter from synthetic-aperture
radar (SAR) and brightness temperatures (Tb) from passive microwave sensors. Microwave
remote sensing is also effective during cloudy conditions and polar nights, and is particu-
larly useful to study large lakes at high latitudes where cloudy weather is common [64–68].
However, active microwave remote sensing is not suitable for large-scale lake ice phe-
nology monitoring due to its low temporal resolution (5–6 days) and high cost [11,13,45].
Passive microwave remote sensing has been commonly used to extract lake ice phenology
parameters [69] with a high temporal resolution of twice a day, especially at higher lati-
tudes [9,45,59,70]. Typical products of passive microwave include Scanning Multichannel
Microwave Radiometer (SMMR) (1979–1987), Special Sensor Microwave/Imager (SSM/I)
(1987–present), Special Sensor Microwave Imager Sounder (SSMIS) (2003–present), Ad-
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vanced Microwave Scanning Radiometer-Earth Observing System (AMSR-E) (2002–2011),
Advanced Microwave Scanning Radiometer 2 (AMSR2) (2012–present), and Microwave Ra-
diation Imager (MWRI) (2010–present). Du, Kimball, Duguay, Kim and Watts [11] retrieved
lake ice phenology of 71 lakes over the Northern Hemisphere from 2002 to 2015 using
AMSR-E/2 microwave Tb data. Numerous studies on lake ice phenology were conducted
using passive microwaves in the Tibetan Plateau [17,18,20,71] and Canada [16,72], where
numerous lakes play a crucial role in the hydrological cycle and regional climate.

However, few studies have focused on retrieving lake ice phenology over long time-
series, analyzing the influencing factors, and forecasting future lake ice phenology at the
hemispheric scale simultaneously. According to global lake storage capacity estimates, large
lakes (area > 500 km2) account for 92% of the global distribution of water volume stored in
lakes and reservoirs (44% saltwater lakes and 48% freshwater lakes) [73]. Therefore, large
lakes can affect the regional climate and respond to climate change at a hemispheric scale.

In this study, three objectives were pursued: (i) to retrieve lake ice phenology of 22
large lakes during the period 1979–2018 in the Northern Hemisphere from Tb of passive
microwave remote sensing; (ii) to analyze the influence of different factors on lake ice
phenology, such as latitude, altitude, salinity, air temperature, and precipitation; and (iii) to
predict future trends of lake ice phenology under different climate change scenarios.

2. Data

The data used in this study included microwave Tb data from SMMR, SSM/I, and SS-
MIS; lake properties and meteorological data from the Global Lakes and Wetland Database
(GLWD), World Lake Database and Lake Network (LAKENET), Global Lakes and River
Ice Phenology Database (GLRIPD), Global Historical Climatology Network (GHCN); and
air temperature projections from the fifth phase of the Coupled Model Intercomparison
Project (CMIP5) data.

2.1. Study Area

In this study, satellite passive microwave data were used to monitor the ice phenology
of lakes of the Northern Hemisphere. Large lakes with an area greater than 625 km2 (25 ×
25 km) were selected for detecting the freezing and thawing processes to avoid, as much
as possible, mixed pixels from nearby areas. Furthermore, irregularly shaped lakes were
removed owing to the difficulty in pure pixel selection from these water bodies. Eventually,
we selected 22 large lakes distributed over the Northern Hemisphere, of which eleven lakes
were in North America, and ten lakes and one reservoir were in Eurasia (Figure 1). The
World Geodetic System (WGS)-84 was used as the geographic coordinate system.

The lake vector boundaries of 22 large lakes were obtained from the Global Lakes
and Wetland Database (GLWD) [74,75]. The properties of these lakes were obtained from
two databases, the ILEC World Lake Database [76] and the Global Lakes Database [77],
including country of origin, latitude, longitude, altitude, surface area, volume, depth, and
salinity (Table 1).

2.2. Passive Microwave Remote Sensing Data

Passive microwave Tb data were derived from SMMR [78], SSM/I, and SSMIS [79].
Although the footprints vary with frequency, Tb at all frequencies was resampled to EASE-
GRID with a size of 25 × 25 km. There is a significant emissivity difference between ice
and water in the horizontal polarization of the 18.7 GHz channel in AMSRE/2 [20]. In
this study, Tb at 18 GHz for SMMR (1979–1987), 19.35 GHz for SSM/I (1987–2009), and
SSMIS (2010–2018), in the vertical and horizontal polarizations were used to monitor the
ice phenology of 22 large lakes.
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Table 1. Specifications of the lakes selected in this study. The latitude and longitude are the coordinates of the Tb-retrieving
point of each lake.

No. Lake Name Abbreviation Country Latitude Longitude Area (km2) Altitude
(m.a.s.l.)

Adjacent Weather
Station ID

1 Baikal BK Russia 54.321◦ N 109.006◦ E 31,924.6 456 RSM00030636
2 Great Bear GB Canada 66.614◦ N 120.829◦ W 30,530.1 186 CA002300902
3 Great Slave GS Canada 62.151◦ N 114.561◦ W 27,816.3 156 CA002202400
4 Winnipeg WI Canada 50.733◦ N 96.710◦ W 23,809.3 217 CA005022791
5 Balkhash BA Kazakhstan 46.376◦ N 74.600◦ E 17,458.8 341 KZ000035796
6 Onega ON Russia 61.582◦ N 35.668◦ E 9608.1 35 RSM00022831
7 Athabasca AT Canada 59.254◦ N 109.432◦ W 7781.6 213 CA004063755
8 Khanka KK China and Russia 45.007◦ N 132.416◦ E 4088.1 69 RSM00031921
9 Qinghai QH China 36.921◦ N 100.143◦ E 4449.7 3196 CHM00052754

10 Khuvsgul KH Mongolia 51.108◦ N 100.516◦ E 2741.4 1645 MGM00044207
11 Uvs UV Mongolia 50.302◦ N 92.711◦E 3421.5 759 MG000044212
12 Melville ME Canada 53.678◦ N 59.632◦ W 3069.0 −1 CA008501900
13 Rybinksk RY Russia 58.414◦N 38.491◦ E 3926.6 102 RSM00027037
14 Alakol AL Kazakhstan 46.117◦ N 81.746◦ E 2802.1 347 KZ000036729
15 Nam Co NM China 30.666◦ N 90.527◦ E 1933.6 4718 CHM00055279
16 Selin Co SL China 31.739◦ N 89.114◦ E 1640.9 4530 CHM00055279
17 Nettilling NE Canada 66.582◦ N 70.852◦ W 5064.7 30 CA002401030
18 Amadjuak AM Canada 64.898◦ N 71.217◦ W 3033.7 113 CA002403049
19 Dubawnt DU Canada 63.113◦ N 101.540◦ W 3628.5 236 CA002300500
20 Wollaston WO Canada 58.233◦ N 103.304◦ W 2272.0 398 CA004063755
21 Michikamau MI Canada 54.043◦ N 63.974◦ W 5610.4 460 CA007117827
22 Teshekpuk TE U.S.A. 70.605◦ N 153.632◦ W 834.9 2 CA002300902
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2.3. Auxiliary Data

The daily historical air temperature and precipitation data from the Global Historical
Climatology Network (GHCN) [80] were used to analyze the impact of climate variables
on lake ice phenology changes. The data were obtained from the National Oceanic and
Atmospheric Administration (NOAA) and included daily mean air temperature (TAVG),
maximum air temperature (TMAX), minimum air temperature (TMIN), and precipitation
(PRCP) [81], from the station near the lake (Table 1). The daily data of all sites used were
transformed into monthly and annual values for the annual lake ice phenology analysis.

The lake ice phenology values of Lake Baikal, Qinghai Lake, Lake Winnipeg, Great
Slave Lake, and Great Bear Lake were validated with site observation data from the Global
Lake and River Ice Phenology Database (GLRIPD) provided by the National Snow and Ice
Data Center (NSIDC) [82]. This database includes the freezing and melting dates of 865
lakes and rivers of the Northern Hemisphere, in which the ice phenology of 42 water bodies
is longer than 19 years. Moreover, the results of Great Bear Lake and Great Slave Lake were
compared with Canada’s lake ice product, which includes weekly ice:water ratios obtained
from the Canadian Ice Service (CIS) [15]. The ice:water ratio of pixels in the range of 0–1
(at a resolution of 0.1) defined in this product is based on AVHRR and RADARSAT-1 SAR
images. The phenological date error is ±7 days due to the time resolution limit. The first
week with no ice visible on the image (break-up complete), is defined as 0, and the first
week when freezing starts to appear is defined as 0–0.1, and pixels with complete ice cover
are defined as 1 based on the product.

The results obtained in this study were compared with those extracted by other
researchers from AMSRE/2 data on individual lakes such as Qinghai Lake, Great Bear
Lake, Great Slave Lake, Lake Baikal, and Lake Winnipeg [20,71].

Future changes of lake ice phenology from 2021 to 2100 were predicted by using the
fifth phase of the Coupled Model Intercomparison Project (CMIP5) monthly air temperature
data, which was developed by the Coupled Simulation Working Group (WGCM) of the
World Climate Research Program (WCRP). Monthly average, maximum and minimum air
temperatures of historical data and multiple representative concentration pathway (RCP 2.6,
4.5, 6.0, 8.5) data in six models of CMIP5 were used. The six models included CanESM2,
GFDL-CM3, GFDL-ESM2G, IPSL-CM5A-LR, MPI-ESM-LR, and NorESM1-M (Table 2). For
consistency of air temperature between historical data and future scenarios, in this study, we
used the air temperature from CMIP5 historical data instead of the data from the GHCN.

Table 2. Coupled Model Intercomparison Project (CMIP5) models used in this study and their spatial coverage and
availability of Representative Concentration Pathways in each model.

Model Institute Nation
Spatial Coverage (◦) Representative Concentration

Pathways (RCPs)

Lon. Lat. 2.6 4.5 6 8.5

CanESM2 Canadian Centre for Climate
Modelling and Analysis Canada 2.7906 2.8125
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3. Methods

The three main steps in the workflow procedure of this study are: lake ice phenology
retrieval, driving factor analysis, and prediction (Figure 2).
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3.1. Lake Ice Phenology Retrieval from Passive Microwave Remote Sensing Brightness Temperature
(Tb) Data

Due to the large difference between the dielectric constant of water and ice, Tb reveals
an abrupt increase when lake water freezes. Based on this principle, passive microwave
remote sensing is an efficient way of monitoring the ice phenology of large lakes.

Lake ice phenology parameters are visually defined as follows: freeze-up start date
(FUS) is the first day on which Tb increases sharply, usually in autumn and winter in the
Northern Hemisphere. After that, the Tb fluctuates smoothly for a few days. The first
stable day is freeze-up end date (FUE), after which Tb increases sharply. In contrast to FUS
and FUE, break-up start date (BUS) is defined as the first day that Tb decreases sharply,
and break-up end date (BUE) is the first stable day after the sharp Tb decrease following
BUS. Sometimes, BUE is preceded by thaw and refreeze processes. After interpreting FUS,
FUE, BUS, and BUE, we obtained the two duration phenology parameters by calculating
the differences between BUE and FUS (ID) and between BUS and FUE (CID).

Here, Qinghai Lake was taken as an example to describe the lake freeze–thaw cycle in
a hydrological year. The variation of daily passive microwave Tb at 19 GHz and average
air temperatures at its nearby meteorological station GANGCHA (WMO ID: 52754) in the
hydrological year of 2014/2015 has a very strong relationship with the lake freeze–thaw
cycle (Figure 3):

1. From August to December 2014, air temperature and Tb of Qinghai Lake both gradu-
ally decreased, but air temperature decreased faster;

2. Tb started to increase rapidly on December 13, which was the FUS. When Tb stabilized
after a few days, the first date (23 December 2014) of the steady period was the FUE;

3. From January to March 2015, as ice thickness grew after the lake froze, the polarization
difference decreased, and the Tb of the lake continued to increase slowly. On March
16, when the lake ice began to melt, the Tb started to decrease. Thus, March 16 is the
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BUS, from which Tb decreased with ice melting and air temperature increased until
April 3; the BUE was recorded when the lake ice melted completely;

4. After April 3, Tb remained low while air temperature increased rapidly.
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Figure 3. Variations in Tb for different polarizations and orbits, air temperature, ice thickness [83] in a hydrological year
(2014/2015) in Qinghai Lake. Tb is shown with the acronym H and V, which represent horizontal and vertical polarization,
while A and D represent ascending and descending orbits. Air temperature is depicted as the daily average air temperature
(TAVG) of the nearby meteorological station GANGCHA. Only the monthly average values of ice thickness in the first
three months of the year (January, February, March) are available. The lake ice phenology parameters are denoted in black
vertical lines. FUS, freeze-up start date; FUE, freeze-up end date; BUS, break-up start date; BUE, break-up end date; ID, ice
duration; CID, complete ice duration.

The Tb from the pixel of the lake geometric center point was chosen to represent the
entire lake. For very large lakes with irregular shapes, such as Lake Baikal, Great Bear Lake,
Great Slave Lake, Balkash Lake, and Lake Winnipeg, Tb was retrieved from multiple points
in the lake, and the average Tb was used to calculate the lake ice phenology (Table A1).

Lake ice phenology can be extracted by automatic and manual methods. The automatic
extraction method obtains the lake ice phenology by defining a certain threshold of Tb
difference during the freezing and the break-up periods [17,20]. The method is highly
efficient and time-saving, but most results need to be corrected manually. The manual
identification method identifies lake ice phenology based on abrupt changes of Tb from the
passive microwave Tb and lake characteristics; although the manual method is more time
consuming, it is highly accurate. Systematic bias may influence Tb but would not influence
the abrupt change. For the sake of accuracy, the ice phenology from the 22 lakes in this
study was extracted through manual identification.

3.2. Validation Index

Lake observation data from GLRIPD and CIS products and manual identification
from the MODIS products were used for validation and comparison. Statistical parameters,
including coefficient of determination (R2), root mean square error (RMSE), mean absolute
error (MAE), and mean bias error (MBE) were used to characterize the accuracy of ice
phenology. These statistical parameters are described as:
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R2 = 1− ∑i(ymw − yobs)
2

∑i(ymw − yobs)
2 (1)

RMSE =

√
1
m

m

∑
i=1

(yobs − ymw)
2 (2)

MAE =
1
m

m

∑
i=1
|yobs − ymw| (3)

MBE =
1
m

m

∑
i=1

(yobs − ymw) (4)

where i is the ordinal year of the data, m is the total number of years (m = 40 in this study),
ymw indicates lake ice phenology parameters retrieved from passive microwave remote
sensing Tb data, while yobs is the annual lake ice phenology parameters obtained from
observation data or other remote sensing products.

3.3. Prediction

Lake ice phenologies from 2021 to 2100 were predicted by multiple linear regression
fitting with its climate-based driving factors. To simplify the process, the driving factors
with the highest coefficient index were chosen to predict ice phenology. The prediction
model has been formulated with lake ice phenology parameters retrieved from Tb varia-
tions and monthly air temperature, to ensure consistency in the resolution of the data with
different representative concentration pathways (RCPs). For lake ice phenology parameters
in each lake, an independent fitting formula was established as follows:

LIP = k0 + k1Tm
1 + k2Tm

2 + . . . + knTm
n (5)

where kn represents the regression coefficient of lake ice phenology, n denotes the month,
Tm

n epresents monthly air temperature data from CMIP5 historical data in 1979–2005 and
RCP 2.6 data in 2006–2018, and m indicates the data types which include historical, RCP
2.6, 4.5, 6.0, and 8.5. LIP is the lake ice phenology parameters retrieved from Tb changes.
After kn has been calculated, CMIP5 data of future scenarios in 2021–2100 were substituted
as Tm

n into the equation to obtain the LIP for the same period.

4. Results
4.1. Variation of Lake Ice Phenology, 1979–2018

Six lake ice phenology parameters for 22 large lakes from 1979 to 2018 were calculated
(Figure 4), and an F-test was performed to depict the significance of inter-annual change
rate with certification level over 95%. In general, large lakes of the Northern Hemisphere
had a delayed freezing period, earlier break-up period, and shortened ice duration. The
FUS and FUE of most lakes were delayed. FUS was delayed in 21 lakes (91.3%), and FUE
was delayed in 15 lakes (88.2%). There was an early trend in the break-up period. BUS
was earlier in 20 lakes (87.0%), and BUE was earlier in 16 lakes (94.1%). The average
change rate (ACR) of lake ice phenology, defined as a derivative from ice phenology
parameters every year, showed that both FUS and FUE presented delayed trends by
0.23 days/year. Conversely, BUS and BUE had an earlier trend of −0.17 days/year and
−0.33 days/year, respectively. The ACR of ID and CID were −0.67 days/year and −0.48
days/year, respectively. Among them, the number of lakes in which the ACR of FUS, FUE,
BUS, BUE, ID, and CID passed the significance test (p < 0.05) was 7 (31.8%), 2 (9.1%), 10
(45.5%), 11 (50.0%), 14 (63.6%), and 9 (40.9%), respectively.
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The number of lakes with a significant changing rate (p < 0.05) in the break-up period
was much greater than that in the freezing period. The change rate of the break-up date was
higher than that of the freezing date from 1979 to 2018 (Figure 5). The historical time series
trends of well-known lakes were analyzed in different regions of the Northern Hemisphere,
such as Lake Baikal, Qinghai Lake, Nam Co in Eurasia, and the Great Bear Lake, Great
Slave Lake, Lake Winnipeg in North America (Lake Baikal is shown in Figure 6, other lakes
are shown in Figure A2). The total areas of these lakes account for 61.0% of all lakes in the
study area. Both FUS and FUE were delayed, and their average ACR was 0.14 days/year
and 0.09 days/year, respectively. BUS and BUE had an earlier trend, and their average
ACR was −0.21 days/year and −0.33 days/year, respectively. The average ACR of ID and
CID were −0.47 days/year and −0.32 days/year, respectively, and were affected by the
freezing period and break-up period simultaneously.

To quantify the spatio-temporal variability on different portions of the lakes, we
selected Lake Baikal as an example. At first, we retrieved Tb from 23 points separated by
about 25~30 km from north to south on Lake Baikal, following the spatial resolution of the
passive microwave product. The lake ice phenology was hard to identify in five points
(grey points in Figure 7) for their Tb fluctuations in both freeze-up period and break-up
period. Therefore, these points were dropped, and the variability was based on the other
18 points. These points are sorted by latitude, with No. 1 located the most northeast. and
No. 18 the most southwest (Figure 7). The average lake ice phenology parameters from
1979 to 2018 of these 18 points were calculated. There is an obvious trend from point No. 1
to No. 18. In the south of Lake Baikal, FUS, FUE are later, BUS, BUE are earlier, and ID,
CID are shorter (Figure 8). The north of Lake Baikal shows an opposite pattern from the
south. The FUS of No. 18 is later than No. 1 by 14.8 days, FUE is later by 22.3 days, BUS
is earlier by 17.2 days, BUE is earlier by 15.9 days, ID is shorter by 31.7 days, and CID is
shorter by 41.5 days.
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Figure 5. Annual change rate of lake ice phenology of 22 large lakes during the period 1979–2018. Each lake ice phenology
(LIP) parameter is described in one color. Pink, blue, green, yellow, orange, and red denote the annual change rate of FUS,
FUE, BUS, BUE, ID, and CID, respectively. The LIP parameters that pass the significance test (p < 0.05) are shown with a
slash pattern. FUS, freeze-up start date; FUE, freeze-up end date; BUS, break-up start date; BUE, break-up end date; ID, ice
duration; CID, complete ice duration.
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Figure 6. Variation in lake ice phenology of Lake Baikal, 1979–2018. FUS, freeze-up start date; FUE, freeze-up end date;
BUS, break-up start date; BUE, break-up end date; ID, ice duration; CID, complete ice duration.
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Figure 8. Spatial variation of lake ice phenology on Lake Baikal based on 18 retrieved Tb points. FUS,
freeze-up start date; FUE, freeze-up end date; BUS, break-up start date; BUE, break-up end date; ID,
ice duration; CID, complete ice duration.

4.2. Driving Factors

Previous studies reported that latitude, surface area, volume, depth, salinity, air tem-
perature, and precipitation are factors influencing lake ice phenology [12,19,26,30,35,36,84].
The quantitative relationships between lake ice phenology parameters and these factors
were analyzed by linear regression, and the significance of these relationships was also
calculated using the F-test with p < 0.05, p < 0.01, and p < 0.001. The air temperature
observation data include annual average air temperature, annual maximum air temper-
ature, annual minimum air temperature, and freezing degree days (FDD), which is the
sum of average daily degrees below freezing for a year. In general, multiple factors com-
prehensively influence the interannual variations in lake ice phenology over the Northern
Hemisphere. Among these factors, lake area, depth, and precipitation have little influ-
ence on ice phenology. Air temperature had the highest correlation with FUS, BUS, BUE,
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and CID, while latitude had the highest correlation with ID. Altitude was the only factor
showing significant influence on FUE, with an R2 of 0.31 (Figure 9).
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The coefficients of the break-up period were higher than that of the freezing period
in all respects. The highest influencing factor of FUS was latitude, with a regression
coefficient (R2) of 0.51. BUS and BUE were significantly influenced by air temperatures,
latitude, and salinity. Among them, the average, maximum, and minimum air temperatures
presented the largest influence on BUS and BUE. The R2 of average, maximum, minimum
air temperatures with BUS were 0.73, 0.72, and 0.71, respectively. The R2 of average,
maximum, minimum air temperatures with BUE were 0.72, 0.73, and 0.66, respectively.
ID and CID were influenced by maximum air temperature, with an R2 of 0.51 and 0.52,
respectively. As air temperature increased, FUS and FUE were delayed, BUS and BUE were
earlier, and ID and CID became shorter (Figure A3).

The lakes located at higher latitude had earlier FUS and FUE, later BUS and BUE,
and longer ID and CID. To investigate how much lake ice phenology was influenced by
latitude, 22 lakes were grouped into three groups. Group A included lakes at a latitude
below 50◦ N; group B was lakes between 50◦ N and 60◦ N; group C was lakes at latitudes
greater than 60◦ N. In general, the interannual change rates of all lake ice phenology
parameters in groups A and C were higher than group B, i.e., the change rates of lake ice
phenology in low-latitude (<50◦ N) and high-latitude regions (>60◦ N) is higher than the
mid-latitude (50◦ N ~ 60◦ N) region, which could be attributed to air temperature and polar
amplification. Air temperature is the dominant factor in high annual change rates of lake
ice phenology below the 50◦ N region, while polar amplification plays a greater role in the
region above 60◦ N [11].

4.3. Variation of Lake Ice Phenology in the Future

According to the IPCC AR5 report, continued emissions of greenhouse gases will cause
further global warming and long-lasting changes in all components of the climate system,
increasing the likelihood of severe, pervasive, and irreversible impacts on people and
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ecosystems. Relative to 1850–1900, the global surface temperature change for the end of the
21st century (2081–2100) is projected to likely increase by 1.5 ◦C for RCP 4.5, RCP 6.0, and
RCP 8.5 (high confidence) [1]. To project how lake ice will change at the hemispheric scale,
the lake ice phenologies of 22 lakes in the period 2021–2100 were predicted by relating lake
ice phenology and air temperature, which had the highest correlation coefficient among
all factors.

Limited future change rates of lake ice phenologies of six well-known lakes were
revealed in the low-emission pathways (RCPs 2.6 and 4.5), while higher change rates were
found in the high-emission pathways (RCPs 6.0 and 8.5) (Lake Baikal is shown in Figure
10, other lakes are shown in Figure A4). Compared with lake ice phenology changes from
1990 to 2010, the average FUS of these 22 lakes from 2080 to 2100 will be delayed by 3.1
days in the RCP 2.6 scenario and 11.8 days in the RCP 8.5 scenario; the BUS will be earlier
by 3.3 days in RCP 2.6. and 10.7 days in RCP 8.5; and the ID will be reduced by 6.5 days
in RCP 2.6 and 21.9 days in RCP 8.5. Similar to the historical trends during the period
1979–2018, FUS and FUE from 2080 to 2100 will be delayed, BUS and BUE will be earlier,
and ID and CID will shorten.

1 
 

 

图 6 
 

 

10 
 
 
 
 
 
 

Figure 10. Interannual variations of lake ice phenology of Lake Baikal from 1979 to 2100. The black line (History) represents the
lake ice phenology data retrieved from Tb data of SMMR, SSM/I, and SSMIS (1979–2018), the red line (His-Fit) represents the
regression fitting line of lake ice phenology and monthly maximum temperature from CMIP5 historical data (1979–2018). Lines in
cyan, rose, green, and blue represent the predicted lake ice phenology values of RCP 2.6, 4.5, 6.0, and 8.5 in 2019–2100, respectively;
the solid line represents the mean value predicted by six models, while the shaded range represents the range between maximum
and minimum predicted lake ice phenology values by six models for each year. FUS, freeze-up start date; FUE, freeze-up end date;
BUS, break-up start date; BUE, break-up end date; ID, ice duration; CID, complete ice duration.

Analysis of ice phenology on a large number of lakes and rivers over the Northern
Hemisphere demonstrated that the increase of 1 ◦C on mean air temperature would lead to
a five-day decrease in ice cover duration [12,19,76]. Similar to previous research, the 1 ◦C
increase in average air temperature will result in a 2.6-day delay on FUS, 2.7-day earlier
BUS, and 5.3-day decrease in ID in this study.
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5. Discussion
5.1. Validation with Site Observation

The GLRIPD sites observation data, including FUE and BUE, of four well-known lakes
(Lake Baikal, Qinghai Lake, Lake Winnipeg, and Great Slave Lake) were used to validate lake
ice phenology. Larger lakes have a greater impact on climate. FUE and BUE derived from
passive microwave Tb were consistent with those from site observations. The smallest mean
bias error (MBE) of FUE was 0.39 (comparison period was 1979 to 1990, Lake Winnipeg). The
total MBE of FUE and BUE of these lakes was 7.96 and 3.65, respectively (Table 3). The deviation
was mainly caused by the spatial heterogeneity of the freezing and thawing processes over
large lakes (Figure 11). The passive microwave remote sensing data reflect the lake status over
a large area, but the in situ observations refer to a point. For instance, the southernmost FUE
was about 15 days later than the northernmost point of Great Slave Lake because the freezing
process mainly starts from the northernmost areas. This heterogeneity in Qinghai Lake was
lowest among the 22 lakes because the distance between the retrieval point and its weather
station was the shortest of all.

Table 3. Error statistics of lake ice phenology dates estimated from passive microwave remote sensing against site
observation. FUE, freeze-up end date; BUE, break-up end date (in days).

Lake Name Station ID
FUE BUE

Data Period
RMSE MAE MBE RMSE MAE MBE

Baikal
NG1 7.32 12.70 −12.70 5.33 23.90 23.90 1979–2005
VSV1 11.30 9.25 8.75 2.85 8.40 6.80 1982–1987

Qinghai WYK1 2.99 3.60 3.60 2.11 4.80 4.80 2002–2006
Winnipeg WRS311 7.60 5.46 0.39 4.70 8.08 7.75 1979–1990

Great Slave
WRS255 4.49 21.20 21.20 8.05 13.20 −8.17 1979–1990
WRS256 11.80 20.50 16.80 5.08 9.08 −8.92 1979–1990
WRS257 3.29 17.70 17.70 8.29 7.00 −0.60 1985–1990

Average 6.97 12.92 7.96 5.20 10.64 3.65

5.2. Comparison with Remote Sensing Products

The lake ice phenology was compared with visual interpretation from the MODIS surface
reflectance product (MOD09GA, Collection 6) from 2015 to 2017, lake-wide ice product from the
Canadian Ice Service (CIS) from 2000 to 2006 [15], and retrievals by other studies from passive
microwave remote sensing in different periods (1979–2015 and 2002–2015).

Identifying the lake ice freezing process during the winter freezing period in higher latitude
areas from optical images is difficult because optical remote sensing products are greatly affected
by persistent cloud cover at low solar zenith angles [9,58–60]. As a result, only the BUS and
BUE of lake ice of the Great Bear Lake, Great Slave Lake, Lake Baikal, Lake Winnipeg from the
break-up period were retrieved (Figure A1). Qinghai Lake is in the mid-latitude region. Thus,
all ice phenology parameters, FUS, FUE, BUS, BUE, ID, and CID, were retrieved (Figure 12).
The MBE of BUS of these five lakes ranged from −0.11 to −2.67, and BUE was from −1 to
−6.5. Overall, BUS and BUE during the break-up period in this study were earlier than those
interpreted from MODIS. BUS was earlier by an average of 1.76 days, and BUE was earlier
by an average of 3.13 days. These results are consistent with those reported in Cai, Ke and
Duan [71]. Compared with the CIS product, the BUE of Great Bear Lake and Great Slave
Lake showed an R2 of 0.94 and 0.75, respectively, but an MBE of−15.7 and−27, respectively
(Table 4). The differences could be attributed to a sensor spatial resolution inconsistency of the
CIS product with SMMR, SSM/I, and SSMIS. The SAR data used in the CIS product have a
100 m spatial resolution and seven-day temporal resolution. High R2 indicates the consistency
of the time series trends despite systematic deviation. In general, the break-up period from
passive microwave data was earlier than that from the optical remote sensing product, which
could include frequent cloud contamination and have a different spatial resolution. In Qinghai
Lake, the results were compared with those derived from AMSRE/2 in Qiu et al. [85] and those
from SMMR and SSM/I in Cai, Ke and Duan [71] (Table 5). Compared with the result from
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AMSRE/2, the R2 values of FUS, FUE, BUS, and BUE are 0.11, 0.63, 0.94, and 0.91, respectively,
while their MBEs are −9.64, −1.79, −2.14, and 3.21 days, respectively. Compared with the
result of Cai, Ke and Duan [71], the R2 values of FUS, FUE, BUS and BUE are 0.18, 0.69, 0.81,
and 0.77, respectively, while the MBEs are −5.35, −2.35, −4.00, and −1.32 days, respectively.
The correlation between those results and this study is more consistent for the break-up period
than for the freezing period.
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Table 4. Error statistics of lake ice phenology and manual identification during the period 2015–2017 from the MODIS
surface reflectivity products (MOD09GA). Optical remote sensing products are greatly affected by persistent cloud cover at
low solar zenith angles in winter; therefore, the BUS and BUE were interpreted only in four high-latitude lakes, including
Great Bear Lake, Great Slave Lake, Lake Baikal, and Lake Winnipeg. FUS, freeze-up start date; FUE, freeze-up end date;
BUS, break-up start date; BUE, break-up end date (in days); NA, not applicable.

Lake Name
FUS FUE BUS BUE

MBE MAE RMSE MBE MAE RMSE MBE MAE RMSE MBE MAE RMSE

Qinghai −0.50 2.50 2.55 −2.33 2.33 2.38 −1.67 1.67 2.08 −1.00 1.67 2.38
Great Bear NA NA NA NA NA NA −2.33 2.33 2.52 −6.50 6.50 7.38
Great Slave NA NA NA NA NA NA −2.00 2.00 3.46 −2.00 2.00 2.45

Baikal NA NA NA NA NA NA −2.67 2.67 2.83 −3.50 3.50 4.95
Winnipeg NA NA NA NA NA NA −0.11 1.22 1.50 −2.67 2.67 2.75

Average −0.50 2.50 2.55 −2.33 2.33 2.38 −1.76 1.98 2.48 −3.13 3.27 3.98

Tb changed more regularly during the break-up period than the freezing period. It
can be inferred that the ice near the lakeshore is hard to detect in terms of Tb variation;
the freezing process is affected by weather variables such as wind. Different thresholds in
the algorithms have greater inconsistencies, which leads to a relatively large deviation in
the determination of the freezing period across studies. Furthermore, in some cases, the
lake underwent a thaw–refreeze process in the break-up period that caused instability in
the Tb value. Before BUE, the Tb value sometimes increased abruptly for a few days, then
decreased. The thaw–refreeze process could be inferred from the Tb variation and could be
attributed to the large fluctuations in air temperature during this period.
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Figure 12. MODIS images (MOD09GA) of lake ice freeze-up and break-up of Qinghai Lake in
2015/2016. Red dots in the first image of each figure denote the coordinates of Tb retrieving points of
each lake. A 6-2-1 band combination is shown in RGB view. The abbreviations are as follows: FUS,
freeze-up start date; FUE, freeze-up end date; BUS, break-up start date; BUE, break-up end date.
“MW” denotes that this image was from microwave remote sensing in this study; “MODIS” means
that the result was obtained from the MODIS surface reflectance product.
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Table 5. Error statistics of lake ice phenology from the CIS product and other studies [71,85]. FUS, freeze-up start date; FUE, freeze-up end date; BUS, break-up start date; BUE, break-up
end date (in days); NA, not applicable.

Lake Name
FUS FUE BUS BUE

Data Period Source
R2 MBE MAE RMSE R2 MBE MAE RMSE R2 MBE MAE RMSE R2 MBE MAE RMSE

Great Bear NA NA NA NA 0.24 5.57 5.86 5.96 NA NA NA NA 0.94 −15.70 15.70 2.92 2000–2006 CIS [15]Great Slave NA NA NA NA 0.35 14.90 14.90 9.46 NA NA NA NA 0.75 −27.60 27.60 7.40
Qinghai 0.18 −5.35 7.03 6.11 0.69 −2.35 2.78 3.13 0.81 −4.00 4.32 4.43 0.77 −1.32 3.21 4.52 1979–2015 SMMR, SSM/I [71]

0.11 −9.64 9.64 5.03 0.63 −1.79 2.79 2.70 0.94 −2.14 2.43 2.06 0.91 3.21 3.21 2.16 2002–2015 AMSRE/2 [85]
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6. Conclusions

Six lake ice phenology parameters from 22 large lakes with areas greater than 625 km2

in the Northern Hemisphere have been derived from 18/19 GHz passive microwave Tb of
SMMR, SSM/I, and SSMIS from forty ice seasons (1979–2018) by manual identification. The
parameters included freeze-up start date (FUS), freeze-up end date (FUE) date, break-up
start date (BUS), break-up end date (BUE) date, ice duration (ID), and complete ice duration
(CID). There is a trend of significantly earlier ice break-up dates and decreasing ice duration
in the last four decades. The freezing parameters (FUS, FUE) were both delayed by 0.23
days/year; the break-up parameters (BUS, BUE) were earlier by 0.17 and 0.33 days/year;
and the duration parameters (ID, CID) were shortened by 0.67 and 0.48 days/year. The
average change rate of BUE was higher than FUS, FUE, and BUS. The variation of lake ice
phenology is the comprehensive effect of hydrology and climate change.

Latitude and air temperature may have a greater impact on lake ice phenology than
other driving factors. The break-up parameters (BUS, BUE, ID, CID) were more strongly
affected by air temperature than FUS and FUE. By establishing the relationship between
lake ice phenology and air temperature, the variation of lake ice phenology in the period
2021–2100 were predicted under future climate change scenarios in different emission
pathways. The ice duration will shorten by 6.5 days and 21.9 days under RCP 2.6 and RCP
8.5 scenarios, respectively, with global warming from 2021 to 2100 for the studied range at
the hemispheric scale.

In this work, we studied the spatial pattern of large lakes’ ice phenology at the hemi-
spheric scale; however, the spatiotemporal variabilities of ice phenology on different lake
portions were analyzed on several special big lakes only. Recently, an improved, enhanced
resolution, gridded passive microwave daily brightness temperature dataset had been
published, which combined multiple sensors such as AMSRE, SMMR, SSM/I, and SSMIS,
with higher spatial resolution at 3.125~25 km depending on different frequencies [86]. This
provides a new opportunity to study the more detailed spatial characteristics of lake ice
phenology in large lakes, as well as the lake ice phenology of those smaller lakes.
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Appendix A

Table A1. Coordinates of the Tb retrieval points of five lakes: Lake Baikal, Great Bear Lake, Great
Slave Lake, Lake Winnipeg, and Balkhash Lake.

Lake Name Pixel ID Latitude Longitude

Lake Baikal

BK-1 55.341◦ N 109.520◦ E
BK-2 55.123◦ N 109.427◦ E
BK-3 54.819◦ N 109.306◦ E
BK-4 54.562◦ N 109.170◦ E
BK-5 54.303◦ N 109.047◦ E
BK-6 54.073◦ N 108.785◦ E
BK-7 53.874◦ N 108.510◦ E
BK-8 53.192◦ N 108.003◦ E
BK-9 53.006◦ N 107.789◦ E
BK-10 52.878◦ N 107.511◦ E
BK-11 52.814◦ N 107.204◦ E
BK-12 52.731◦ N 106.922◦ E
BK-13 52.375◦ N 106.169◦ E
BK-14 52.110◦ N 105.951◦ E
BK-15 51.928◦ N 105.680◦ E
BK-16 51.796◦ N 105.391◦ E
BK-17 51.714◦ N 105.055◦ E
BK-18 51.639◦ N 104.348◦ E

Great Bear Lake

GB-1 66.614◦ N 120.829◦ W
GB-2 65.783◦ N 120.805◦ W
GB-3 65.285◦ N 122.325◦ W
GB-4 66.092◦ N 118.288◦ W

Great Slave Lake

GS-1 62.151◦ N 114.561◦ W
GS-2 61.628◦ N 113.587◦ W
GS-3 61.035◦ N 115.605◦ W
GS-4 61.415◦ N 114.513◦ W

Lake Winnipeg WI-1 53.535◦ N 98.457◦ W
WI-2 52.447◦ N 97.617◦ W

Balkhash Lake
BA-1 46.376◦ N 74.600◦ E
BA-2 45.792◦ N 73.935◦ E
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Figure A1. MODIS images (MOD09GA) of lake ice break-up in one year of Great Bear Lake (A), 
Great Slave Lake (B), Lake Winnipeg (C), and Lake Baikal (D). Red dots in the first image of each 

sub figure denote the coordinates of the Tb retrieval points of each lake. The 6-2-1 band combina-
tion is shown in RGB view. To be noted, BUE_MW in Great Slave Lake is 2016149; in Lake Winni-
peg, BUE_MODIS is 2017140, BUE_MW is 2017142; in Lake Baikal, BUS_MW is 2016114, which is 
fully covered by clouds and it is not shown. The abbreviations are as follows: FUS, freeze-up start 
date; FUE, freeze-up end date; BUS, break-up start date; BUE, break-up end date. “MW” denotes 
that this image is from microwave remote sensing in this study, “MODIS” means the result was 
obtained from the MODIS surface reflectance product. 
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Figure A1. MODIS images (MOD09GA) of lake ice break-up in one year of Great Bear Lake (A), Great Slave Lake (B), Lake
Winnipeg (C), and Lake Baikal (D). Red dots in the first image of each sub figure denote the coordinates of the Tb retrieval
points of each lake. The 6-2-1 band combination is shown in RGB view. To be noted, BUE_MW in Great Slave Lake is
2016149; in Lake Winnipeg, BUE_MODIS is 2017140, BUE_MW is 2017142; in Lake Baikal, BUS_MW is 2016114, which is
fully covered by clouds and it is not shown. The abbreviations are as follows: FUS, freeze-up start date; FUE, freeze-up end
date; BUS, break-up start date; BUE, break-up end date. “MW” denotes that this image is from microwave remote sensing
in this study, “MODIS” means the result was obtained from the MODIS surface reflectance product.
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Figure A2. Variation in lake ice phenology of five typical lakes (1979–2018): Lake Winnipeg (A),
Great Bear Lake (B), Great Slave Lake (C), Qinghai Lake (D), and Nam Co (E). FUS, freeze-up start
date; FUE, freeze-up end date; BUS, break-up start date; BUE, break-up end date; ID, ice duration;
CID, complete ice duration.
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5 

 

 Figure A3. Correlation between lake ice phenology and annual average air temperature (A), annual
maximum air temperature (B), freezing degree days (FDD) (C), and latitude (D). The annual maxi-
mum air temperature is averaged based on daily data. FUS, freeze-up start date; FUE, freeze-up end
date; BUS, break-up start date; BUE, break-up end date; ID, ice duration; CID, complete ice duration.
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Figure A4. Interannual variations of lake ice phenology of five well-known lakes from 1979 to 2100: Lake Winnipeg (A),
Great Bear Lake (B), Great Slave Lake (C), Qinghai Lake (D), and Nam Co (E). The abbreviations are explained in Figure 10.
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