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Abstract: Lakes on the Qinghai Tibet Plateau (QTP) are widely distributed spatially, and they are
mostly seasonally frozen. Due to global warming, the thickness and phenology of the lake ice has been
changing, which profoundly affects the regional climate evolution. There are a few studies about lake
ice in alpine regions, but the understanding of climatological characteristics of lake ice on the QTP is
still limited. Based on a field experiment in the winter of 2022, the thermal conductivity of Qinghai
Lake ice was determined as 1.64 W-m~1-°C~!. Airborne radar ice thickness data, meteorological
observations, and remote sensing images were used to evaluate a quasi-steady ice model (Leppéranta
model) performance of the lake. This is an analytic model of lake ice thickness and phenology. The
long-term (1979-2017) ice history of the lake was simulated. The results showed that the modeled
mean ice thickness was 0.35 m with a trend of —0.002 m-a—!, and the average freeze-up start (FUS)
and break-up end (BUE) were 30 December and 5 April, respectively, which are close to the field
and satellite observations. The simulated trend of the maximum ice thickness from 1979 to 2017
(0.004 m-a~!) was slightly higher than the observed result (0.003 m-a~!). The simulated trend was
0.20d-a"! for the FUS, —0.34 d-a~! for the BUE, and —0.54 d-a~! for the ice duration (ID). Correlation
and detrending analysis were adopted for the contribution of meteorological factors. In the winters
of 1979-2017, downward longwave radiation and air temperature were the two main factors that
had the best correlation with lake ice thickness. In a detrending analysis, air temperature, downward
longwave radiation, and solar radiation contributed the most to the average thickness variability, with
contributions of 42%, 49%, and —48%, respectively, and to the maximum thickness variability, with
contributions of 41%, 45%, and —48%, respectively. If the six meteorological factors (air temperature,
downward longwave radiation, solar radiation, wind speed, pressure, and specific humidity) are
detrending, ice thickness variability will increase 83% on average and 87% at maximum. Specific
humidity, wind, and air pressure had a poor correlation with ice thickness. The findings in this study
give insights into the long-term evolutionary trajectory of Qinghai Lake ice cover and serve as a point
of reference for investigating other lakes in the QTP during cold seasons.
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1. Introduction

As one of the fundamental geographical units in terrestrial ecosystems, lakes play an
important role as a source of surface water [1]. Out of the 117 million lakes worldwide,
over half are encompassed by varying degrees of ice cover, predominantly situated within
the latitude range of 30°-75°N in the Northern Hemisphere. The presence of lake ice
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confers a multitude of services to humanity, including a platform for fishing, traffic and
transportation, and regulation of water cycles within ecosystems [2]. Lake ice formation is
dominated by the morphology, size, and depth of the lake, and the local meteorological
conditions [3-5]. The thermal properties of lakes differ largely from the surrounding land
area, and the presence of ice introduces significant changes into the lake-air interaction
as compared with open water [4,6], particularly in the surface temperature, albedo, and
surface roughness [3,7].

Due to recent climate warming, the overall trend of lake ice worldwide shows re-
treatment [2]. The FUS (freeze-up start) is delayed, the BUE (break-up end) begins earlier,
and the ID (ice duration) is shortened [8,9]. In the past 150 years, the average ID has
decreased by 28 days in the Northern Hemisphere, and in recent decades, the decay has
accelerated [10]. Currently, there are about 15,000 lakes in the Northern Hemisphere that
experience a seasonal ice cover, and the probability of ice-free years is increasing. It is
expected that 4.6% of the lakes in the Northern Hemisphere will experience an intermittent
ice cover in the future, with some lakes in northern United States, Norway, and Sweden
facing permanent disappearance of their ice cover [2]. The decay or even disappearance of
lake ice not only affects natural ecosystems, with increased water temperature, excessive
algae growth, and changes in underwater communities, but also impacts socio-economic
aspects such as traffic and transportation on frozen lakes and other on-ice activities [2,11].

In Asia, the Qinghai-Tibet Plateau (QTP), known as the “Roof of the World” and
“Asia’s Water Tower”, is the highest plateau in the world and considered a sensitive area
for climate change in China. In the QTP the warming rate has been nearly twice as fast as
the Earth average [12,13]. Lakes in the QTP account for more than 50% of the total area
and total number of natural lakes in China [1,12], and most of them are seasonally freezing
and regarded as sentinels of regional climate change [7,13,14]. Lake ice decay has been
observed, in general, in the QTP [15-17], but owing to intricate mechanisms in lake ice
processes, some lakes have extended their freezing periods [16]. The average temperature
has increased by 2.2 °C from 1958 to 2019 (0.37 °C/decade) in the Qinghai Lake Basin, with
the largest rise of 0.52 °C/decade in winter [18].

The current research methods for QTP lake ice thickness and phenology include
satellite remote sensing, field observations, and model simulations [16,17,19-24]. Satel-
lite technology has the ability to observe a large area on a daily basis, allowing for the
acquisition of spatial distribution and changes in lake ice conditions. These methods
are commonly utilized in reconstructing lake ice phenology [7]. According to [25], lakes
larger than 40 km? typically begin to freeze over from early November to mid-December
in the QTP, with complete ice cover reached from mid-November to early January. Ice
melting usually starts from mid-March to early May, and the ice has completely melted
from mid-April to early June. Lake ice phenology not only exhibits temporal heterogeneity
but also shows significant spatial differentiation in large lakes. For instance, the Qinghai
Lake, which is the largest lake in the QTP, and even in China, first freezes in the eastern
region of Haiyan Bay and first melts in the western part, such as at Heima River [26]. In
contrast to remote sensing methods, on-site ice sampling provides the most authentic and
direct ice information. However, due to the harsh winter environment at the QTP, only in
a few large and common lakes have in situ ice observations been conducted, albeit with
frequent missing data in manual observation records that are not sufficient to study lake ice
climatology. To overcome the limitations of the resolution and information loss associated
with remote sensing observations, as well as the constraints of manual observations, this
study employs model simulations for lake ice research at the QTP.

Mathematical lake ice models can be divided into analytic and numerical models.
Stefan developed the first ice growth model [27] (also called the Stefan model) based on
the temperature gradient across lake ice cover. This model has been further developed by
many researchers [28-30], including the Lepparanta and Zubov models [3]. Analytic ice
growth models are quasi-steady, while numerical models include time-dependent models
adopted from sea ice models [3], such as CLIMo (Canadian Lake Ice Model), HIGHTSI
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(High Resolution Thermodynamic Snow and Ice Model), and SCHISM (Semi-implicit
Cross-scale Hydroscience Integrated System Model).

At the Qinghai Lake, a previous study employed a calibrated Stefan model to recon-
struct the temporal evolution of ice cover from 2000 to 2019, revealing an annual average
ice thickness ranging between 32 cm and 37 cm [31]. However, due to strong solar radiation
at the QTP deeply affecting ice growth and melting [3,31-33], this model is incomplete
with solar forcing ignored [34]. In order to circumvent the calibration of the parameters
in numerical models, which often necessitates extensive field experiments and historical
data, the multi-layer modeling approach by Lepparanta [3], which takes energy balance
into consideration, was adopted. Thermal conductivity of ice is one of the key parameters
in lake ice modeling. To address this, a field experiment was conducted in the winter of
2022 to measure the thermal conductivity for modeling applications in Qinghai Lake.

This study aims to propose a reference value for the thermal conductivity of Qinghai
Lake ice to evaluate the ice model performance, and to reconstruct the evolution of ice
thickness and phenology from 1979 to 2017, supplementing the observation deficiencies of
previous years, and exhibiting the climatic characteristics of the ice cover. Furthermore,
qualitative and quantitative statistical analyses were conducted using a correlation analysis
and a detrending analysis to assess the influence of meteorological factors on the ice season.
This work attempts to contribute to future exploration of climatic trends on Qinghai Lake
ice thickness and phenology and serve as a reference for studying other lakes in the QTP.

2. Research Region, Data, and Models
2.1. Research Region

Qinghai Lake, located at the junction of Gangcha County, Gonghe County, and Haiyan
County in the Qinghai Province (Figure 1), is the largest lake in China with an area reaching
4597 km? as of September 2019 [35]. Situated at an altitude of 3196 m above sea level, the
lake lies at the intersection zone between China’s eastern monsoon region, northwest arid
region, and southwest high-cold region. It belongs to a plateau continental-cold climate
characterized by intense sunlight and low precipitation. The lake spans from 99.60°E to
100.27°E and from 36.53°N to 37.25°N. With a water volume of 785.2 x 10° m?, it stretches
approximately 109 km in length and up to about 65 km in width [26]. The average depth is
21 m and the maximum depth is 27 m [36]. The lake water has weak alkalinity with a pH
value of 9.23. From the 1960s to the early 21st century, the salinity of Qinghai Lake increased
year by year from 12.49 %o to 15.34%. and then gradually decreased to 10.40 %o [37].

99°30'E 100°0'E 100°30'E
N

bserva :*.{-"-" 3 ' W
B Qinghai Lake o ¥ e "

* Xiashe Station
30, angcha Station

99°30'E 100°0'E 100°30'E

Figure 1. The Qinghai Lake, 15 radar observation points (dots), comprehensive observation site in
the winter of 2022 (the yellow point 14), the Gangcha meteorological observation station (red circle),
and the Xiashe hydrologic station (red star).
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2.2. Data
2.2.1. Lake Ice Heat Conductivity

From 16 February to 1 March in 2022, a comprehensive field experiment was conducted
at the Qinghai Lake, specifically at 36.59°N and 100.50°E (Figure 2a). The observations
included lake ice and water temperature, heat flux in lake ice, as well as solar radiation
transmitted into the water body (unpublished). Based on the heat flux and temperature
gradient in the ice, the ice heat conductivity of the Qinghai Lake ice was evaluated. The
heat flux was measured using the HFP01SC instrument (Hukseflux, Delft, The Netherlands)
at a depth of 12.5 cm below the ice surface, while the ice temperature was recorded at
depths of 10 cm and 15 cm beneath the ice surface using the PTWD-2A device (Jinzhou
Sunshine Meteorology Technology Co., Ltd., Jinzhou, China).

(®)

-2.0c-1)

Heat Conductivity (W - m
[ ]
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Observation Result

Figure 2. The comprehensive automatic observation site on the Qinghai Lake ice surface (a), and ice
heat conductivity values (purple dots) with mean value (orange line) from 16 February to 1 March in
2022 (b).

2.2.2. Lake Ice Thickness from Airborne Radar

The ice thickness in 2018-2019 on the Qinghai Lake was observed by an IGPR-30 radar
system (Dalian Zhongrui Technology Development Co., Ltd., Dalian, China), deployed by
a UAV (unmanned aerial vehicle), which was equipped with laser ranging, GPS differential
positioning, high-definition camera, etc. The center frequency of the radar was 400 MHz, the
sampling interval was 2 picoseconds, and the detection accuracy could reach a millimeter
level [31].

The principle of ice thickness measurement of the device is that the radar emits
high-frequency electromagnetic waves that, upon encountering the air-ice and ice-water
interfaces, are reflected back to the antenna. Assuming that the radar waves are transmitted
to and returned from the interfaces in equal time frames, the ice thickness is obtained by
calculating the two-way travel time, along with the dielectric constant of the ice and the
speed of electromagnetic wave propagation through the air.

Taking into consideration staff safety and the limitations of the UAV battery, the
15 observation points (Figure 1) were arranged along the lake side. The experiment period
was divided into three stages: 30 January—1 February, 1-3 March, and 22-24 March 2019,
on the basis of ice thickness evolution (ice growth, near-equilibrium, and ice melting).

2.2.3. Lake Ice Thickness from the Xiashe Hydrologic Station

The Xiashe hydrologic station is situated in the southeast part of the Qinghai Lake in
the northwest direction of the Erliangjian scenic area at a distance of approximately 7300 m
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from Erliangjian (Figure 1). Since 1 January 1983, the station has conducted on-site ice
sampling to measure the thickness of ice manually. Observers utilize an L-shaped steel
ruler to measure ice thickness around 1000 m away from the lakeshore. The observation
period spans from early January to late March or early April [26]. These ice observations
accurately depict the prevailing state of lake ice during each winter. However, data for the
winters of 1996 and 1997 are absent, and due to the harsh winter environment and poor
bearing capacity of ice during the melting period, there are many missing values in other
years. Therefore, the data are not enough to study climatic characteristics of the ice cover.

2.2.4. Gangcha Meteorological Station Data

The Gangcha station is the nearest national reference meteorological station to the Qinghai
Lake. The meteorological observations used in this article are from the China Meteorolog-
ical Administration’s National Meteorological Science Data Center (http://data.cma.cn/,
accessed on 1 October 2023), specifically the Chinese Surface Climate Daily Dataset (V3.0).
This article extracts the pressure data from 1979 to 2017 for the long-term lake ice research.

2.2.5. Meteorological Elements Gradient of Yulei Station on the Qinghai Lake

The dataset of meteorological observations on the surface of the Qinghai Lake [38] was
obtained from the National Tibetan Plateau Data Center (https://cstr.cn/18406.11.Meteoro.
tpdc.270732, accessed on 17 October 2023). The observation site is located at the Qinghai
Lake Yulei station (36.59°N, 100.5°E), above the water surface. The observation period
is from 23 October 2018 to 31 December 2019, with a temporal resolution of 10 min. The
dataset has undergone quality control and excludes duplicate records, as well as data that
are clearly beyond physical basis or instrument range. The observed elements used in this
article include wind speed, air temperature, relative humidity, four-component radiation
balance, and lake surface temperature. The data cover the entire freezing period in the
winter of 2018.

2.2.6. Terra/MODIS Remote Sensing Images

The combination of Terra, MODIS, corrected reflectance, and Bands 3-6-7 is a specific
base layer utilized for presenting ice context in 2018-2019 in this study (https://wvs.
earthdata.nasa.gov, accessed on 2 January 2024). This dataset combines data from three
bands: Band 3 (red), Band 6 (green), and Band 7 (blue) to create false-color images. The
use of this band combination is particularly effective for mapping snow and ice due to
the distinct reflective and absorptive properties of these elements in different parts of the
electromagnetic spectrum.

2.2.7. China Meteorological Forcing Dataset (1979—2018)

Due to the harsh QTP environment, stations often have missing measurements and
significant errors in calculating the longwave and solar radiation. This hampers long-
term research at the Qinghai Lake. Therefore, the China Meteorological Forcing Dataset
(CMFD) was adopted [39]. This data integrates the existing international data sources, such
as the Princeton reanalysis data, GLDAS data, GEWEX—SRB radiation data, as well as
conventional meteorological observations from the China Meteorological Administration. It
includes near-surface air temperature, specific humidity, wind speed at 10 m, solar radiation,
and downward longwave radiation with a spatial resolution of 0.1°. This dataset is currently
one of the best quality datasets available [33,40-43], more details can be found at https:
//cstr.en/18406.11. AtmosphericPhysics.tpe.249369.file, (accessed on 10 October 2023).

For simulating the long-term ice evolution, five variables (air temperature, specific
humidity, wind speed, downward shortwave radiation, and downward longwave radi-
ation) were selected within Qinghai Lake freezing periods at (36.75°N, 100.35°E) from
1979 to 2017. Previous studies have found that lake surface wind speeds in the CMFD
dataset are underestimated [33,43]. Therefore, when driving the model, a correction was
made by adding a fixed bias of +1.19 m-s~! to account for this underestimation [44].
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2.2.8. Daily Lake Ice Extent and Coverage Dataset for the TP

The dataset of ice extent and coverage is based on the normalized difference snow
index (NDSI) derived from MODIS data employing the conventional SNOWMAP algorithm
to detect the daily lake ice extent and coverage under clear sky conditions at a spatial
resolution of 500 m. This dataset encompasses extensive plateau lakes exceeding 3 km?,
resulting in a comprehensive daily record of lake ice extent and coverage for 308 lakes [45].
Adopting a threshold of 10% lake ice coverage to determine the freezing period for Qinghai
Lake enabled us to extract precise information on the FUS and BUE from 2002 to 2017. This
dataset was utilized for evaluating the simulation outcome (https://www.scidb.cn/detail?
dataSetld=618470093105397760, accessed on 11 November 2023).

2.3. Models and Methods
2.3.1. The Quasi-Steady Lake Ice Model

The model is based on the quasi-steady ice growth and melting formulae derived
in [3]. The surface energy balance is written as follows:

Qo = Qs0 + Qs+ Qry + Qu + Qe + Qp 1)

where the term Q,g represents the net solar radiation, Qr, and Qo denote the longwave
radiation emitted by the atmosphere and lake surface, respectively, ¢y is emissivity of the
surface, Qi and QF are the turbulent sensible and latent heat fluxes, respectively, and Qp
is the heat flux associated with precipitation.

In analytic modeling, and some other applications, linearization of energy balance can
be introduced [3]. Taking into account the solar radiation Qs+ penetrated into the ice in the
energy balance, we have the following;:

QO + Qs+ = kO + kl(Ta - TO)/ (2)

where T, is the air temperature, Ty is the surface temperature, and the parameters kg and k;
do not explicitly depend on the surface temperature. The linearization can be interpretated
at the limits as: for ko — 0 the surface layer becomes a low pass filter for atmospheric
temperature, and (in practice) k; > 0, but the smaller it is the weaker the coupling is
between the surface temperature and the air temperature.

With the ice growth condition Qg + Qs+ < 0, one can arrive at [3]:

dh T —To
Ly +Qu=k fh =—lko+ki(Ta —To)] = 0 ©)

where p is ice density, L is the latent heat of freezing, & is ice thickness, f is time, Qy, is heat
flux from water, k is thermal conductivity of ice, and Ty is the freezing point. Equation (3)
is based on the continuity of heat flow from the ice bottom to the atmospheric surface layer.
Eliminating the surface temperature Ty, we have the following;:

dh Ty —Ta—bo ko k
poE_._Qw_k h+b1 IbO_E’bl_H (4)
If Qi = 0, the analytic solution is as follows:
h(t) = \/12(0) +a2[Sa(t) — bot] + 12 — by ©)

a= \/E, Sq = /Ot {Tf - To(T)}dT

There are three parameters: a contains the ice thermal properties, by accounts for the
radiation balance, and b, is buffer due to air-surface temperature difference.
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Modeling the melting of ice is in principle straightforward [3]. Ice loss is directly
from external fluxes, and heat conduction is not important. With Qg > 0 the equation is
as follows:

I —Kh
h=hy — 7/ [ko — Qure™ ¥ 4 ky (Ty = Ty ) + Qu| d. ©6)
pLgJo
where K is the light attenuation coefficient. Assuming no significant heat sources in the
water and sediments, one can assume, for simplicity, that Q, ~ Qs+e Kt Thus, the
formula is as follows:

1t
h:ho—po/O [ko + Ky (T = T ) | dr @)
More details are in [3]. This model is referred to as the Leppéranta model below.

2.3.2. Correlation Analysis and Detrending Analysis

Correlation and detrending analyses were employed to qualitatively and quantita-
tively investigate the statistical causality between ice thickness on the Qinghai Lake and
concurrent meteorological factors during the freezing periods. Correlation analysis pro-
vides the strength and direction of the linear relationship between variables, enabling
assessment of the extent to which changes in one variable are associated with changes in an-
other. This analysis facilitates the identification of potential associations and dependencies,
providing valuable insights into complex interactions within the variables.

Detrending involved elimination of low-frequency variations attributed to climate
change while preserving seasonal fluctuations, effectively serving as a high-pass filter
for assessing the influence of the key physical factors on lake ice variability [14]. In this
study, detrending operation was separately applied to six main meteorological factors
(air temperature, wind speed, specific humidity, atmospheric pressure, solar radiation,
and downward longwave radiation) individually and in pairs. The Leppéranta model [3]
in Section 2.3.1 allows us to simulate the detrended ice thickness variability for analysis
of long-term impact of each meteorological factor. The combination of correlation and
detrending analysis provides a comprehensive approach for exploring the relationships
and underlying dynamics in lake ice season. These methods enable uncovering valuable
insights that enhance our understanding of ice evolution while contributing to robustness
and validity of findings.

3. Results
3.1. Thermal Conductivity Observation Result

Based on the field station described in Section 2.2.1, the mean value of heat conductivity
of ice was 1.64 W-m~2-°C~! (ice temperature was about —3.81 °C), 20% less than what is
known for pure ice (Figure 2b).

3.2. Modeled Qinghai Lake
3.2.1. Lake Ice in 2018-2019

The simulated ice thickness in the three field experiments is statistically consistent with
the airborne radar observations (Figure 3). The model simulated ice formation to commence
on 11 December 2018, which is consistent with the Terra/MODIS images (Figure 4). Based
on the remote sensing images, on 11 December 2018, sporadic floating ice appeared at
the northwestern edge of the lake, the land including surrounding mountains around
Qinghai Lake was covered with snow. Until 13 December, floating ice began to appear
gradually in the north and west waters of Qinghai Lake. Furthermore, 16 December
is taken as the FUS, based on the report from the Qinghai Provincial Meteorological
Bureau (http://gh.cma.gov.en/qxfw/tqqh /201901 /t20190124_199371.html, accessed on
12 December 2023).
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Figure 3. The modeled Qinghai Lake ice thickness by the Leppdranta model (line), radar observation
ice thickness (boxplot), and observation outliers (circles) in the freezing period in 2018-2019.
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Figure 4. Terra/MODIS images showing pre-freezing and melting processes in the Qinghai Lake dur-

ing the winter of 2018-2019. The color composition is as follows: Red represents Band 3 (459-479 nm),
Green represents Band 6 (1628-1652 nm), and Blue represents Band 7 (2105-2155 nm). Red indicates
snow and ice, while cyan represents bare soil. Liquid water on the ground appears very dark, and
white indicates small liquid water drops in the clouds.

The simulated melting at the Qinghai Lake ended at ice-off on 16 April 2019, as
confirmed by Terra/MODIS images (Figure 4). On 15 April, there was still floating ice
on the lake, but by 16-17 April, except for some floating ice in the western part of the
lake, most of the main body of the lake was already ice free. According to reports from
Qinghai Provincial Meteorological Bureau, on 16 April, only Haiyan Bay was not completely
open yet, but most parts of the lake were basically ice free (http://gh.cma.gov.cn/qxfw/
tqqh/201904/t20190424_405617 html, accessed on 12 December 2023). In general, the
Leppédranta model accurately and completely simulated the ice thickness, FUS, and BUE at
Qinghai Lake.

3.2.2. Long-term Climatic Characteristics in 1979-2017
Ice Thickness

Figure 5 illustrates the simulated results of the Lepparanta model in comparison to
observations at the Xiashe station. The mean bias between simulated ice thickness and
observations was 0.067 m, accompanied by the root mean square error (RMSE) of 0.084 m
(Table 1). The average observational ice thickness during winter from 1983 to 2017 at
Xiashe station was recorded as 0.24 m, while the simulated annual average ice thickness
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was 0.35 m. In terms of the maximum annual average, the observations reached a peak of
0.44 m in 1983, and the model predicted nearly the same value, 0.45 m, in 1979. On the
other hand, the minimum annual averages for observations and modeling were 0.10 m in
1988 and 0.24 m in 2005. The modeled annual average ice thickness trend in 1979-2017 was
—0.2cm-a~! (p <0.01).

Simulation Ice Thickness
e  Xiashe Observation Ice Thickness

gt

(1]
oyv
tor—o—y
= —
PPy _
y——
—o_—a0.—o,
*—e-egezv—Gamx

IR L__

1988 1992 1996 2000 2004 2008 2012 2016
Year

Figure 5. Lake ice thickness observed at Xiashe Hydrologic Station (red points) and modeled by
Leppéranta model (blue line) during the freezing periods at Qinghai Lake from 1979 to 2017.

Table 1. Bias Statistics of Simulated Annual Average Ice Thickness in 1979-2017 (unit: m).

Count

Mean

Std Min 25% 50% 75% Max

31

0.067

0.060 —0.057 0.021 0.074 0.110 0.153

The simulated maximum lake ice thickness was 0.63 m in 1979, and the least annual
maximum was 0.33 m in 2016. Observations at the Xiashe station indicate a decreasing trend
in the maximum annual ice thickness (—0.3 cm-a~!, p < 0.05), while the simulated trend of
the maximum ice thickness on Qinghai Lake, —0.4 cm-a! (p < 0.01), is slightly higher.

Ice Phenology

The simulated FUS was delayed by 3.20 days, the BUE occurred earlier by 0.93 days,
and the freezing period was shorter by 4.13 days compared to the lake ice phenology
extracted from remote sensing data using a threshold of 10% ice coverage [45]. The
Leppéranta model accurately characterizes the BUE but still exhibits some deviation in
simulating the FUS, which further leads to an underestimation in ID.

Figure 6 shows the simulated characteristics of ice phenology (FUS, BUE and ID)
during the freezing periods at the Qinghai Lake from 1979 to 2017. The simulated average
FUS is about 30 December (—2.29 days from 1 January) of the following year, with the
earliest being 18 December in 1996 and the latest 18 January in 2008. Ice formation mainly
occurs in mid-to-late December, accounting for approximately 68.42% of the study period.

The simulated average BUE is about 5 April (4.08 days from 1 April) with earliest
being 26 March in 2013 and the latest 17 April in 1995. The simulations showed that melting
mainly occurred in early-to-mid April, accounting for approximately 76.32% of the study
period. On average, ID was 97 days, with the shortest at 73 days in 20162015 and longest
at 118 days in 1979-1980.

Over the 38 years, the trend towards later ice formation was significant (0.20 d-a~!,
p < 0.05). The trend towards earlier melting was also significant (—0.34 d-a”l, p <0.01), and
the ID has significantly shortened over time (—0.54 d-a~!, p < 0.01). FUS and BUE have a
weak negative correlation, indicating a memory effect over the ice season.
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Figure 6. FUS (a), BUE (b), ID (c), and their trends at Qinghai Lake from 1979 to 2017, accompanied
by their corresponding confidence intervals at a significance level of 95%. The mean value is denoted
by a red star in the two-dimensional Gaussian kernel density estimation (d).

3.3. Correlation Analysis and Detrending Analysis
3.3.1. Correlation Analysis
Air Temperature T,

The strongest correlation with ice thickness is given by air temperature in Figure 7a.
Over the past 38 years, the average air temperature during the freezing periods of the lake
was —5.34 °C, the lowest annual average temperature appeared in 1982 (—8.91 °C), and
the highest temperature appeared in 2014 (—3.46 °C). The overall temperature showed
a significant upward trend (0.08 °C-a~!, p < 0.01). The correlation coefficient was —0.69
(p < 0.01) between the maximum ice thickness and air temperature and —0.73 (p < 0.01)
between the average ice thickness and air temperature.

Downward Longwave Radiation Qj,

The average value of downward longwave radiation in the cold seasons in 1979-2017
was 207 W-m~2, with the minimum occurring in 1982 (194 W-m~2) and the maximum
occurring in 2008 (217 W-m~2) (Figure 7b). Downward longwave radiation in 1979-2017
shows a significant upward trend (0.39 W-m~2-a~1, p < 0.01). As downward longwave
radiation increases, lake ice thickness decreases inversely. There is a significant negative
correlation between maximum ice thickness (and average ice thickness) and downward
longwave radiation, with a correlation coefficient of —0.65 (p < 0.01).

Wind Speed u

The annual average wind speed was 3.76 m-s~!, with the minimum value occurring in
1988 (3.28 m-s~1) and the maximum value occurring in 2000 (4.27 m-s~1)in Figure 7c. Over
a span of 38 years, there has been a significant increase in wind speed (0.0011 m-s~!-a~!,
p <0.1). The correlation coefficient between maximum ice thickness and wind speed is 0.34
(p < 0.05), while that between average ice thickness and wind speed is 0.28 (p < 0.1).

Solar Radiation Qg

During the freezing periods from 1979 to 2017 (Figure 7d), the mean solar radiation
was 182 W-m~2, with the lowest value occurring in 2011 (172 W-m~2) and the highest
value occurring in 2003 (192 W-m~2). The solar radiation showed a decreasing trend
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(—0.09 W-m~2-a~ 1), but, due to its large fluctuation, it was insignificant. Previous studies
have attributed the decrease in solar radiation on the Tibetan Plateau due to an increase
in the water vapor content and thicker cloud layers [46,47]. Solar radiation is positively
correlated with maximum ice thickness, with a correlation coefficient of 0.18, and average
ice thickness with a correlation coefficient of 0.15, but both are insignificant.

Specific humidity and atmospheric pressure are also correlated with mean ice thickness
and maximum ice thickness in 1979-2017, but the correlation coefficient is less than 0.15
and insignificant, so these two factors are neglected.
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Figure 7. Air temperature (a), downward longwave radiation (b), wind speed (c), solar radiation (d)
during freezing periods in Qinghai Lake from 1979 to 2017. Average (blue dash line) and maximum
ice thickness (orange dash line) are also shown in each subplot.

3.3.2. Detrending Analysis

The first column in Figure 8 presents the contribution of the six meteorological factors
to the variability in average and maximum ice thickness in 1979—2017. Air temperature,
downward longwave radiation, and solar radiation are identified as the primary factors in-
fluencing both average (42%, 49%, and —48%, respectively) and maximum (41%, 45%, and
—48%, respectively) ice thickness variability. The negative contribution of solar radiation
can be attributed to its decreasing trend during the study period, while ice thickness exhib-
ited a positive trend. Wind speed (5.9% for average ice thickness variability and 3.2% for
maximum ice thickness variability), specific humidity (15% for both), and pressure (—8.3%
for average ice thickness variability and —8.5% for maximum ice thickness variability) have
little impact on ice variability.

When considered in pairs, air temperature and longwave radiation exert the strongest
influence on ice variability, accounting for 91% in the average case and 93% in the maximum
case. Both of these factors with wind speed and specific humidity have nonlinear enhance-
ment effects on ice thickness variability, that is, the combined effect of the two factors is
greater than the direct sum of their individual contributions. Specifically, combinations
of specific humidity with temperature and downward longwave radiation contribute to
68% and 66% for average and maximum ice thickness variabilities, respectively, making
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them the second most significant combinations after the temperature-longwave radiation
combination. If all the factors are taken into consideration, the six main factors contribute
85.01% and 87.07% in both cases.

(a) Average Ice Thickness Variability Contribution of Meteorological Variables (%) 100 (b) Maximum Ice Thickness Variability Contribution of Meteorological Variables (%) 100
B 59 B 32
75 75
> 15 29 50 > 15 26 50
-25 -25
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Figure 8. Heatmap for average (a) and maximum (b) lake ice variability on Qinghai Lake influenced
by the meteorological factors in 1979—2017 (Unit: %). Ta, Qr,, Qs0, P, g, and u are air temperature,
downward longwave radiation, solar radiation, pressure, specific humidity, and wind speed, respec-
tively. Note that values in the first column illustrate the variation in lake ice thickness influenced by
individual meteorological factors; the others are mixed influence by pairs.

4. Discussion
4.1. Lake Ice Evolution in Other Regions

Lake ice evolution (formation, growth, and melting) in different regions vary signifi-
cantly, depending largely on the latitude and altitude [3,48,49]. For example, in the arctic
tundra zone, the latitude of Kilpisjarvi Lake (69.00°N, 20.48°E) in Finland is 32° higher than
that of Qinghai Lake in the QTP, and its altitude (476 m) is lower compared to Qinghai Lake
(3196 m). Consequently, the winter temperature at Kilpisjarvi Lake (—10 °C) and Qinghai
Lake (=12 °C) are similar [48]. However, FUS occurs almost 2 months earlier in Kilpisjarvi
Lake (52 &+ 12 days ahead), compared to Qinghai Lake. In the boreal zone, at Pa&jarvi Lake
in Finland (61.03°N, 25.07°E; altitude: 103 m), the air temperature in December is 5 °C
higher than in Qinghai Lake. Pd&jdrvi Lake freezes on 13 December, almost half a month
earlier than Qinghai Lake [48]. This difference can be attributed to the large disparity in
solar radiation between Finland and Tibet in November and December; while Kilpisjarvi
and Padjdrvi experience nearly no solar radiation during this period, Qinghai Lake receives
on average about 180 W-m~2 [49,50].

Strong solar radiation not only affects the formation of lake ice but also the growth and
melting of ice. The average air temperature at Pddjarvi Lake and Qinghai Lake in April is
4 °C. In Qinghai Lake the mean break-up date is 1 April, but Padjarvi Lake ice melts only one
month later [48] and Kilpisjarvi Lake ice melts in mid-June. Kilpisjarvi Lake and Padjarvi Lake
maximum ice thickness can reach around 90-114 cm and 30-80 cm [50], respectively.

Another case that displays the energy balance difference between the boreal zone
(Jokioinen, 60°48'N 23°30’E) and the QTP is shown in Figure 9. The radiation balance
dominates the parameter kg (see Equation (2)). In October-March, kg < 0 at Jokioinen, but
at Qinghai Lake kg =~ 20-120 W-m~2 all year because of strong solar radiation. The annual
averages are 76.2 W-m~2 at Qinghai Lake and 17.8 W-m~2 at Jokioinen [3]. The parameter
kq is close in the both sites, within 10-30 W-m~2.°C~1, showing the contribution due to
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Figure 9. Annual cycle of the linear heat flux parameters at Jokioinen (60°49'N, 23°30'E; orange line),
southern Finland [3], and Qinghai Lake (bule line).

In summary, by comparing Qinghai Lake with lakes in Finland at 61-69°N, one can
conclude that the strong radiation in the QTP freezes Qinghai Lake much later and melts
it much earlier, even though the local air temperature is close to the air temperature in
Qinghai Lake (or even warmer), which clearly proves the strong role of solar radiation in
lake ice season at mid-latitudes or lower.

4.2. More Information on the Leppiranta Model

Solar radiation is included in the parameter kg in the linearized energy balance in the
Leppédranta model, and the other external factors (the zeroth order net incoming terrestrial
radiation and latent heat flux, and the heat flux from liquid precipitation) are also absorbed
in ko (zeroth order refers to assuming Ty = T,). The sensible heat flux is as such proportional
to T, — Ty, and the proportionality coefficient simply goes to k1, as well as the first order
corrections of the net terrestrial radiation and latent heat flux. The terms by = ko /k; and
b1 = k/kq appear in the ice growth equation. By physics, b; > 0 that adds to the insulation
of ice bottom from the atmosphere, and the sign of by depends on the strength of the solar
radiation; in the growth season, by > 0 (by < 0) decreases (increases) the effective freezing
day-days. The values of these parameters are by = 2.91 °C, b; = 9.72 cm for the Qinghai
Lake, while in the boreal zone the reference values of the two are about —3 °C and 10 cm.

The relative difference between the Stefan model and the Lepparanta model is largest
when the ice thickness is small. When kg = 0 and k; — oo, Tp — T, and the Stefan’s
growth law is obtained. This means that all heat conducted through the ice can be moved
away. When wind speed tends to zero, k1 becomes small, and ignoring the solar radiation
the ice growth is determined only by the terrestrial radiation balance.
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In fact, the model also has corresponding modification to complex situations such as
snow or geothermal heating. For snow cover on the ice, thermal inertia is assumed absent
as in ice. The system of equations is extended into the following;:

dh Tf*Ts TS—TO o

pLi— =k =ks—— = ~lko +ki(Ta = To)] = 0.
S

However, the Qinghai Lake is in an arid area in China where snow cover is rare. For a
geothermal lake, one can arrive at equilibrium through the following:
Tf —Tp
P

Qw:k

The analytic approaches to the growth and decay of lake ice have limitations: (1) Snow—
ice formation would strongly favor a numerical grid approach (however, in the Qinghai
Lake, snow cover has less importance); (2) Analytic models are coarse. High spatiotemporal
resolution would offer a more realistic heat conduction through ice and snow. Furthermore,
(3) ignoring thermal inertia leads to overestimation of ice growth, especially when ice is
thicker than half of a meter.

The ice growth model possesses negative feedback to errors. The background Stefan’s
law implies that the squared ice thickness is proportional to the freezing degree-days, and
in the next step the sensitivity of model ice growth to temperature is as follows:

2
sh~ 255

h
If the model ice thickness exceeds the observation, the model ice grows then more
slowly and tends to reality, and vice versa. In the melting period, in contrast, there is a
positive feedback, and the sensitivity of ice decay to albedo is as follows:

6h ~ Qsdun

When albedo begins to decrease, the ice surface is transformed to absorb more solar
radiation and make the surface patchy with more and more liquid water ponds.

Apart from analytic models and numerical models that are derived from physics, Al
models such deep learning can be executed with massively parallel computation on GPU
to study lake ice [51-55].

5. Conclusions

First, based on the field observation experiment conducted in 2022 at the Qinghai
Lake, this study provided a reference value for lake ice thermal conductivity, which is
determined to be 1.64 W-m~! °C~1. Then, based on the reference value, the application
of the Leppéaranta quasi-steady ice model, which takes into account the energy balance,
accurately and completely modeled the ice process in 2018-2019. Overall, the Leppéranta
analytic model proved to be a powerful tool for studying lake ice on the TP.

Second, CMFD was used to drive the Leppéaranta model for simulating the long-term
characteristics of lake ice from 1979 to 2017. The average simulated ice thickness was
0.35 m with —0.2 cm-a~! in 1979-2017. The simulated average FUS and BUE are about
30 December (—2.29 days from 1 January of the following year) and 5 April (4.08 days
from April 1), respectively. From 1979 to 2017, the simulated trend of the maximum ice
thickness (0.004 m-a~—!) was almost identical to the observations, with an annual decrease
of 0.003 m-a~! in ice thickness. During this period, the phenology of Qinghai Lake ice
showed trends of a delayed FUS (0.20 d-a~!, p < 0.05), an earlier BUE (0.34 d-a—!, p < 0.01),
and a shorter duration (0.54 d-a~?, p <0.01).

Finally, the correlation analysis indicates that downward longwave radiation and air
temperature are the two dominant meteorological factors that have the best correlation
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with lake ice thickness. Specific humidity, wind, and pressure are three factors that have
poor correlation with the ice. In the detrending analysis, air temperature, downward
longwave radiation, and solar radiation are the primary factors influencing both average
(42%, 49%, and —48%, respectively) and maximum (41%, 45%, and —48%, respectively) ice
thickness variability. By pairs, air temperature and downward longwave radiation have
the strongest influence on ice variability, accounting for 91% in the average case and 93% in
the maximum case. If all the six meteorological factors are taken into consideration, they
contribute to 85.01% and 87.07% of the variance in these cases.
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