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A B S T R A C T

The objective of this study was to determine the effects of water clarity changes on thermal processes in Lake
Poyang, the largest freshwater lake in China, using a physically based lake model embedded in the Community
Land Model. A water extinction coefficient (Kd) describing water clarity and controlling radiation penetration in
the lake model was used to conduct controlled simulations. Three sets of simulations were conducted for Lake
Poyang over the period from 2000 to 2015: DEFAULT with the Kd ¼ 0.45 m�1; CTL with the Kd ¼ 1.68 m�1 based
on a water clarity of 0.85 m; and DARK with the Kd ¼ 1.68 m�1 from 2000 to 2005 and Kd ¼ 3.44 m�1 based on a
water clarity of 0.41 m observed from 2005 to 2015. The simulation results showed that compared with the
DEFAULT simulation, the temperature simulations were closer to the observations using the more accurate Kd

values for the CTL and DARK simulations. Due to decreased water clarity, radiation absorbed in the top 1 m of the
water body was larger for the DARK simulation and lower at greater depths than that observed for the CTL
simulation. Such changes in radiation penetration in the DARK simulation generated a higher lake water surface
temperature (LWST) and thus stronger lake-air interactions from February to July and lower LWST and turbulent
fluxes from August to the following January than in the CTL simulation. The temperature inside the lake water
body declined markedly, with a significant reduction from June to August that exceeded 5 �C. The results of this
study provide an additional reference regarding lake water clarity effects on inland freshwater systems and
theoretical support for lake water system management.
1. Introduction

Lakes around the world are sentinels and indicators of climate change
(Adrian et al., 2009; Shimoda et al., 2011; Zhang and Duan, 2021). Lakes
have a critical impact on local and regional climates, hydrology, and
ecosystems mainly due to the unique properties of lakes such as larger
heat content, lower albedo, and smaller roughness length than the sur-
rounding land (widely known as “the lake effect”) (Thiery et al., 2015;
Dai et al., 2018; Wu et al., 2019). Certain lake processes, such as
increased lake water surface temperature (LWST), decreased lake ice
cover, and enhanced lake stratification, have responded rapidly to global
climate change (O'reilly et al., 2015; Woolway and Merchant, 2019; Yu
et al., 2020). And these processes will likely continue to proceed in the
future (Shatwell et al., 2019; Woolway et al., 2021; Grant et al., 2021).
Hence, exploring lake processes and their responses to changes in climate
and the environment contributes to studies on climate, hydrology, and
ecological systems.
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Water clarity is a key factor representing lake water quality, and it
impacts the physical and ecological processes in lakes (McPherson et al.,
2011; McCullough et al., 2012; Olmanson et al., 2013). Water clarity is
affected by substances within lake water, primarily aquatic plankton,
suspended particles, and dissolved organic matter (Aas et al., 2014;
Shang et al., 2016). With the increasing availability of in situ observa-
tions and remote sensing data, researchers have carried out detailed
studies on spatiotemporal distributions, changes, and the causes of lake
water clarity at both single-lake and regional scales (Wang S et al., 2020;
Bukaveckas et al., 2021; He et al., 2022).

Lake models are important tools for exploring lake thermal processes
(Samuelsson et al., 2010; Huang et al., 2019; Lv et al., 2019). Water
clarity is usually measured as the Secchi disk depth (SDD, m), and is
generally quantified in lake models using an extinction coefficient (Kd)
parameterized in the radiation penetration scheme (Bonan, 1995). The
Kd is often set to a constant value or as a function of lake depth in lake
models, dominating solar radiation transfer within the lake water body
(Hakanson, 1995; Mironov, 2008; Stepanenko et al., 2012). Previous
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numerical modeling work has shown that this parameter plays an
important role in lake temperature simulations (Potes et al., 2012; Xu
et al., 2016). Although only limited measured data exist for the Kd, with
lake-specific and time-independent constant values, this parameter can
be satisfactorily used for current lake modeling (Heiskanen et al., 2015).

To investigate the effect of lake water clarity changes on lake thermal
structure, researchers have often used different Kd values for lake models
to carry out controlled and sensitive experiments (Rinke et al., 2010;
Potes et al., 2012). These previous research indicated that lake water
clarity affected lake thermal processes through controlling radiation
transfer within the lake (Hocking and Stra�skraba, 1999; Heiskanen et al.,
2015). However, these work generally employed sensitive tests, and rare
studies were conducted based on reality conditions with lakes that
indeed have undergone water clarity changes.

In this study, we studied Lake Poyang, the largest freshwater lake in
China, to explore the effect of the observed decreased water clarity from
the late 1990s to the early 21st century. The one-dimensional lake
scheme embedded in the Community Land Model (CLM_Lake) widely
used in lake studies were employed (Oleson et al., 2013). Variables
including LWST, water temperature profiles, and heat fluxes were
analyzed to quantify the water clarity change effects on lake thermal
processes. This studied lake, data, and CLM_Lake model are introduced in
Section 2. Section 3 presents the simulation results and discussion, and
the conclusions are given in Section 4.

2. Studied Lake, Data, and Model Setup

2.1. Studied lake

Lake Poyang, located at 28�11'–29�51' N, 115�49'–116�46' E
(Figure 1), is the largest freshwater lake in China and is an important
wetland in the world. This lake has longitudinal and lateral lengths of
170 km and 16.7 km, respectively. Lake Poyang has a subtropical
monsoon climate with an average annual air temperature and precipi-
tation of ~17 �C and ~1542 mm, respectively (Qi et al., 2018). The
sources of water for this lake are mainly precipitation, rivers, and ground
recharge (Li et al., 2020). Lake Poyang plays an essential role in sup-
plying water and fishery resources for surrounding cities (Shankman
Figure 1. The location of Lake Poyang.
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et al., 2006; Zhen et al., 2011; Wu et al., 2017). Water clarity for this lake
has reportedly declined over time, and therefore, aquatic production and
biodiversity have likely been affected (Zhang et al., 2020). However, how
water clarity changes affect water thermal processes still remains
unclear.
2.2. Data

The China Meteorological Forcing Dataset (CMFD) was used to drive
the CLM_Lake model in this study. This dataset originated from remote
sensing products, reanalysis datasets, and in situ observations (He et al.,
2020) and has been widely applied in land process modeling and
climate studies as meteorological observations because of its high ac-
curacy (Chen et al., 2011; Zhu et al., 2020; Tian et al., 2020). The
variables for the lake model included downward shortwave and long-
wave radiation, air temperature, air pressure, wind speed, and specific
humidity. These forcing data had a time-step of 3 h and a spatial reso-
lution of 0.1� � 0.1� and covered the period of 2000–2015 for this
study. The monthly Moderate Resolution Imaging Spectroradiometer
(MODIS) land surface temperature products with a 0.05� spatial reso-
lution were used to evaluate the LWST simulation results. Previous
research has proven that these MODIS products have acceptable accu-
racy compared with in situ observations for investigating lake thermal
processes (Zhang et al., 2014).

Water clarity data for Lake Poyang were based on in situ observations
from national investigations and a literature dataset (Zhang et al., 2020).
Water clarity for Lake Poyang has declined over time, with a value of 0.85
m before 1995, and it has decreased to 0.41 m since 2005. We deter-
mined that these data were sufficient to conduct numerical modeling
using CLM_Lake, which would further clarify the mechanism involved in
how changes in water clarity affect thermal processes for this lake.
2.3. Model setup

The CLM_Lake model was used to investigate the water clarity change
effect on lake thermal processes for Lake Poyang. This model has been
applied extensively and has been combined with several regional climate
models to study lake thermal processes and lake-air interactions (Thiery
et al., 2014; Zhang et al., 2019; Wang et al., 2020). The lake model
simulates lake thermal processes, including lake-air heat exchange, water
mixing, and radiation penetration within lake water (Oleson et al., 2013;
Subin et al., 2012). Lake temperatures are calculated using Eq. (1), an
governing thermal diffusion equation:

∂T
∂t ¼

∂
∂z

�
Kw

∂T
∂z

�
þ 1
Cw

∂ϕ
∂z (1)

where T is the lake temperature (K) at the lake depth of z (m) and time t
(s), z is increasing downward, Kw is the total water diffusivity (m2 s�1),
Cw is the volumetric heat capacity (J m�3 K�1), and ϕ is the absorbed
downward radiation flux as the heat source term (W m�2).

The radiation penetration scheme separately estimates the radiation
flux absorbed within various water layers, i.e., the upper water layer and
the lower layer (Eq. (2)). For unfrozen lakes, the surface absorption
fraction β (typically 0.5) is set according to the near-infrared radiation
absorbed within the top za (set to 0.6 m in the model), and the remaining
absorbed radiation fraction (1� β) within the lake water body is deter-
mined according to the Beer-Lambert Law. This was a simplification
assuming exponential attenuation of light with lake water depth:

ϕ¼ð1� βÞSg exp½ � Kdðz� zaÞ�; z > za (2)

where φ (W m�2) is the solar radiation remaining at a depth of z (m), β is
the surface absorption fraction within the top za (0.6 m), Sg is the
absorbed solar radiation in the lake, and Kd (m�1) is a constant extinction
coefficient as a function of lake depth:



Table 1. Comparisons of lake water surface temperature (LWST) between sim-
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Kd ¼1:1925D�0:424 (3)
ulations and MODIS observations using Pearson correlation coefficients (COR)
and root mean square error (RMSE,�C).

DEFAULT CTL DARK

COR 0.97 0.98 0.98

RMSE 5.0 4.2 3.8
where D is the lake depth (m). Eq. (3) is from Hakanson (1995) based on
statistics with observed data for Kd and water depth for 88 lakes.

In this study, the lake depth was set to a water mean depth of 10 m
according to observations (Zhao et al., 2019). Based on this depth and Eq.
(2), Kd was equal to 0.45 m�1. Therefore, the default simulation (referred
to as DEFAULT) had Kd set to 0.45 m�1 with a 0.1� horizontal resolution
for Lake Poyang during the period of 2000–2015. Two other sets of
simulations were carried out with model settings that were the same as
the DEFAULT simulation, but with different Kd values. For the first five
years (2000–2004), these two sets of simulations were conducted with Kd
of 1.68 m�1 according to the numerical relationship with a water clarity
of 0.85 m (Zhang et al., 2020). Then, in 2005, one simulation set main-
tained the Kd at 1.68 (referred to as CTL), but the other simulation set the
Kd to 3.44m�1, corresponding to a lower water clarity of 0.41m (referred
to as DARK).

Simulations for the first five years (2000–2004) were discarded as
they were regarded as the simulation initialization. The remaining sim-
ulations during 2005–2015 were used to evaluate differences between
these three simulation results. In addition, we employed statistical met-
rics in this study, including the root mean square error (RMSE) and
Pearson correlation coefficient (COR), for model evaluation.

3. Results

3.1. Model evaluation

Three simulations of LWST with the DEFAULT, CTL, and DARKmodel
settings were compared to the MODIS products (Figure 2). All three
simulations had high CORs (>0.9) with the MODIS observations,
implying that CLM_Lake can generate reasonable seasonal and interan-
nual temperature characteristics for Lake Poyang (Table 1). The
DEFAULT simulations with the default extinction coefficient produced
the largest RMSE. The CTL and DARK simulations produced LWST RMSEs
Figure 2. (a) Lake water surface temperature (LWST, �C) observations for Lake Poya
CTL (blue line), and DARK simulations (red line). (b) Comparisons between simula
represents simulations).
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that were 0.8 �C and 1.2 �C lower, respectively, than the RMSE of the
DEFAULT simulation. In addition, DARK simulation performed the best
with the highest correlation coefficient and the smallest RMSE. Thus,
more accurate water extinction coefficients set in the lake model simu-
lated the LWST more close to observations.
3.2. The effect of water clarity changes on lake thermal processes

The effect of water clarity changes on lake thermal structure can be
clarified by comparing the CTL and DARK simulations. Figure 3 shows
the radiation penetration simulations for these two simulations with
monthly and annual average results for 11 years during 2005–2015.
Decreased water clarity with the DARK simulation caused more solar
radiation to be absorbed in the top of the water body than with the CTL
simulation. As mentioned in Section 2.2, surface radiation absorption
within the surface 0.6 m was unchanged, while below this depth and
around the depth of 1 m, more radiation was absorbed with the DARK
simulation than with the CTL simulation, with the maximum difference
of 8 Wm�2 occurring in July. In the upper part of the water profile, there
was a more rapid decline in absorbed radiation with the DARK simula-
tion than with CTL simulation, with the most significant reduction by 14
W m�2 occurring in July (Figure 3a).

As seen for the multiyear average, the largest increase in absorption
(4 W m�2) occurred in the surface layers, accounting for 13% more ab-
sorption with the DARK simulation than with the CTL simulation. The
largest reduction occurred inside the lake with 8 W m�2 (Figure 3b-c).
ng from MODIS (green circles) and simulations with the DEFAULT (black line),
tions from DEFAULT, CTL, and DARK and MODIS (y represents MODIS, and x



Figure 3. Simulated solar radiation absorbed (W m�2) within the Lake Poyang water. (a) Differences in monthly averages between DARK and CTL; (b) multiannual
averages of DARK and CTL and (c) multiannual differences (DARK-CTL).
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Such differences in radiation absorption within the lake water body be-
tween the CTL and DARK simulations would cause changes in the lake
thermal processes.

The thermal process differences averaged for the period of
2005–2015 between the CTL and DARK simulations were analyzed.
Simulated LWST differences for the lake are shown with multiyear
monthly averages in Figure 4. The lake water clarity was reduced in the
DARK simulation compared with the increased LWST in the CTL simu-
lation from February to July and reduced LWST from August to the
following January (Figure 4). The maximum increase and decrease in
LWST due to water clarity occurred in March and November, with values
Figure 4. Lake water surface temperature (LWST, �C) differences between
simulations with DARK and CTL (DARK-CTL) for Lake Poyang.

4

of 0.3 �C and �0.35 �C, respectively. The multiannual average of LWST
from the CTL to DARK simulations decreased by approximately 0.05 �C.
In addition, the seasonal variation range for the DARK simulation was 0.2
�C larger than that in the CTL simulation. Such changes in LWST caused
by lake water clarity changes were related to the lake energy budget
(analyzed below).

Heat fluxes simulated with CTL and DARK, including sensible heat
fluxes (SH), latent heat fluxes (LH), and net ground heat stored (G),
were also compared (Figure 5). Due to more radiation absorbed in the
top water layers with DARK, the increased LWST from February to July
Figure 5. Heat flux differences (W m�2) for sensible heat flux (SH, gray line)
and latent heat flux (LH, black line), and net ground heat stored (G, blue line)
from simulations between DARK and CTL (DARK-CTL) for Lake Poyang.
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enhanced the water and heat exchanges between the lake surface and
the atmosphere, increasing the heat fluxes of SH and LH. These
increased heat fluxes released from the lake led to less heat being stored
in the lake water, with a maximum heat content G of ~3 W m�2 in
March. The lower heat storage with DARK compared with CTL caused a
rapid cooling of LWST, thus lessening the lake-air interactions with
decreased SH and LH and increasing heat storage of G during August to
the following January. And the increased heat storage reached to ~3 W
m2 in November.

These seasonal changes caused the annual average LH increased by
3% in DARK compared to that in CTL, while the SH changed little. In
addition, the worse water clarity with DARK decreased the annual
average heat stored within the lake by 25%. Such seasonal and annual
thermal changes may weaken the lake effect, which is known to have a
larger heat content than the surrounding land.

Monthly lake water temperature profiles averaged for 11 years during
2005–2015 for the CTL and DARK simulations were further compared to
quantify the effect of water clarity changes on thermal processes in the
lake water interior. Due to more radiation being absorbed in the top
water layers and less being absorbed at greater lake depths, the water
temperature of the surface layers (at a depth of 0–1 m) was slightly
greater for the DARK simulation than for the CTL simulation from
February to July, which was during the same period of greater LWST, as
shown in Figure 4. Below the surface layers, the water temperature
decreased overall due to less radiation being absorbed, with the
maximum reduction exceeding 5 �C in summer (from June to August) at a
depth of 2–4 m (Figure 6). Afterward, these marked changes in the
thermal structure with a lower water clarity in the DARK simulation
reduced the temperature gradient within the lake water, especially in
warm seasons, thereby enhancing water stability and lowering the like-
lihood of water turnover inside the lake. Diminished water turnover
negatively impacts aquatic life and lake ecosystems.

The aforementioned results from this study were consistent with
previous research (Heiskanen et al., 2015; Zolfaghari et al., 2017).
Water clarity affected solar radiation penetration and distribution
within the lake, thereby influencing LWST and lake-air interactions.
Changes in energy allocation changed the heat content within the lake,
in turn changing the LWST and lake temperature profiles. Finally, more
turbid lake water had lower water temperature profiles and larger LWST
seasonal variations, resulting in decreased heat content within the lake
water body. This analysis indicated that ecological changes in lake
water clarity would have a nonnegligible impact on water thermal
processes.
Figure 6. Lake temperature (�C) profile simulations for Lake Poyang from (a)
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3.3. Discussion

3.3.1. Calculation of the extinction coefficient in lake models
The results from this study suggested that significant changes in lake

water clarity should not be ignored in lake process simulation research.
However, most current one-dimensional lake models with fixed or un-
realistic Kd values do not adequately represent water clarity changes. For
example, the Kd is set to constant values in the well-known FLake (Mir-
onov, 2008) and LAKE (Stepanenko et al., 2012) models. Other models
embedded in the lake-air coupled Weather Research and Forecasting
(WRF) model (Gu et al., 2013), the Common Land Model (CoLM) (Dai
et al., 2003), and the CLM used in this study described Kd as a function of
lake depth (see Eq. (3)). There are also some lake models that calculate
the Kd using lake water biomass, while these models have a high demand
for observed lake data (Goudsmit et al., 2002).

Currently such above lake models cannot present dynamic lake water
clarity changes, and simply inputting observed Kd values into lake models
cannot satisfy the simulation needs of lake-rich areas. Hence, future
modeling research should be directed at further improving and renewing
the radiation penetration scheme by considering dynamic lake water
clarity changes, especially for lakes with remarkable lake ecological
changes.

Presently, there is a lack of global lake extinction coefficient datasets
because of temporal and spatial discontinuity problems. As optical
remote sensing technology develops, water clarity data will gradually
become more plentiful and accessible, and these datasets should be
validated using in situ observations. The relationship between the SDD
and Kd varies for lakes in different regions (Padial and Thomaz, 2008;
Zhang et al., 2012). Such relationships are currently of three general
types, including inverse proportional, modified inverse proportional, and
power function relationships based on lake-specific data (Poole and
Atkins, 1929; Bukata et al., 1998; Zhang et al., 2020). To express water
clarity changes in lake modeling, the relationship between these two
parameters can be utilized to investigate thermal responses to lake
ecology changes. In addition, next-generation remote sensing data veri-
fied with in situ observations of lake water clarity can also be applied and
imported into lake process simulations, further effectively deepening the
understanding of coupled physical and ecological processes for lakes.

3.3.2. Limitations
We recognize that several limitations exist in our study. First, in situ

observations of water clarity for Lake Poyang were interdecadal.
Although the mechanism of the water clarity change effect on lake
CTL and (b) DARK; (c) differences between DARK and CRL (DARK-CTL).
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thermal processes could be determined based on these data, lake water
clarity data with higher precision (regarding both time step and spatial
resolution) are needed in the future to conduct lake ecology and physical
process research. Second, the results of this study showed that lake water
clarity changes could result in obvious thermal changes within a lake that
should not be ignored. Such thermal responses could lead to changes in
lake ice phenology for frozen lakes such as lakes in the Tibetan Plateau
and the Arctic. Lake Poyang rarely freezes, but more attention should be
given to lake thermal processes responding to lake water clarity for
northern or high-altitude lakes. Last, we did not consider or discuss
whether the lake effect on local and regional climate was influenced by
water clarity changes. Hence, future research should explore local or
regional responses to significant lake water clarity changes.

4. Conclusions

In this study, we carried out a modeling study for Lake Poyang using
the CLM_Lake model to investigate the water clarity change effect on lake
thermal processes. Three simulations including DEFAULT, CTL, and
DARK were conducted during 2000–2015 using the radiation penetra-
tion factor of the water extinction coefficient Kd to represent water clarity
changes. The results showed that the more accurate Kd values used by the
DARK and CTL simulations produced LWST values closer to the obser-
vations derived from the MODIS data than the LWST simulated by
DEFAULT. The DARK simulation with a lower water clarity had more
radiation absorption in the top lake layers and less absorption at greater
depths than that in the CTL simulation. Such a change in the DARK
simulation increased the LWST from February to July, enhanced the lake-
air interaction, and reduced the heat stored within the lake. This caused a
rapid decline in the LWST from August to the following January, further
weakening the lake-air interactions. In addition, due to the reduced ra-
diation absorbed at greater depths, the water temperature decreased
significantly especially from June to August, with the maximum reduc-
tion exceeding 5 �C in the DARK simulation when compared to the CTL
simulation. This study provides additional evidence of the probable
thermal responses from changes in lake ecology factors that may improve
investigations of inland freshwater ecology, hydrology, and climate
systems.
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