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A B S T R A C T

Qinghai Lake in China, which is located at an altitude of 3260 m, is the highest inland lake among the 50 largest
lakes in the world. Therefore, satellite measurement of water quality is the most important and feasible tool for
routinely assessing the water property and its variations in Qinghai Lake. We derive the normalized water-leaving
radiance spectra nLw(λ) in Qinghai Lake from measurements of the Visible Infrared Imaging Radiometer Suite
(VIIRS), after accurately computing the top-of-atmosphere Rayleigh radiances in the satellite Level-1 to Level-2
ocean color data processing. Satellite-derived nLw(λ) spectra, chlorophyll-a (Chl-a) concentration, and the water
diffuse attenuation coefficient at 490 nm, Kd(490), in the period of 2012–2018 are used to evaluate and un-
derstand the dynamics of water properties in Qinghai Lake. Results show that VIIRS-measured nLw(λ) spectra
match quite well with the in situ data, e.g., the mean and median ratios of the VIIRS-derived and in situ-measured
nLw(λ) at 443 nm are 0.9741 and 0.9898, respectively. Enhanced nLw(λ) at 486 nm and 551 nm can be observed
from satellite-derived nLw(λ) spectra for the entire lake. VIIRS-derived nLw(λ) spectra show significant seasonal
cycles. High nLw(λ) values occur in July while low values occur in April. Results also show the seasonal and
interannual changes of Chl-a and Kd(490) in Qinghai Lake. Low Chl-a and Kd(490) are normally observed in April,
and they typically peak in the early summer. Peculiarly, however, anomaly high values in Chl-a and Kd(490)
occurred in June 2016. The analysis of empirical orthogonal functions (EOFs) shows the dominant modes for Chl-
a and Kd(490) are interannual modes that account for about 79.1% and 31.5% of the their total variances,
respectively. The second EOF mode for Chl-a and Kd(490) shows the seasonal changes, and contributes to about
6.1% and 14.0% of their respective total variances.
1. Introduction increased human activities (Ao et al., 2014). Over the past 600 years, the
China’s Qinghai Lake, also known as Koko Nor, is an alkaline lake in
the Tibetan Plateau with a surface elevation of 3260 m (Fig. 1). As the
largest lake in China, Qinghai Lake covers ~4300 km2. It is the highest
altitude inland lake among the largest 50 lakes in the world. The depth of
the lake averages about 21 m. There are five permanent streams
providing about 80% of the total water influx.

After the lake separated from the Yellow River approximately
150,000 years ago, the salinity of the lake has increased. The salinity of
the lake is about 14 practical salinity units (psu) and the PH value is
about 9.3 (Zhang et al., 2015). As the most important riverine process,
the carbonate weathering led to the dominance of Ca2þ and dissolved
inorganic carbon (DIC) in the river and groundwater (Jin et al., 2010).
Both Naþ and Cl– are the major ion sources in Qinghai Lake. Since the
1960s, concentrations of NH4

þ and NO3
– increased significantly due to
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fluctuations of the water level in Qinghai Lake more or less corresponded
to the wet and dry stages (Feng et al., 2000).

Climate change has a big influence on the areal variation of Qinghai
Lake (Tang et al., 2018). During the last several decades, the increased
rate of the global surface temperature is ~0.2 �C/decade (Hansen et al.,
2010). The upward trend in surface temperature in the Tibetan Plateau is
almost twice that of the global warming rate (Xu et al., 2008). In the
nearby Qinghai Lake region, the average temperature increased about
0.319 �C per decade in the past 50 years, and 0.415 �C per decade from
2005–2016. The Qinghai Lake area decreased by ~2% in the period of
1987–2005, and increased ~3% from 2006–2016 (Tang et al., 2018).
Precipitation is found to be the primary factor for the change in the
Qinghai Lake area. Indeed, precipitation is responsible for about 93% of
the water level variations (Fang et al., 2019).

In Qinghai Lake, studies of the water quality, e.g., the lake’s physical,
ovember 2020
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Fig. 1. Qinghai Lake and the 18 locations for the in situ nLw(λ) measurements (marked as squares). The comparisons between VIIRS retrievals and field measurements
in Fig. 2 are conducted at the location of (a) In situ-1 [36.928�N, 99.989�E], (b) In situ-2 [36.735�N, 100.244�E], (c) In situ-3 [36.830�N, 100.198�E], and (d) In situ-4
[36.973�"N, 99.890�E]. Four pseudo-stations at Station 1 [36.95�N, 100.16�E], Station 2 [36.90�N, 99.73�E], Station 3 [37.13�N, 99.89�E], and Station 4 [36.71�N,
100.57�E] are also noted to further examine VIIRS-measured nLw(λ) spectra.

Table 1
In situ measurement time and locations.

No Date Beijing Time Longitude (�E) Latitude (�N)

1 8/23/2014 10:03 99.9462778 36.955833
2 8/23/2014 10:30 99.9889722 36.931667
3 8/23/2014 10:57 100.007056 36.919538
4 8/23/2014 12:07 100.138972 36.83909
5 8/23/2014 12:35 100.111194 36.856372
6 8/23/2014 13:03 100.102194 36.897333
7 8/23/2014 13:41 100.149028 36.889064
8 8/23/2014 14:37 100.101306 36.852103
9 8/24/2014 11:14 100.149333 36.831128
10 8/24/2014 11:35 100.197944 36.785359
11 8/24/2014 12:12 100.243528 36.736141
12 8/24/2014 12:42 100.198 36.733974
13 8/24/2014 13:05 100.14725 36.734244
14 8/24/2014 13:45 100.199472 36.783744
15 8/24/2014 14:16 100.248111 36.833821
16 8/24/2014 14:40 100.198278 36.834744
17 8/24/2014 15:05 100.149167 36.83409
18 8/24/2014 16:35 99.8899444 36.974859
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optical, biological, biogeochemical, and ecosystem processes (from
either field surveys, aerial sensing, or satellite remote sensing), are sparse
in comparison to those in other sea-level lakes such as Lake Taihu. Due to
increasing concentrations of nitrogen and silica, the lake water trans-
parency has decreased compared to historical data in the 1960s (Ao et al.,
2014). In addition, lake optical properties have been measured and re-
ported (Cen et al., 2013; Wang et al., 2005), phytoplankton features were
analyzed (Yao et al., 2011; Zhu et al., 2016), and the absorption spectral
features of the dissolved and particulate matters in Qinghai Lake were
also studied (Zhou et al., 2005).

The water level and coverage of Qinghai Lake were evaluated with
satellite remote sensing. The lake level dropped ~2 m between 1975 and
2000, and the coverage of the lake dropped by ~150 km2 (Shen and
Kuang, 2002). Satellite altimetry measurements were also examined for
the lake’s water level and its temporal change (Zhang et al., 2011a,
2011b). The lake surface topography was measured and evaluated (Li
et al., 2018). Observations from the Moderate Resolution Imaging
Spectroradiometer (MODIS) were studied and monitored for surface
temperatures in Qinghai Lake (Wan et al., 2017; Xiao et al., 2013). In
addition, the frozen duration was also monitored with satellite passive
microwave remote sensing (Che et al., 2009).
2

Satellite observations such as MODIS and the Visible Infrared Imaging
Radiometer Suite (VIIRS) onboard the Suomi National Polar-orbiting
Partnership (SNPP) have proven to effectively monitor lake environ-
mental changes such as algae bloom and water clarity (El-Habashi et al.,
2016; Shi et al., 2019). High quality water optical data are produced after
atmospheric correction in the ocean color data processing (Gordon and
Wang, 1994; Wang, 2007; Wang and Shi, 2007). Satellite-derived nLw(λ)
spectra can then be used to produce a variety of water biological and
biogeochemical products in order to study various physical and
bio-optical processes in inland waters. Specifically, the water quality and
water turbidity were characterized with MODIS observations (Wang
et al., 2011, 2012). The cyanobacteria blooms were assessed and evalu-
ated (Hu et al., 2010), and sediment concentration dynamics (Shi et al.,
2018) in global inland lakes like Lake Taihu were also studied.

However, most of these studies are for global sea-level inland waters
because inaccurate atmospheric correction over high-altitude waters can
lead to a significant underestimation of nLw(λ) retrievals (Wang, 2016;
Wang et al., 2020a). Thus, satellite-derived nLw(λ) spectra and subse-
quent products have significant errors in the satellite ocean color prod-
ucts from MODIS and VIIRS, etc. Specifically, top-of-atmosphere (TOA)
Rayleigh scattering radiances for a high-altitude lake surface are calcu-
lated at sea-level, thus the TOA Rayleigh scattering radiance computa-
tions over the high-altitude lakes were overestimated. This led to biased
low (even negative) nLw(λ) spectral retrievals (Wang, 2016).

In this study, new Rayleigh lookup tables (LUTs) (Wang, 2016) were
generated and used in order to derive accurate nLw(λ) spectra for
high-altitude Qinghai Lake. In a recent study, we demonstrated that high
quality nLw(λ) retrievals can be obtained from VIIRS observations for
high-altitude Lake Tahoe with an elevation of 1897 m (Wang et al.,
2020a). VIIRS-derived nLw(λ) spectra match in-situ data quite well over
Lake Tahoe. The mean and median of ratios of the VIIRS-SNPP versus
in-situ nLw(λ) for the blue and green bands are 0.999 and 1.002. Other
lake parameters such as Secchi depth (SD) can also be derived and used to
further evaluate the long-term lake environment in Lake Tahoe (Wang
et al., 2020a).

There are two purposes for this study. First, a comparison between the
VIIRS-derived nLw(λ) spectra and in situ measurements is conducted to
show the performance of the newly implemented Rayleigh LUTs over the
high-altitude Qinghai Lake. In addition to the comparison and validation
efforts in Lake Tahoe, this can provide further evaluations of the satellite-
derived nLw(λ) in the high-altitude Qinghai Lake, which has a much
higher elevation, and is situated deeper into the continent than Lake
Tahoe. Because Qinghai Lake is the highest altitude lake of the world’s



Fig. 2. Satellite-derived and in situ-measured nLw(λ) at locations of (a) In situ-1, (b) In situ-2, (c) In situ-3, and (d) In situ-4.
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major lakes, validation results in combination with the previous Lake
Tahoe study (Wang et al., 2020a) shall provide comprehensive evalua-
tions and evidence of the VIIRS-derived nLw(λ) data quality for global
high-altitude lakes, in particular, the sub-alpine lakes to the alpine lakes
over the Tibetan Plateau. Second, Qinghai Lake has been much less
studied in comparison to other sea-level lakes like Lake Taihu (Wang
et al., 2011). In this study, VIIRS-SNPP-derived water optical properties,
such as nLw(λ) spectra, are characterized and quantified in the period of
2012–2018. The variabilities of these water optical properties are eval-
uated and analyzed. In addition, the Empirical Orthogonal Function
(EOF) analysis is also carried out to further decompose the variations of
the lake properties and it possibly provides the driving forces and pro-
cesses for these variabilities in Qinghai Lake.

2. Satellite-derived nLw(λ) data in Qinghai Lake

2.1. VIIRS nLw(λ) spectra retrievals

As a data continuity mission for MODIS, VIIRS-SNPP provides Earth
observation data for the atmosphere, land, cryosphere, and ocean
(Goldberg et al., 2013). Detailed descriptions about the sensor specifi-
cation, data processing procedure, algorithms, and products related to
satellite ocean color can be found in Wang et al. (2013a).

The TOA radiance Lt(λ) measured by a satellite ocean color sensor like
VIIRS is composed of the TOA Rayleigh radiance Lr(λ) from atmosphere
molecular scattering, La(λ) from the aerosol scattering, and Lw(λ) from the
water body (Gordon and Wang, 1994; IOCCG, 2010; Wang, 2007).
3

Rayleigh radiance Lr(λ) is normally the dominant component of Lt(λ) in
the visible bands, especially for the blue bands (Gordon andWang, 1994;
IOCCG, 2010; Wang, 2007). Thus, it is critical to accurately compute
Rayleigh spectral radiances Lr(λ) for global inland lakes.

In this study, new Rayleigh radiance LUTs (Wang, 2016) were applied
in order to calculate nLw(λ) using the Multi-Sensor Level-1 to Level-2
(MSL12) ocean color data processing system for global waters
including the high-altitude Qinghai Lake. It is noted that MSL12 is
NOAA’s official VIIRS ocean color data processing system (Wang et al.,
2013a,b), which was developed in the late 1990s for satellite data pro-
cessing for multiple ocean color sensors (Wang and Franz, 2000; Wang
et al., 2002). The new and improved Rayleigh radiance computation
accounts for the sensor spectral response function and the variations of
lake surface atmospheric pressure (Wang, 2016). The changes of atmo-
spheric pressure from the standard water surface atmospheric pressure
over Qinghai Lake are included in the TOA Rayleigh radiance estimation.
With the new and improved TOA Rayleigh radiance computations,
VIIRS-derived nLw(λ) over Qinghai Lake are produced from the obser-
vations between 2012 and 2018. VIIRS-SNPP-derived nLw(λ) spectra over
the lake are evaluated and validated using the in situ nLw(λ) data.

2.2. In situ-measured nLw(λ) spectra

During the period between August 23-24, 2014, a field campaign was
conducted in Qinghai Lake to measure the remote sensing reflectance
spectra Rrs(λ). A SVC GER1500 field spectrometer (350–1050 nm with a
spectral resolution of 3 nm) was used to measure the lake surface



Fig. 3. (a) Satellite-derived nLw(λ) vs. in situ nLw(λ) at the various VIIRS spectral
bands and (b) VIIRS-SNPP-derived nLw(λ)/nLw(551) vs. in situ nLw(λ)/nLw(551)
at the various VIIRS spectral bands.

Fig. 4. Satellite-derived/calculated climatology (2012–2018) water properties in
nLw(638), (f) nLw(671), (g) Chl-a(C), and (h) Kd

(C)(490).
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reflectance spectra following the “above water method”. At each sam-
pling station in the campaign, the reflectance spectra of a Labsphere
Spectralon grey panel (Lp(λ)), skylight (Lsky(λ)), and water surface
(Lsw(λ)), were measured on the ship. Then, Rrs(λ) spectra were computed
with the following equation (Lee et al., 2002):

RrsðλÞ¼ LswðλÞ
πLpðλÞ

�
ρpðλÞ

� rskyLskyðλÞ
πLpðλÞ

�
ρpðλÞ

� Δ: (1)

In Eq. (1), rsky can be determined by the Fresnel formula. Δ is a
spectrally constant bias, which can be estimated by using the assumption
that Rrs(λ) near 900 nm is 0 for relatively clear water like Qinghai Lake.

The in situ Rrs(λ) spectra were converted to nLw(λ) spectra in order to
evaluate the performance of VIIRS-derived nLw(λ) spectra over the lake.
The in situ measurements at the 18 stations as shown in Fig. 1 were taken.
Of the 18 in situ measurements (Table 1), eight measurements were
carried out on August 23, 2014, and 10 measurements on August 24,
2014. In addition to in situ Rrs(λ) spectra, suspended particulate matter
(SPM) concentration and SD data were also measured at each station. In
Qinghai Lake, in situ SPM data were ~6–8 mg/L and SD values were
~2–4 m at these stations.

3. Results

3.1. Evaluation of VIIRS-derived nLw(λ)

In the period between August 23-24, 2014, VIIRS measurements on
August 24 were cloud free in Qinghai Lake, while the in situ sites in the
lake were covered by clouds on August 23. To evaluate and validate
satellite nLw(λ) retrievals, we set up a 5�5 box that co-locates with each
in situ data site, and the median value of nLw(λ) in the box is calculated
and then used to compare against the corresponding in situ nLw(λ) data.
Considering the limited in situ measurements and the typically low day-
to-day variability of nLw(λ) for the lake, no time restriction was used for
the VIIRS and in situ nLw(λ) matchup comparison.

Fig. 2 provides some comparison results of nLw(λ) spectra at the in
situ-1 station (Fig. 2a), in situ-2 station (Fig. 2b), in situ-3 station
(Fig. 2c), and in situ-4 station (Fig. 2d). Note that the locations for the in
Qinghai Lake for (a) nLw(410), (b) nLw(443), (c) nLw(486), (d) nLw(551), (e)



Fig. 5. Satellite-derived water properties in Qinghai Lake with different seasons for products of (along the row) nLw(443), nLw(486), nLw(551), nLw(671), Chl-a(C), and
Kd
(C)(490) in the month of (a–f) April, (g–l) July, (m–r) October, and (s–x) December.
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situ-1 to in situ-4 stations are marked in Fig. 1b and the field measure-
ment at the in situ-1 and VIIRS observation were not on the same day.

VIIRS-derived nLw(λ) spectra agree well with in situ measurements
(Fig. 2). Specifically, VIIRS-derived nLw(λ) values are all consistent with
the in situ nLw(λ) for these cases (Fig. 2). It is also noted that nLw(λ)
spectra from both satellite and in situ measurements at these stations
peak in the wavelength range between 470–550 nm. Indeed, waters in
Qinghai Lake are typical productive inland waters. These comparison
results demonstrate that VIIRS-derived nLw(λ) spectra using the new
improved TOA Rayleigh radiance computations over the high-altitude
Qinghai Lake are generally accurate.

Fig. 3 further quantifies the accuracy of VIIRS nLw(λ) at all 18 stations
in Qinghai Lake. For nLw(λ) (wavelengths at 410, 443, 486, 551, 638, and
671 nm), VIIRS-SNPP-derived nLw(λ) values all agree well with the in situ
measurements even though the time difference between the two has been
relaxed. Specifically, mean nLw(λ) ratios of these two nLw(λ) at the various
VIIRS bands are 0.9491, 0.9741, 0.9774, 0.9789, 0.9351, and 0.9376,
respectively. In addition, the corresponding median ratios are 0.9591,
0.9898, 1.0001, 1.0126, 0.9569, and 0.9314, respectively. Figs. 2 and 3
show that nLw(λ) retrievals over Qinghai Lake are of high data quality.
Therefore, the subsequent lake water parameters e.g., chlorophyll-a (Chl-
a) concentration, water diffuse attenuation coefficient at 490 nm,
Kd(490), can be derived with the inputs of the VIIRS-SNPP-derived nLw(λ)
spectra.

The Chl-a concentration in waters can be computed with nLw(λ) ratios
at the blue and green bands, i.e., nLw(551)/nLw(443) or nLw(551)/
nLw(486) (O’Reilly et al., 1998) from satellite observations. Similarly,
Kd(490) can be derived from the radiance ratio of nLw(551)/nLw(443) for
the open ocean and less turbid lake waters (Wang et al., 2009). Recently,
Yu et al. (2019) developed a new algorithm to calculate SPM concen-
tration with the ratios of nLw(λ) at the green, red, and near-infrared (NIR)
wavelengths for all water types (Yu et al., 2019). Considering that many
ocean color products are related to the radiance ratio nLw(λ)/nLw(551),
we further evaluate the performance of this ratio from VIIRS measure-
ments in comparison with those from the in situ data. Fig. 3b shows that
the mean ratios of nLw(λ)/nLw(551) for the VIIRS bands of 443, 486, 638,
5

and 671 nm are 0.9963, 0.9989, 0.9565, and 0.9593, respectively, while
the corresponding median ratios are 1.0035, 0.9976, 0.9520, and
0.9630, respectively.

3.2. Variations of nLw(λ), Chl-a(C), and Kd
(C)(490) in Qinghai Lake

We define the VIIRS-calculated Chl-a and Kd(490) from the input of
nLw(λ) spectra using the ocean color index (OCI) Chl-a algorithm (Hu
et al., 2012; Wang and Son, 2016) and the Kd(490) algorithm (Wang
et al., 2009) as Chl-a(C) and Kd

(C)(490). Because there is a lack of in situ
Chl-a and Kd(490) field data for validating the corresponding
VIIRS-derived products over Qinghai Lake, we focus in this study on the
variations of VIIRS-calculated Chl-a(C) and Kd

(C)(490) over the lake rather
than their true values. Therefore, VIIRS-derived/calculated nLw(λ),
Chl-a(C), and Kd

(C)(490) can be used to study water properties and eval-
uate their seasonal, spatial, and long-term variations over Qinghai Lake.

Most of Qinghai Lake is covered with ice in the months of January,
February, and March, thus the climatology ocean color product maps
from VIIRS-SNPP are derived using the data gathered in April–December
from 2012 to 2018. Fig. 4 provides the climatology imageries of nLw(410)
(Fig. 4a), nLw(443) (Fig. 4b), nLw(486) (Fig. 4c), nLw(551) (Fig. 4d),
nLw(638) (Fig. 4e), and nLw(671) (Fig. 4f), as well as Chl-a(C) (Fig. 4g) and
Kd
(C)(490) (Fig. 4h). It is noted that the climatology values of Chl-a(C) and

Kd
(C)(490) in each pixel are computed as the median values of all the

satellite retrievals from 2012–2018.
Similar to the spectral feature at the in situ stations (Fig. 2), nLw(λ)

peaks at 486 nm (Fig. 4c) and 551 nm (Fig. 4d). Elevated nLw(486) and
nLw(551) can be found in the coastal region, especially in the south-
western bay region with nLw(486) and nLw(551) over ~3 mW cm–2 μm–1

sr–1. In this region, increased nLw(638) (Fig. 4e) and nLw(671) (Fig. 4f)
can also be found. In comparison to the climatology maps of nLw(486)
and nLw(551), the spatial distribution of nLw(412) (Fig. 4a) is generally
uniform in Qinghai Lake.

The climatologymap of Chl-a(C) (Fig. 4g) shows less spatial variability
in the lake. In fact, the climatology Chl-a(C) values range between
~1.6–2.5 mg m�3. This implies that the Chl-a distribution in the lake is



Fig. 6. Satellite-derived/calculated interannual maps of water properties in Qinghai Lake for nLw(443), nLw(486), nLw(551), nLw(671), Chl-a
(C), and Kd

(C)(490) in the
year of (a–f) 2012, (g–l) 2013, (m–r) 2014, (s–x) 2015, (y–dd) 2016, (ee–jj) 2017, and (kk–pp) 2018.
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more or less uniform even though both climatology maps of nLw(443)
(Fig. 4b) and nLw(551) (Fig. 4d) show some notable spatial differences. In
comparison to the climatology map of Chl-a(C), the spatial variability of
the climatology Kd

(C)(490) (Fig. 4h) is also insignificant. For most of
Qinghai Lake, Kd

(C)(490) is ~0.16 m�1. It can reach ~0.20 m�1 in the
southwestern bay region. This also suggests that the SPM concentration
in the southwestern bay region is the highest in the lake.

Seasonal changes of nLw(λ) spectra, Chl-a(C), and Kd
(C)(490) in Qinghai

Lake are shown in Fig. 5. Since most of the lake is covered with ice in the
months of January, February, and March, the seasonal changes of nLw(λ),
Chl-a(C), and Kd

(C)(490) are presented in April (for spring) (Fig. 5a–5f),
July (for summer) (Fig. 5g–5l), October (for autumn) (Fig. 5m–5r), and
December (for winter) (Fig. 5s–5x). For nLw(λ) spectra, they reach their
peaks in July (Fig. 5g–5j) and October (Fig. 5m–5p), while the minimum
nLw(λ) values occur in April (Fig. 5a–5d).

The seasonal patterns of Chl-a(C) and Kd
(C)(490) are obviously different

from those of nLw(λ). Specifically, the highest Chl-a(C) occurs in December
(Fig. 5w) and the lowest in April (Fig. 5e). In comparison to the less
significant seasonal change of Chl-a(C) in Qinghai Lake, Kd

(C)(490) shows
notable seasonal variations. Kd

(C)(490) peaks in December with values
over ~0.25–0.30 m�1 (Fig. 5x). The minimal Kd

(C)(490) occurs in April
(Fig. 5l) with values of ~0.1–0.15 m�1 in most of the lake.
6

Fig. 6 shows the interannual variations of nLw(λ) at the VIIRS bands of
443, 486, 551, and 671 nm, as well as Chl-a(C) and Kd

(C)(490) from VIIRS
observations from 2012–2018. In general, moderately enhanced nLw(λ)
can be found in the years of 2012, 2013, and 2018. This is especially true
for nLw(486) (Fig. 6b, 6h, 6n, 6t, and 6ll). However, nLw(551) in these
seven years do not show wide temporal changes (Fig. 6c, 6i, 6o, 6u, 6aa,
6gg, and 6mm). Both Chl-a(C) (Fig. 6e, 6k, 6q, 6w, 6cc, 6ii, and 6oo) and
Kd
(C)(490) (Fig. 6f, 6l, 6r, 6x, 6dd, 6jj, and 6pp) had notable interannual

variations between 2012–2018. For Chl-a(C), the peak occurred in 2015
(Fig. 6w), and the minimum values were in 2013 (Fig. 6k). The highest
Kd
(C)(490) was observed in 2015 (Fig. 6x) and the lowest was in 2013

(Fig. 6l). These results show that the interannual variation of Chl-a in
Qinghai Lake is mostly in phase with that of Kd

(C)(490).
Seasonal and interannual variations in nLw(λ) spectra for Qinghai

Lake are evaluated (Fig. 7). The seasonal change in nLw(λ) spectra in the
lake is significant (Fig. 7a). All of the seasonal nLw(λ) spectra peak at 486
nm. Specifically, all nLw(λ) values reach the highest in July and the lowest
in April. In July, nLw(486) reaches ~2.5 mW cm–2 μm–1 sr–1 (Fig. 7a),
while in April nLw(486) is ~1.5 mW cm–2 μm–1 sr–1. The nLw(λ) spectrum
in the month of October is similar to the climatology spectrum. However,
the interannual differences in nLw(λ) over Qinghai Lake (Fig. 7b) are
smaller than the seasonal nLw(λ) variations. VIIRS-derived nLw(486) data



Fig. 7. Satellite-derived nLw(λ) spectra in Qinghai Lake for (a) the climatology
(2012–2018) and monthly means in April, July, October, and December, and (b)
annual means from 2012 to 2018.
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show the largest interannual variability. As shown in the nLw(λ) maps
between 2012–2018 (Fig. 6), nLw(λ) spectra were the highest in 2012 and
2013, while the lowest nLw(λ) spectra occurred in 2015 and 2016.

Fig. 8 further shows the characterization results of the seasonal nLw(λ)
spectra at the different lake locations of Station 1 (Fig. 8a), Station 2
(Fig. 8b), Station 3 (Fig. 8c), and Station 4 (Fig. 8d). The locations of
pseudo (or assigned) Stations 1–4 in the lake are noted in Fig. 1b. Except
for Station 2, VIIRS-derived nLw(λ) spectra in the other three stations are
similar in nLw(λ) magnitudes, their spectral shapes, and seasonal varia-
tions. At these three stations, nLw(λ) peaks at 486 nm and in the month of
July. The lowest nLw(λ) values in the three stations are found in April. At
Station 2, the seasonal change of nLw(λ) spectra is significant (Fig. 8b). The
peak of the nLw(λ) spectrum occurs at 551 nm in July. In contrast, the peak
of the lowest nLw(λ) spectrum occurs at 486 nm in December (Fig. 8b).
Note that the magnitude of nLw(λ) spectra at Station 2 are overall higher
than those in the other three stations with the peak nLw(551) at ~4.0 mW
cm–2 μm–1 sr–1 in July (Fig. 8b). At Stations 1, 3, and 4, however, the
maximum nLw(486) value is only ~2.5 mW cm–2 μm–1 sr–1 in July.

Fig. 9 details the temporal changes of nLw(λ), Chl-a(C), and Kd
(C)(490)

for the entire Qinghai Lake. In the period between 2012–2018, nLw(λ)
show clear seasonality (Fig. 9a) as well as interannual variability. The
variations of all nLw(λ) at different wavelengths are in phase with each
other (Fig. 9a). As identified in Figs. 5 and 7a, nLw(λ) reached the peak
amount in summer and lowest in early spring. On the other hand, the
interannual variations of nLw(λ) in Fig. 7b also show that nLw(λ) were
high in 2012 and 2013 and low in 2015 and 2016. The result agrees with
the nLw(λ) maps in the corresponding years in Fig. 6.
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The time series of Chl-a(C) for the entire lake between 2012–2018 is
shown in Fig. 9b. As observed in the maps of Chl-a(C) (Fig. 5), seasonal
variability for Chl-a(C) shows two peaks in June and December. The
interannual changes of Chl-a(C) showed anomalous Chl-a(C) values in
April, May, and June of 2016. The highest Chl-a(C) in 2012–2018 was
found in 2015 even though anomalous Chl-a(C) indeed occurred in the
spring of 2016. This agrees with the Chl-a(C) maps in 2015 (Fig. 6w). In
comparison to Chl-a(C), significant seasonal variation of Kd

(C)(490) can be
observed ranging between ~0.1–0.3 m�1. The seasonal and interannual
variabilities in Kd

(C)(490) are similar with those of Chl-a(C). Two peaks of
Kd
(C)(490) were also observed in June and December, and the lowest

Kd
(C)(490) in April.
Fig. 10a–10d further characterize and quantify nLw(λ) at the VIIRS

bands of 443, 551, and 671 nm for the four stations in the lake. nLw(λ)
spectra at Station 1 (Fig. 10a), Station 3 (Fig. 10c), and Station 4
(Fig. 10d) are similar in terms of nLw(λ) magnitudes and their variability.
In addition, nLw(λ) at 443, 551, and 671 nm for these three stations
change in phase with each other in the period between 2012–2018. At
Station 1, values of nLw(443) and nLw(551) are close to each other
(Fig. 10a). However, nLw(443) were much lower than nLw(551) in the
summer season at Station 3.

VIIRS-measured nLw(λ) spectra at Station 2 (Fig. 10b) show typical
optical features of coastal and inland waters with enhanced nLw(λ) at the
wavelengths of 551 and 671 nm. Indeed, nLw(551) reached ~5 mW cm–2

μm–1 sr–1 in the summer of 2018. In comparison to the other three sta-
tions, more interannual variability can be observed at this station. The
time series of nLw(λ) at this station shows that the lake water was less
turbid with depressed nLw(λ) in the summer of 2015 and 2016. On the
other hand, the peak nLw(551) was ~4 mW cm–2 μm–1 sr–1 in the sum-
mers of 2015 and 2016.

Same as results for Chl-a(C) from the entire lake in Fig. 9b, temporal
(seasonal and interannual) variability can be found for Chl-a(C) at all four
stations (Fig. 10e). In fact, satellite-derived temporal variations in Chl-
a(C) at Stations 1, 3, and 4 are generally in phase with each other and
follow the Chl-a(C) variation for the entire lake. However, the temporal
variation of Chl-a(C) at Station 2 is not the same as those at the other
stations. Specifically, Chl-a(C) normally peaks in June and then continu-
ously drops until December at Station 2. In contrast, Chl-a(C) is found to
moderately increase from August to December at Stations 1, 3, and 4 for
most of the years, even though Chl-a(C) indeed peaks in June at these
stations.

VIIRS-derived Kd
(C)(490) also show the largest seasonal and interan-

nual changes ranging from 0.1 to 0.5 m–1 at Station 2 (Fig. 10f), while
seasonal and interannual changes at Stations 1, 3, and 4 (Fig. 10f) were
less significant and similar to that of the entire Qinghai Lake (Fig. 9c). In
addition, the variation in Kd

(C)(490) is not always in phase with the
changes at the other three stations. As an example, Kd

(C)(490) peaked in
the summer months in 2013 and 2016 at Station 2. However, no corre-
sponding peaks were found at the other stations. This suggests that the
driving force for Kd

(C)(490) changes at Station 2 might not be the same as
that in the other parts of the lake.

3.3. The EOF analyses for Chl-a(C) and Kd
(C)(490)

The climatology, seasonal, and international variability data can only
provide a static situation for the changes of VIIRS retrievals. Thus, the
EOF analyses were conducted with Chl-a(C) and Kd

(C)(490) in the lake in
order to decompose the spatial and temporal variabilities for these two
parameters, and further analyze the variability to identify the dynamic
processes.

In the EOF analysis, the pixelwise variances of Chl-a(C) and
Kd
(C)(490) are first computed after removing the mean values. Next, the

spatial variability and the time series variation for the dominant EOF
modes are generated and analyzed. Finally, the contribution of each
EOF mode to the total variance for the two products in Qinghai Lake is
quantified.



Fig. 8. Satellite-derived nLw(λ) spectra in Qinghai Lake for the climatology (2012–2018) and monthly means in April, July, October, and December at the location of
(a) Station 1, (b) Station 2, (c) Station 3, and (d) Station 4.
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Fig. 11 shows the spatial distributions of the first (Fig. 11a) and
second (Fig. 11b) EOF modes of Chl-a(C). The corresponding temporal
changes in 2012–2018 were also computed in Fig. 12a. The first and
second modes contribute ~79.1% and ~6.2% of the total variance in
Qinghai Lake, respectively. The spatial map of the first mode is generally
uniform at ~ þ0.3 for most of Qinghai Lake (Fig. 11a). In fact, the time
series of the first mode (Fig. 12a) suggests that this mode is dominated by
the interannual variability. This temporal variation in the first Chl-a(C)

EOF mode was significant in the period of 2012–2016. However, the
magnitude was small in the period of 2017–2018.

The values of the spatial pattern in the second Chl-a(C) EOF mode
(Fig. 11b) in Qinghai Lake show clear spatial variations. Values are
positive in the coastal region of the lake, especially in the western bay
regions, while they are slightly positive for most of Qinghai Lake. How-
ever, negative values occur in the region of the southern Qinghai Lake.
This indicates that the change of Chl-a(C) in the coast does not follow the
change in the central lake for this mode. The temporal variation of the
second mode (Fig. 12a) shows the seasonal change with positive gener-
ally in the summer season and negative between late autumn and spring
seasons. The combination of the spatial map and temporal variation for
this mode suggests that this mode leads to enhanced Chl-a(C) in the
summer and decreased Chl-a(C) in the period of late autumn and spring in
coastal regions such as in the western bay. In the central lake, this mode
contributes to the drop of Chl-a(C) from the early summer.

The spatial patterns of the first (Fig. 11c) and second (Fig. 11d)
Kd
(C)(490) EOFmodes are shown in Fig. 11. The corresponding time series
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are shown in Fig. 12b. The first and second EOF modes contribute
~31.5% and ~14.0% total variance of Kd

(C)(490) in Qinghai Lake,
respectively. Thus, the first mode is the dominant contributor that con-
trols the Kd

(C)(490) dynamics in the lake.
The spatial pattern of the first mode is also relatively uniform for

Qinghai Lake. High values can be found in the coast of the northern
Qinghai Lake (Fig. 11c). The temporal variation for the mode shows that
this mode represents the interannual variation in Qinghai Lake. The mode
peaks that occurred in October 2012 and June 2016 (Fig. 12b) for the first
Kd
(C)(490) mode are consistent with Kd

(C)(490) peaks in Fig. 9c for the entire
lake and in Fig. 10f in the central lake. Themode spatial map and temporal
variation show that the first mode is responsible for the interannual var-
iations of Kd

(C)(490). On the other hand, the second EOF mode in Kd
(C)(490)

shows apparent seasonal variation (Fig. 12b) with peaks in the late spring
and troughs in the late autumn. Fig. 11d also shows that Kd

(C)(490) mag-
nitudes are positive for most of Qinghai Lake. This suggests that the sea-
sonal changes ofKd

(C)(490) in the lake are in the same phase. It is also noted
thatKd

(C)(490)magnitudes are the highest in the western bay region. This is
consistent with the seasonal variation of Kd

(C)(490) in a variety of lake
regions (Fig. 10f) and Kd

(C)(490) at Station 2 in the western bay area has the
highest seasonal variability (Fig. 10f) in Qinghai Lake.

4. Discussions and conclusion

Located at ~3260 m elevation in the Tibetan Plateau, Qinghai Lake in
China has been rarely investigated using satellite remote sensing data in



Fig. 9. Satellite-derived temporal variations of water optical properties in the
entire Qinghai Lake from 2012–2018 for (a) nLw(λ) at 412, 443, 486, 551, 638,
and 671 nm, (b) Chl-a(C), and (c) Kd

(C)(490). Note that there are no retrievals in
the months of January, February, and March.
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terms of lake water properties. In this study, VIIRS-SNPP-derived nLw(λ)
spectra, Chl-a(C), and Kd

(C)(490) data in the period of 2012‒2018 are used
to evaluate water properties over Qinghai Lake. Climatology and seasonal
nLw(λ), Chl-a(C), and Kd

(C)(490) are computed from VIIRS observations for
the entire lake. The nLw(λ) retrievals for the various locations in Qinghai
Lake are characterized and quantified. For nLw(λ) spectra, we found sig-
nificant seasonal changes in nLw(486) and nLw(551). The highest nLw(λ) at
these two bands are usually above ~2.5 and ~2.3 mW cm–2 μm–1 sr–1,
respectively, in the summer (July), while they are below ~1.5 and ~1.2
mW cm–2 μm–1 sr–1, respectively, in the spring (April) for the entire lake.

There are several studies recently to investigate water clarity,
turbidity, and primary production in Qinghai Lake and other lakes in the
9

Tibetan Plateau from MODIS and VIIRS measurements (Liu et al., 2017;
Mi et al., 2019; Feng et al., 2019;Wang et al., 2020b). However, results in
these studies show that satellite-derived nLw(λ) spectra are usually
consistently underestimated in the Tibetan Plateau lakes, which is likely
due to the issue of the TOA Rayleigh radiance computations in
high-altitude lakes (Wang, 2016; Wang et al., 2020a). Consequently,
other satellite-derived water quality products, such as SD, Chl-a, etc.,
may be unreliable. Indeed, comparison of MODIS-derived and in
situ-measured Rrs(λ) spectra shows that MODIS Rrs(λ) data at the blue to
green bands are ~10–20% consistently biased lower than those from the
in situ data in Qinghai Lake (Feng et al., 2019).

In comparison, VIIRS-derived nLw(λ) spectra in this study match quite
well with the in situ-measurements. In fact, ratios of the VIIRS-derived
and in situ-measured nLw(λ) are close to 1.0 at the blue and green
bands (e.g., median ratio of 0.990 for nLw(λ) at 443 nm). This is the first
study to provide accurate nLw(λ) retrievals in Qinghai Lake, accurately
accounting for the effect of high-altitude lakes in the satellite data pro-
cessing in the Tibetan Plateau. Furthermore, these VIIRS-derived nLw(λ)
spectra are used to quantify and characterize water optical, biological,
and biogeochemical variability in Qinghai Lake. Thus, VIIRS-measured
nLw(λ) spectra from this study can provide a reference and baseline in
order to further develop satellite water property algorithms (i.e., algo-
rithms for biological and biogeochemical products) in Qinghai Lake and
the other Tibetan Plateau lakes.

It is noted that VIIRS-calculated Chl-a(C) is used to study variability of
water biological property in Qinghai Lake. Chl-a(C) is calculated with
VIIRS-derived nLw(λ) spectra in the blue and green bands. Since nLw(λ)
spectra are determined by the water inherent optical properties (IOPs)
such as amounts of algae, color dissolved organic matter (CDOM), sedi-
ment, etc., satellite-derived Chl-a(C) might be less accurate in the complex
waters like inland lakes. In Qinghai Lake, however, the trend of Chl-a(C) is
the same as from the other study (Feng et al., 2019) using the normalized
fluorescence line height (nFLH) (Behrenfeld et al., 2009) and algal bloom
index (ABI) (Hu and Feng, 2017). This suggests that VIIRS-calculated
Chl-a(C) can indeed be used to evaluate Chl-a variation and trend in
Qinghai Lake. It is particularly noted that nFLH, ABI, and Chl-a(C) are
three different data sets derived from satellite measurements. They all
captured the same phytoplankton biomass trend and particularly the
2016 Chl-a anomaly in Qinghai Lake. The seasonal and interannual
variability of Chl-a(C) in this study reflect the variability of real Chl-a in
Qinghai Lake from 2012–2018.

Both the interannual and seasonal Chl-a(C) and Kd
(C)(490) variability in

Qinghai Lake are also observed from VIIRS measurements. The lowest
Chl-a(C) and Kd

(C)(490) occur in April, and the year 2015 was found to
have the highest Chl-a(C) and Kd

(C)(490) values in Qinghai Lake between
2012–2018, while the lowest Chl-a(C) and Kd

(C)(490) were found in 2013.
The EOF analysis shows that the first mode represents the interannual
Chl-a(C) variability, accounting for ~79.1% of the total Chl-a(C) variance.
The second mode represents the seasonal Chl-a(C) variability, accounting
for ~6.1% of the total Chl-a(C) variance. For the second Chl-a(C) EOF
mode, the spatial variability is notable, showing high seasonal variability
in the western coastal region and low seasonal changes at the central lake
station. The first and second EOFmodes of Kd

(C)(490) account for ~31.5%
and ~14.0% of the total Kd

(C)(490) variance, respectively. In particular,
the seasonal variability in Kd

(C)(490) is less significant than that of the
interannual variability.

There are quite a lot of inland lakes in the Tibetan Plateau. Many lakes
over the Tibetan Plateau are highly related to the glaciers and conse-
quently are significantly affected by global warming. These high-altitude
lakes are rarely investigated due to their vast area, remote locations,
often inclement environments, and logistical difficulties to conduct a
field survey. In this study, we show that satellite ocean color remote
sensing technology can provide long-term routine observations for global
inland lakes including those over the Tibetan Plateau. With future in situ
measurements of water optical, biological, and biogeochemical param-
eters, regional-tuned algorithms (e.g., Chl-a, Kd(490), SD, SPM, IOPs) can



Fig. 10. Satellite-derived temporal variations of nLw(λ) at 443, 551, and 671 nm from 2012–2018 at the location of (a) Station 1, (b) Station 2, (c) Station 3, and (d)
Station 4. Temporal variations at Stations 1–4 are also shown for (e) Chl-a(C) and (f) Kd

(C)(490).
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Fig. 11. Maps of the first and second EOF modes in Qinghai Lake for (a and b)
Chl-a(C) and (c and d) Kd

(C)(490).

Fig. 12. Time series of the first and second EOF modes for (a) Chl-a(C) and
(b) Kd

(C)(490).
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be developed, evaluated, validated, and eventually applied to satellite
ocean color observations. Therefore, satellite ocean color remote sensing
not only can provide water property products, but also be used as
effective and efficient tools to study these remote high-altitude lakes,
monitor their short-term environmental changes, evaluate the long-term
variability, and assess the trends of lake environmental changes.
11
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