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High natural nitric oxide emissions from lakes 
on Tibetan Plateau under rapid warming

Hao Kong1, Jintai Lin    1 , Yuhang Zhang1, Chunjin Li    1, Chenghao Xu    1, 
Lu Shen    1, Xuejun Liu    2, Kun Yang    3,4, Hang Su    5,6 & Wanyun Xu    7

Nitrogen oxides affect health and climate. Their emissions, in the form 
of nitric oxide, from inland waters such as lakes are generally considered 
negligible and are absent in air quality and climate models. Here we find 
unexpected high emissions of nitric oxide from remote lakes on the Tibetan 
Plateau, based on satellite observations of tropospheric nitrogen dioxide 
vertical column densities and subsequent emission inversion at a fine 
resolution of 5 km. The total emissions from 135 lakes larger than 50 km2 
reach 1.9 metric tons N h−1, comparable to anthropogenic emissions in 
individual megacities worldwide or the Tibet Autonomous Region. On 
average, the emissions per unit area reach 63.4 μg N m−2 h−1, exceeding those 
from crop fields. Such strong natural emissions from inland waters have not 
been reported, to the best of our knowledge. The emissions are derived from 
microbial processes in association with substantial warming and melting of 
glacier and permafrost on the plateau, constituting a previously unknown 
feedback between climate, lake ecology and nitrogen emissions.

Nitrogen oxides (NOx = NO + NO2) are important tropospheric con-
stituents affecting human health, climate and ecosystems. NOx  
are emitted mainly in the form of nitric oxide (NO), with the major-
ity of NO quickly converted to nitrogen dioxide (NO2) in the atmos-
phere through chemical reactions. Known major emission sources 
of NO include combustion, lightning and microbial processes.  
In water, NO is produced by nitrite photolysis1 and microbial  
activities2,3, often together with production of nitrous oxide (N2O) 
(refs. 2,3). Emissions of NO from water into the atmosphere are  
generally thought to be trivial, especially in remote regions with 
few local human influences such as the Tibetan Plateau (TP). Yet,  
here we show unexpected high NO emissions from the TP lakes, 
which are potentially linked to amplified warming over the TP4,5 and 
its unique ecological environment, based on satellite retrieval of 

tropospheric NO2 vertical column densities (VCDs) and subsequent 
emission estimate.

NO emissions from water have traditionally been considered 
unimportant for several reasons. Although nitrite photolysis can 
lead to generation of NO in surface seawater1, the generated NO can 
be quickly consumed before being emitted into the atmosphere1. 
Microbial activities can also result in NO emissions through the nitri-
fication–denitrification processes. However, laboratory studies6 and 
in situ measurements1,7,8 have shown N2O to be a much more important 
water-sourced product than NO. The anaerobic ammonium oxidation 
(that is, anammox) process is another important microbial pathway 
for nitrogen loss in water under anaerobic conditions, as has been 
widely exploited in wastewater treatment6,9. The anammox process 
can lead to emissions of NO but not N2O, since N2O-forming genes are 
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as detailed in Methods. Our results reveal high NO emissions over the 
TP lakes from microbial processes under rapid warming.

Strong signal of NO2 VCDs over lakes
Figure 1a shows the POMINO-TROPOMI NO2 VCD data in summer ( June, 
July and August) 2019 over the TP on a 0.05° × 0.05° grid. The NO2 VCDs 
are relatively low in most areas due to small anthropogenic influences. 
However, NO2 hotspots exist over a few cities (for example, Lhasa, the 
Capital City of Tibet) and many lakes. The lakes on the southern TP show 
the most notable NO2 hotspots. The highest value over the Ngangla 
Ringco lake reaches 4.1 × 1015 molecules cm−2, comparable to those 
over the polluted regions in eastern China21.

Considering the horizontal resolution of satellite data, our analysis 
is focused on the lakes with area larger than 50 km2. To select the lakes 
away from human influences, we remove those within a distance of 
20 km of which the average nighttime light brightness22 exceeds 3 bits 
and/or the average population density23 exceeds 10 km−2. In total, we 
select 135 lakes that together occupy more than 60% of the total lake 
area on the TP. About 66% of these selected lakes are located between 
4.5 km and 5.0 km above sea level, where the severest degradation of 
glaciers and permafrost occurs24. The population density within 20 km 
of a lake is lower than 1.5 km−2 for 84% of these lakes.

Each of the 135 lakes occupies multiple grid cells. The average 
NO2 VCD over each lake varies from 0.49 × 1015 to 1.43 × 1015 mol-
ecules cm−2 with a 135-lake average of 0.81 × 1015 molecules cm−2. 
The NO2 levels over the lakes tend to be higher than over their sur-
roundings within a distance of 20 km, especially for those over the 
southern TP—their NO2 values exceed the surroundings by 31.2% on 
average, with the difference larger than the relative error of satel-
lite data (about 20% in low-aerosol situations20). The NO2 contrast 
is particularly evident along the geographical boundaries of sev-
eral large lakes (Fig. 1a). To test the statistical significance of the 
NO2 differences between the 135 lakes and their surroundings, we 
apply two-sample two-tailed t-test to each lake on the basis of NO2 
data at individual grid cells. There are 120 lakes (89%) with higher 
mean NO2 VCDs than their surroundings; and for 111 lakes, NO2 VCDs 
over lakes exceed their surroundings with P value less than 0.01  
(Supplementary Data).

To further evaluate the lake NO2 signals, Supplementary Data 
shows the spatial peak signal-to-noise ratio (PSNR) for each lake:

PSNR = max (VCDlake) −mean(VCDsur)
std(VCDsur)

Here VCDlake stands for NO2 VCDs at the 0.05° × 0.05° grid cells covering 
a given lake; and VCDsur stands for NO2 at the non-lake grid cells within 
20 km of that lake. On average among the 135 lakes, the standard devi-
ation of NO2 VCDs for the surroundings (std(VCDsur)) is about 28% of 
mean(VCDsur), which is larger than the relative error of retrieved VCDs 
(about 20%) (ref. 20). Among the 120 lakes with mean(VCDlake)  
> mean(VCDsur), 95% show PSNR values larger than 1.

Our additional tests suggest that the high NO2 signals over the 
lakes are not caused by satellite retrieval errors associated with sur-
face reflectance. We scale surface reflectance over the lakes by half 
or two times, and follow the POMINO-TROPOMI retrieval process to 
re-derive the NO2 VCDs for July 2019. As detailed in Extended Data  
Fig. 1, changing the surface reflectance does not lead to substantial 
changes in NO2 VCDs over the lakes. Also, no major changes are found 
in PSNR (Supplementary Data). The lake NO2 signals are also not a result 
of satellite retrieval errors associated with clouds, aerosols and a priori 
NO2 vertical profiles, as discussed in Methods. Thus, the robustness of 
the relative difference between the lakes and their surroundings is not 
sensitive to the NO2 retrieval error.

We further examine the seasonality of NO2 VCDs over the 135 lakes 
(Fig. 1b) from July 2018 to October 2020 to explore their sources. It 

absent from such bacteria3. Yet, the role of anammox in NO emissions 
from inland waters remains little known. So far, most studies of nitro-
gen emissions from water are focused on N2O (ref. 10); and NO emis-
sions from water are not represented in air quality models and Earth  
system models11,12.

The TP is known as the ‘Third Pole’ and ‘Asian Water Tower’ supply-
ing water resources for almost 2 billion people. It contains thousands 
of lakes that together contribute more than half of the total lake area 
in China13. Most of the TP lakes are located in remote regions away  
from human activities and are very sensitive to climate change13,14. 
Most TP lakes are closed15 with no water outflow, and the lake water 
environments are basically alkaline15 and saline10,15. Due to amplified 
warming (about 0.40 °C dec−1 in summer)4 and melting of permafrost 
and glaciers16,17 on the TP, the number and volume of its lakes are  
growing18,19 and the ice-free periods of large lakes are getting longer. 
In situ flux measurements of N2O and other greenhouse gases from 
the TP lakes10 have suggested potential positive feedbacks between  
greenhouse gas emissions and climate warming. However, 
in situ measurements of NO emissions from the TP lakes have been 
excluded in part because of the traditional view that such emissions  
are negligible6.

In this Article, we quantify summertime NO emissions from the TP 
lakes at a high resolution of 0.05° × 0.05° (approximately 5 km × 5 km), 
by employing the POMINO-TROPOMI satellite product20 for tropo-
spheric NO2 VCDs and the PHLET algorithm21 for emission inversion, 
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Fig. 1 | High NO2 signals over TP lakes. a, POMINO-TROPOMI NO2 VCDs at 
0.05° × 0.05° over the TP. The 135 lakes selected in our study are outlined with 
black lines, with the area within a distance of 20 km of each lake outlined with 
thinner lines. The high mountains within 20 km of each lake with the mountain–
lake elevation difference exceeding 500 m are shown in shadow. Sichuan, 
Qinghai, Xinjiang, Tibet and Lhasa City are depicted. The location of TP in Asia is 
shown in the inlet. b, Monthly mean NO2 VCDs over the 135 lakes from July 2018 to 
October 2020 based on POMINO-TROPOMI20 and the official product35. The error 
bars (± 1-σ, one standard error) denote the average error among the 2,116 grid 
cells covering the 135 lakes; the VCD error of each grid cell is estimated following 
ref. 21. The elevation data are from the GLOBE project36 (last access 26 May 2020). 
The location and shape data of lakes are from the HydroLAKES database37  
(last access 1 December 2021).
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exhibits a strong seasonal cycle, with the summer peak value about 
twice the winter minimum. Similar seasonality is shown in the official 
NO2 product by KNMI. The seasonal cycle suggests natural, micro-
bial sources25 that peak in summer. On the contrary, anthropogenic 
sources would have led to the opposite summer–winter NO2 contrast 
due to a much longer lifetime and higher emissions (for example, from  
heating) in winter.

Substantial NO emissions from lakes
Figure 2a shows NO emissions over the 135 lakes and their sur-
roundings derived on the basis of a modified version of our PHLET 
algorithm (Methods). More detailed information for emissions and 
uncertainties is presented in Supplementary Data for all lakes and 
in Fig. 2b for the top ten emitting lakes. Emission uncertainties are 
caused by errors in satellite data and emission inversion21, and are 
expressed as one standard deviation here. Of the 135 lakes, the high-
est emission on a per unit area basis occurs over Ngangla Ringco with 
a value as high as 174.1 ± 19.0 μg N m−2 h−1. The emission per unit area 
exceeds 100 μg N m−2 h−1 for 12 lakes and exceeds 50 μg N m−2 h−1 for 
52 lakes. Averaged over all lakes, the emission per unit area is about 
63.4 μg N m−2 h−1. These values are higher than annual averages from 
Chinese crop fields (6.5–21 μg N m−2 h−1) (ref. 26).

Together, the 135 lakes emit NO at a level of 1.89 ± 0.54 metric 
tons N h−1, which are more than three times of anthropogenic emis-
sions (0.60 ± 0.17 tons N h−1) in Lhasa21 and are similar to anthropo-
genic emissions of Tibet Autonomous Region in the inventories (MEIC: 
1.85 tons N h−1 in summer 2017; PKU-NOx: 1.71 tons N h−1 in summer 2014) 
(refs. 27,28). The total lake emissions are comparable to anthropogenic 
emissions in the megacities worldwide, such as Beijing (7.8 tons N h−1) 
(ref. 21), New York City (3.0 tons N h−1) (ref. 29), Paris (0.3 tons N h−1) 
(ref. 29) and London (1.7 tons N h−1) (ref. 29).

Five of the top ten emitting lakes are located to the north of the 
Gangdisi Range (GR) and between the Tangula Range (TR) and the Nyain-
qentanglha Range (NR) (Fig. 2a). The other five lakes are in the birth 
regions of the Indus River (IR), the Yangtze River (YZR) and the Yellow  
River (YR), or close to the Kunlun Range (KR) and the Arkin Range (AR). 
The locations of these ten lakes match those experiencing growth in 
area over the past decades30 associated with rapid warming over the 
TP4. The emission from Qinghai Lake alone (0.24 ± 0.027 tons N h−1) 
is equivalent to that from a coal-fired power plant with capacity of 
400–450 MW (ref. 31).

We compare the NO emissions with available in-situ measure-
ments of N2O fluxes for 11 lakes in 2014 and 2015 from May to August10. 
The NO emissions are about 10 times of N2O averaged over the 11 lakes 
(Supplementary Data). The NO emissions in Ta-tse (denoted as Dogze 
Co in ref. 10; matched by location) are more than 70 times the N2O 
emissions. These results are in contrast to previous studies suggesting 
much larger emissions of N2O than NO over the oceans, inland waters 
and wetlands1,7,8.

The high NO emissions from these TP lakes are linked to the 
unique, rapidly changing environment on the plateau affecting lake 
microbial activities. The TP is experiencing rapid warming4, melting 
of permafrost and glaciers, growth in lake number and volume, and 
enhancement in nitrogen nutrition delivery into the lake water32. 
Most TP lakes are closed, saline and alkaline, and their surface waters 
contain low concentrations of chlorophyll-a and fluorescent dis-
solved organic matter15. Both nitrification–denitrification bacteria 
and anammox bacteria exist in these lakes33. Meanwhile, the emitted 
NO from the TP lakes will further affect the climate and ecosystems. 
For example, the lake-emitted NO may lead to effective production 
of ozone, which in turn enhances warming. The lake NO emissions 
may also enhance nitrogen deposition to the regional ecosystems. In 
fact, increasing deposition of oxidized nitrogen has been observed 
in several regions of the TP34. This suggests important feedbacks 

between climate change, lake ecology and nitrogen emissions not  
recognized before.

Given the high emissions of NO from the TP lakes revealed from 
space, we call for in situ measurements of NO fluxes and laboratory 
experiments to obtain further evidence of such emissions and their 
exact microbial mechanisms and processes. Inclusion of such emis-
sion processes in the models is needed to investigate the potential 
feedback of lake NO emissions to the climate system. The high NO 
emissions might also occur over other lakes and inland waters world-
wide, through similar or different microbial mechanisms. Future 
investigation will be important for understanding the ecological and 
environmental changes over these little-known, vital regions under 
rapid climate change. Further, our study also points to the value 
of high-resolution satellite remote sensing and emission inversion 
method in quantitatively detecting environmental changes over 
remote regions to provide a full picture of how the Earth environment 
evolves under human influence and natural variability.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41561-023-01200-8.
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Methods
Satellite NO2 VCDs
The TROPOMI sensor offers unprecedented high-resolution moni-
toring of NO2 with a pixel size of 3.5 km × 5.5 km at nadir view. The 
POMINO-TROPOMI product of tropospheric NO2 VCDs (ref. 20) is 
an improved regional research product upon the official product by 
KNMI35. POMINO-TROPOMI covers most of East Asia, South Asia and 
Southeast Asia. The POMINO algorithm re-calculates air mass factors 
to convert tropospheric slant column densities (taken from the offi-
cial product) to VCDs20,38,39, with the consideration that the air mass 
factor calculation is the dominant error source for tropospheric NO2 
retrieval. Compared with the official product, the POMINO-TROPOMI 
algorithm explicitly accounts for the effects of aerosols and surface 
reflectance anisotropy, and uses a priori NO2 vertical profile data at a 
higher horizontal resolution (25 km versus 100 km) (refs. 20,38–40). 
Thus, it reduces the bias against ground-based MAX-DOAS measure-
ments and has more valid data points especially in heavy pollution 
situations20,21. The POMINO products have been widely used to study 
air pollution, NO emissions and nitrogen deposition21,41. We adopt the 
Level-2 POMINO-TROPOMI NO2 data for June, July and August 2019 and 
map them on a 0.05° × 0.05° grid.

We conducted additional tests to investigate the extent to which 
the high NO2 VCD signals from the TP lakes can be affected by potential 
errors in the satellite retrieval process. Major factors affecting the NO2 
retrieval include prerequisite cloud retrieval, aerosols, a priori profiles 
of NO2 and surface reflectance38. Following common practice, we have 
filtered out the satellite pixels with cloud radiance fraction (CRF) larger 
than 0.5 to reduce cloud contamination. The distribution of CRF from 
valid pixels shows no systemic differences between the lakes and their 
nearby regions (Extended Data Fig. 2), suggesting that potential errors 
in clouds, if any, should not have led to the lake-specific high NO2 VCD 
signals. Aerosol loadings are generally small over the TP lakes (see 
aerosol optical depth in Extended Data Fig. 3)20,42, and thus should 
not affect the NO2 retrieval over these areas substantially. The a priori 
profiles of NO2 are adopted from GEOS-Chem simulations40, for which 
we find no reasons to lead to arbitrary, lake-specific high NO2 signals. 
To test the effect of surface reflectance on NO2 retrieval, we halve or 
double the surface reflectance over the lakes and find no substantial 
impacts on the retrieved NO2 VCDs.

NO emission inversion
To estimate NO emissions from the lakes, we adopt our PHLET-based 
emission inversion algorithm21. PHLET is a two-dimensional (lon-
gitude and latitude) model describing the relation between NO 
emissions and NO2 VCDs averaged over a period ( June, July, August 
2019 here). It accounts for non-linear chemistry, temporal average 
advection and ‘effective’ diffusion of NO2 due to deviation of winds 
from their temporal average. Together with its adjoint, the PHLET 
model offers efficient, robust inversion of NO emissions from NO2 
VCDs at a high resolution (0.05° × 0.05°). By default, PHLET uses 
wind fields in the lower troposphere (0–500 m above the ground, 
where surface-sourced NOx is concentrated) to simulate horizontal 
transport of NO2. The wind data are taken from the assimilated mete-
orological dataset GEOS-FP43 at a horizontal resolution of 0.3125° 
longitude × 0.25° latitude and a temporal resolution of 3 h. Emission 
errors caused by uncertainties in the satellite NO2 data and in the indi-
vidual steps of emission inversion are discussed step by step in our  
previous work21.

We further modify the emission retrieval algorithm to accommo-
date the special topography surrounding the TP lakes. These lakes are 
often located in valleys surrounded by mountains, where the elevation 
drops typically exceed 500 m (Fig. 1a) within a small horizontal distance 
(<20 km), according to the GLOBE Elevation Data36. Thus, horizontal 
transport of near-surface NO2 is rather small. However, the available 
wind data do not have a sufficiently high resolution to represent the 

effect of such large elevation gradient on local atmospheric circula-
tion. Using the 0–500 m average winds as default would overestimate 
the horizontal transport of near-surface NO2 and lead to mis-location 
of emission sources. Thus, we use wind data in the bottom layer of 
GEOS-FP (about 0–120 m above the ground). We further exclude the 
temporal average advection and consider only the ‘effective’ horizontal 
diffusion of NO2. In addition, we assign extremely large uncertainties 
(1.0 × 1099 molecules cm−2) to NO2 VCDs over the high mountains within 
20 km of each lake where the mountain–lake elevation difference 
exceeds 500 m (Fig. 1a).

Data availability
NO2 VCD and NO emission data produced in this study are available in 
Supplementary Data. Data obtained from publicly available sources are 
available from the references. Source data are provided with this paper.

Code availability
Codes for NO2 VCD retrieval and NO emission inversion are available 
on a collaboration basis.
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Extended Data Fig. 1 | Sensitivity test of NO2 VCD retrieval for July 2019. Left column: standard retrieval. Middle column: retrieval by doubling the surface 
reflectance. Right column: retrieval by halving the surface reflectance.
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Extended Data Fig. 2 | Distribution of cloud radiance fraction in summer 2019. The 135 lakes studied here are shown with black boundaries and other lakes are 
shown with blue boundaries. The cloud data are from ref. 1.
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Extended Data Fig. 3 | Distribution of AOD in summer 2019. Data are taken from the MODIS Atmosphere L2 Aerosol Product (ref. 2, MYD04 Collection 6.1, last 
access: 12/03/2019).
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