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Soils are among the major sources of atmospheric nitric oxide (NO), which play a crucial role in atmospheric
chemistry. Here we systematically synthesized the modeling studies and field measurements and presented a
novel soil NO emission inventory of terrestrial ecosystems in China. The previously modeled inventories
ranged from 480 to 1375 and from 242.8 to 550 Gg N yr21 for all lands and croplands, respectively.
Nevertheless, all the previous modeling studies were conducted based on very few measurements from
China. According to the current synthesis of field measurements, most soil NO emission measurements
were conducted at croplands, while the measurements were only conducted at two sites for forest and
grassland. The median NO flux was 3.2 ng N m22 s21 with a fertilizer induced emission factor (FIE) of 0.04%
for rice fields, and was 7.1 ng N m22 s21 with an FIE of 0.67% for uplands. A novel NO emission inventory of
1226.33 (ranging from 588.24 to 2132.05) Gg N yr21 was estimated for China’s terrestrial ecosystems, which
was about 18% of anthropogenic emissions. More field measurements should be conducted to cover more
biomes and obtain more representative data in order to well constrain soil NO emission inventory of China.

N
itrogen oxides (NOx 5 NO 1 NO2) play a crucial role in atmospheric chemistry by controlling the
photochemical formation of tropospheric ozone (O3) and regulating many other oxidizing agents, e.g.,
hydroxyl radical (OH)1. Their end photochemical products HNO3 and NO3

2 contribute to formation of
secondary aerosols, acidification of precipitation and nitrogen (N) deposition2,3. Thus, for developing strategies to
reduce regional or national levels of O3, secondary aerosols or N deposition, it is necessary to have reliable
estimates of the sources of NOx other than fossil fuel combustion including soil NOx emissions, with the
predominant form emitted from soils as nitric oxide (NO).

Soils are a major source of atmospheric NOx, but the source strength of a soil depends on the balance between
soil NO production and consumption, which are controlled by both biotic and abiotic processes4. Among the
processes of soil NO production, nitrification and denitrification are the two major ones4. Although some abiotic
processes, termed chemodenitrification, can also produce NO, they usually play a trivial role and occur under low
pH conditions. Soil NO emissions are regulated by many factors, including N availability, soil water content, soil
temperature, soil pH, ambient NO concentration, soil organic carbon4–6.

The estimated global NO emission inventories for soil ranged from 6.6 to 33 Tg N yr21 (above soil) or from 4.7
to 26.7 Tg N yr21 (above canopy)7 dependent on whether the studies considered canopy reduction factor, which is
adopted to account for canopy uptake of NOx. Different approaches have been used to estimate regional or global
soil NO emissions. One of these approaches simply estimated NO emission inventory by multiplying biome areas
in a region by the corresponding mean NO fluxes as proposed by Davidson and Kingerlee8. The second approach
involves the use of fertilizer-induced NO emission factor (FIE, i.e., soil NO emission from a fertilized site subtracts
that from an unfertilized control site divided by the rate of fertilizer N and expressed as percentage) or a
combination of FIE and background soil NO emission9,10. Empirical models based on the relationship between
soil NO emissions and environmental variables or soil properties have been used to estimate regional NO
emissions11,12. In the simplest case, soil NO emission was only related to soil temperature, and the correlation
was then used to upscale NO emission at regional scale11. Yienger and Levy12 adopted a more complicated
empirical modeling approach, i.e., YL95 scheme, by taking both soil temperature and soil moisture (using
precipitation as a proxy) into account. The YL95 scheme has been applied in numerous global atmospheric
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chemistry models13–16. Statistical models were recently developed on
the basis of field measurements6,17,18. For example, Yan et al.18

developed a statistical model to represent the dependence of soil
NO emission on soil organic carbon (SOC) content, soil pH, land-
cover type, climate, and nitrogen input, and they used the statistical
model to estimate the global soil NO emission inventory. The last
approach is to employ process-based models such as the
biogeochemical model PnET-N-DNDC19 and the Carnegie-Ames-
Standord (CASA) Biosphere model20. However, even for the process-
based models, empirical relationships are used for some critical
processes. In a word, field measurements form the basis for upscaling
soil NO emission from site scales to regional or global scales regard-
less of which kind of approach is used. In fact, one probable cause for
the huge discrepancy in soil NO emission estimates is that the pre-
vious studies were imbalanced in regions under investigation.

As for China, many air quality or environmental problems includ-
ing increased tropospheric ozone levels, photochemical smog epi-
sodes, elevated N deposition have arisen and been related to
increased atmospheric NOx levels21–23. However, atmospheric and
NOx sources other than combustion have not been well understood.
Soil NO emissions in China are likely high since (i) the cropland
(Note: cropland hereafter includes upland fields and rice fields) are
well known to be intensively managed with excess N application
rates2 and (ii) the vast majority of the land is under high N depos-
ition22,24. Nevertheless, most modeling estimates of soil NO emis-
sions from China were based on few field measurements from
China, since field measurements were conducted only at two sites
before 2006. As much more field measurements are available now, it
is time to synthesize the existing data to help constrain the NO
emission inventory in China.

In this paper, we systematically synthesized the available informa-
tion of modeling and field measurements regarding soil NO emis-
sions from terrestrial ecosystems in China. The main objectives were
to 1) present the state-of-the-art modeling approaches of soil NO
emissions in China, 2) synthesize the existing field measurements of
soil NO emission from Chinese terrestrial ecosystems, 3) present a
novel soil NO emission inventory based on the constrained para-
meters in China.

Results and Discussion
State-of-the-art modeling approaches of soil NO emission inven-
tories in China. Various approaches have been used to estimate soil
NO emissions from China or regions in China (Table 1). Soil NO
emissions from all terrestrial ecosystems over China were only
clearly presented by three studies11,18,25. Tie et al.11 estimated that
the above-soil NO emission was 2750 Gg N yr21, which was
1375 Gg N yr21 when converted to above-canopy emission using a
canopy reduction factor of about 50%12. Both values were much
greater than those estimated by others. This was likely related to
the much simple modeling scheme adopted by Tie et al.11, i.e.,
dependence of soil NO emission only on soil temperature,
regardless of other important factors like N fertilizer inputs, paddy
rice fields, etc. Wang et al.25 used a similar scheme as that proposed by
Yienger and Levy12, i.e., YL95 scheme, but obtained a much higher
inventory of soil NO emissions relative to Yienger and Levy12. In fact,
the YL95 scheme was criticized to underestimate regional emissions
by a factor of up to 3 in regions including eastern China7, partly
because it categorized all the agricultural land within 0–35uN and
80–140uE into rice field25. A complicated statistical modeling
approach was developed by Yan et al.18 based on 92 field
measurements by relating soil NO emission to SOC, pH, land
cover, climate and N input in an exponential way; and canopy
reduction effect and pulsing emission were also considered.
However, the measurements included by the above modeling
studies were almost all conducted outside of China.

Two commonly used methods to upscale the field measurements
to regional or national scales in China were: (i) considering back-
ground emission and FIE2,9,26, and (ii) multiplying mean NO fluxes
by areas of the corresponding biomes2,27,28. Among these studies, Yan
et al.9 estimated FIEs based on 48 measurements from 14 studies
(only one from China) and estimated background NO emission
based on 5 measurements for uplands. For rice fields, they assumed
that the FIE was one-fifths that of uplands and the background NO
emission was assumed to be the same as that for uplands9. Therefore,
the estimation for rice fields was very rough due to lack of data. The
other four studies estimated regional2,27,28 or national26 NO emissions
simply based on measurements from single site. Li and Wang2 used
both approaches and found that the estimates were very similar.
Nevertheless, the obtained inventories should be very rough if they
were upscaled from measurements of a single site.

Two studies constrained soil NO emission over east China in
combination with satellite observations29,30. For these studies, the
‘‘top-down’’ inventory of NOx, or the a posteriori inventory, was
constructed using an inversion approach with a global 3-D chemical
transport model (GEOS-Chem) with the a priori parameters. The
soil NO emission processes are represented using a modified version
of the YL95 scheme to get the a priori estimate. Therefore, field
measurements are very important to constrain the parameters in
order to get reasonable the a priori estimate. According to Wang
et al.30, the a posteriori value for soil emitted NOx was 0.85 Tg N
yr21 (with an uncertainty of 40%) for the three-year period from
1997-2000 over east China (100–123uE, 20–42uN) and the emission
peaked in summer when soil emissions accounted for about 43% of
the combustion source; while the inventory from fossil fuel combus-
tion and biomass burning were 3.72 Tg N yr21 (632%) and 0.08 Tg
N yr21 (650%), respectively. Lin29 reported that the annual budgets
for anthropogenic, lightning and soil emissions were 7.1 Tg N
(639%), 0.21 Tg N (661%), and 0.38 Tg N (665%), respectively,
for east China (101.25–126.25uE, 19–46uN) in 2006. It seemed that
there was a big discrepancy even the same approach was used largely
due to difference in the adopted parameters which need to be con-
strained by field measurements.

Synthesis of field measurements of soil nitric oxide emissions in
China. The ecosystems involved in the current dataset include
forests, grassland, cropland with or without N fertilization and
bare soil of cropland (Table S1). However, there was only one
location involved for grassland which located in Inner Mongolia
(location 14, Fig. 1). For forest, one broadleaf forest and one
adjacent pine forest were studied at the same location (location 2,
Fig. 1). NO emissions from upland fields and rice fields were
conducted at 10 locations and 3 locations, respectively. Although
quite a few measurements were conducted for uplands, most of the
studies were located in the east China (Fig. 1).

Dynamic flow-through chamber technique was adopted by four
studies26,31–33, while static chamber technique was used by the others.
Field comparison indicated that the NO emissions measured by
static and flow-through dynamic chamber techniques were compar-
able in spite of differences in chamber size, plot location, extent of
area coverage and random error associated with the measurements34.

NO fluxes varied greatly with a range from -1.9 to 160.0 ng N m22

s21 in the upland fields (Table S1). The median NO flux was 7.1 ng N
m22 s21 and the median annual emissions was 3.07 kg N ha21 yr21

(with a range from 0.29 to 50.46 kg N ha21 yr21) for the uplands
(Table 2). Davidson and Kingerlee8 reported that NO emissions
ranged from 0.2 to 23 kg N ha21 yr21 from uplands globally. The
global averaged annual NO emission for uplands was 1.1 kg N ha21

yr21 according to Stehfest and Bouwman17. It seems that the annual
NO emission from uplands in China were greater than the global
average probably due to higher N fertilization rate in China (380 kg
N ha21 yr21 in 2012).
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For paddy field, measurements were only conducted at three loca-
tions (3, 4 and 6 in Fig. 1) in the Yangtze River Delta. The median NO
flux was 3.2 ng N m22 s21 and ranged from 0.2 to 4.2 ng N m22 s21

(Table 2 and Table S1). NO emissions from paddy fields have been
rarely measured at the global scale and thus very few data were
available. For example, only two measurements were compiled by
Stehfest and Bouwman17 and only one was found by Davidson and
Kingerlee8. Galbally et al.35 reported a NO flux of 0.2 ng N m22 s21,
but their measurement only spanned a few days during the water-
logged period. Nevertheless, most paddy fields are managed with
dry-wet cycles and intense nitrification/denitrification could occur
during non-waterlogged periods similar to uplands9. Even during the
water-logged period, higher fluxes up to 0.95 ng N m22 s21 were
observed after application of urea when significant nitrite and nitrate
were present in the floodwater35. Therefore relatively greater fluxes
observed in the rice fields were reasonable considering a complete
growing period was covered.

NO emissions were measured at two adjacent systems for both
forest and grassland. For forest, measurements were conducted at a
broadleaf forest and an adjacent pine forest in subtropical China.
Annual NO emissions in the broadleaf forest and the pine forest were
estimated to be 6.1–6.9 and 4.0–4.3 kg N ha21 yr21, respectively36

with a mean of 5.05 kg N ha21 yr21 (Table 2). The total pulses-
induced NO emissions during the dry season were roughly estimated
to be 29.4 mg N m22 in the broadleaf forest and 22.2 mg N m22 in the
pine forest, or made up of about 5% of the total annual NO emissions
for both forests37. A simulated N deposition experiment revealed that
approximately 2% of the deposited N lost as NO in the two forests38.
Annual NO emissions in these forests were relatively higher than
those from most tropical forests and temperate forests, which usually
emit less than 5 and 0.2 kg N ha21 yr21, respectively8. One probable
reason is that the atmospheric deposition in this area was much
higher (.50 kg N ha21 yr21 in throughfall)39. Similarly, soil NO
emissions as high as 6.4–9.1 kg N ha21 yr21 were reported in a spruce

Table 1 | Published estimates of soil nitric oxide emissions from China or regions of China (Unit: Gg N yr21)

Reference Region Year Above soil Above canopy Approach description

Wang et al. (2005) China 1999 657 YL95 scheme was used; for different
temperature intervals, different
empirical models were used: linear
(0–10uC), exponential (10–30uC),
and optimal(.30uC)

Tie et al. (2006) China 2004 2750 1375 Exponentially dependent on soil
temperature

Yan et al. (2005) China 480 (310)a Developed a statistical model based on
92 field measurements by relating
emission to SOC, pH, land cover,
climate and N input in an exponential
way; considered canopy reduction
effect and pulsing emission

Yan et al. (2003) China 1995 242.8b* Considering background emission and
fertilizer N induced emission;
separate fertilizer-induced emission
factors for upland and rice fields

Zheng et al., 2003 China mid 1990s 550b Based on fertilizer-induced NO
emission factor and background NO
emission from a single rice-wheat
rotation site

Wang et al. (2007) east China 1997–1999 850 YL95 scheme was implemented into
GEOS-Chem

Lin et al. (2012) east China 2006 380 YL95 scheme was implemented into
GEOS-Chem

Li & Wang, 2007 Guangdong province 2005 11.7c Based on the vegetable field area and
annual NO emission rate from a
single site

Li & Wang, 2007 Guangdong 2005 13.3c Based on fertilizer-induced NO
emission factor and background NO
emission from a single site

Fang & Mu, 2007 Yangtze Delta 2006 15.9d Based on the vegetable field area and
NO emission rate from a single site

Fang & Mu, 2009 Yangtze Delta 2004–2006 12.5e Based on the vegetable field area and
NO emission rate from a single site

Yienger and Levy (1995) China and Japan 1992 310 (220)a 1) Temperature and precipitation
dependent; 2) Pulsing emission; 3)
Canopy reduction; 4) Linear
dependence on N input rate

Bouwman et al. (2002) East Asia 380b* Developed a statistical model based on
99 field measurements by relating
emission to SOC, N input and
drainage in a exponential way

Note:
a: values in the parentheses represent emissions from cropland;
b: emissions from cropland;
c: for vegetable fields;
d: vegetable fields during spring-summer period;
e: cropland during summer-autumn period;
*: It was not pointed out whether the emissions were above-soil or above-canopy ones.
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Figure 1 | Schematic map showing the 14 locations which included 130 sampling sites for NO emissions. 1, Suburban of Guangzhou, Guangdong

province (Li & Wang, 2007); 2, Dinghu Shan, Guangdong province (Li et al., 2007); 3, Shuangqiao Farm, Zhejiang province (Fang & Mu, 2006, 2007,

2009; Fang et al., 2006; Pang et al., 2009); 4, Suburban of Suzhou city, Jiangsu province (Zheng et al., 2003); 5, Dapu, Jiangsu province (Lan et al., 2013);

6, Wuxi, Jiangsu province (Zhou et al., 2010; Deng et al., 2012); 7, Wuxi, Jiangsu province (Deng et al., 2012); 8, Jiangdu, Jiangsu province (Mei et al.,

2009); 9, Lingqiao, Jiangsu province (Lan et al., 2013); 10, Dong Cun Farm, Shanxi province (Liu et al., 2011); 11, Huangtai, Shangdong province

(Cui et al., 2012; Yang et al., 2013); 12, Wangdu, Hebei province (Zhang et al., 2011); 13, Suburban of Beijing (Walsh, 2001); 14, Xilin, Inner Mongolia

(Holst et al., 2007). The symbols triangle, asterisk, solid cycles and solid squares denote grassland, rice paddy, forest and cropland sites, respectively. The

references were presented in Note S1. The map was generated using ArcGIS 9.3 (ESRI, CA).

Table 2 | Statistics results for NO flux (ng N m22 s21), fertilizer induced NO emission factor (FIE, %) and annual NO emission (kg N ha21 yr21)

NO flux FIE, % Annual emission

Cropland
Upland Median 7.1 0.67 3.07

N 89.0 53.00 54.00
95% CIL 4.2 0.48 1.66
95% CIU 12.9 1.09 6.59

Rice field Median 3.2 0.04 1.29
N 7 4 3

Bare soil control Median 7.0 2.33
N 6 5

Planted soil control for upland Median 1.6 0.73
N 32 17
95% CIL 1.1 0.35
95% CIU 2.5 1.23

Planted soil control for rice field Median 2.2 0.79
N 3 3

Other biomes
Forest Mean 16.0 5.05

N 2 2
Grassland Mean 0.1 0.03

N 2 2

Note:
N: number of measurements;
95% CIL: Lower limit of 95% CI;
95% CIU: Upper limit of 95% CI.
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forest experiencing N deposition of 30 kg N ha21 yr21 in Germany40.
NO emissions from the grassland in Inner Mongolia (Table 2) were
much lower compared to grasslands in other regions (with means of
0.56–1.22 kg N ha21 yr21)8,17. However, due to the limited sites
involved, the observed NO emissions from forest and grassland were
far from representative of their respective biomes in China.

The FIEs of NO ranged from 0.04% to 4.90% with a median of
0.67% and the lower and upper 95% CI of 0.48% and 1.09%, respect-
ively (Table 2). Several studies have reported FIEs based on the
analyses of global dataset. The global averaged FIEs of 0.55% to
0.71% for fertilized uplands and grasslands were reported prev-
iously6,17,41. Therefore our estimate was well within the range of the
reported global averages. A median FIE of 0.02 with a range from
0.02 to 0.20% was found for rice fields and was much lower than that
for uplands (Table 2). To our knowledge, these were the only
reported FIEs globally for rice fields.

In order to get FIEs, two ways were employed with one way using
bare cropland soils (bare control) as control while another way using
planted soils without N fertilization as control (planted control)
(Table S1). For the rice fields, the median NO flux from planted
control was 2.2 ng N m22 s21 (Table 2). Nevertheless, it should be
pointed out that this value should be used with carefulness since only
three data points were available. For the uplands, the median NO flux
for the bare control was 7.0 ng N m22 s21, much higher than that for
planted control (1.6 ng N m22 s21). There are two possible mechan-
isms responsible for the discrepancy between the two types of con-
trols. In one hand, crops in the planted control consume a portion of
the soil available N and subsequently the available N for nitrifiers and
denitrifiers decreases. According to the hole-in-the-pipe model (a
conceptual model used to describe the biogenic emissions of NO
and N2O in soils), the decrease of N flowing through the pipe would
result in corresponding decrease of NO emission42. In another hand,
plant canopy plays an important role in mediating soil NO emis-
sions. Once emitted from soils, NO is converted to NO2 within the
plant canopy and may be deposited to the plant canopy in the form of
NO2 and thus reduce the amount of NO fluxes5. For example, a global
canopy reduction factor of about 50% was proposed12. To a less
degree, NO itself can be deposited to or emitted from plant canopy
but with huge uncertainties yet5. Considering the much higher fluxes,
using bare soils as control likely lower the estimated FIEs. Therefore,
NO fluxes from the planted control should be used as the background
emissions.

Many factors affect soil NO emissions, including N availability,
soil water content, soil temperature, soil pH, ambient NO concen-
tration, soil organic carbon4–6. Since most measurements were con-
ducted at upland fields, we only analyzed the factors regulating soil
NO emissions for this land use. These studied sites were located from
south subtropical to temperate continental in climate. No significant
correlation between latitudes and averaged NO fluxes was observed,
implying that apparent change of soil NO emissions along latitude or
climate zone did not exist. Similarly, climate was also found to be not
important in determining NO flux variation by Bouwman et al.6. This
was reconfirmed by the fact that the NO fluxes were not significantly
related to MAT. Nevertheless, Stehfest and Bouwman17 reported that
factors that significantly influenced agricultural NO emissions were
N application rate, soil N content and climate. In field measurements
for a given site, soil NO emissions were frequently found to increase
exponentially with soil temperature with Q10 values (Q10 here means
change in NO flux for a 10uC difference in temperature) in the range
of 2–34. The lack of clear correlation between soil NO emissions and
climate or temperature probably due to the masking effects from
other factors including soil texture, fertilization, etc.

Total NO emissions for a given sampling period were found to be
significantly related to N application rates within the same periods
(Fig. 2). Dependence of NO emissions (kg N ha21) on fertilizer N
inputs (NFert, kg N ha21) could be quantitatively represented by an

Ordinary Least Squares (OLS) linear regression model:

NO� N~0:0068|NFert

z0:537 r2~0:32,pv0:0001,n~91
� � ð1Þ

Based on this model, the FIE was 0.0068 kg NO-N kg21 NFert with a
standard error of 0.001 (Table 2). This FIE value of 0.68% was very
close to the median (0.67%) of the dataset. Since the duration of the
sampling period ranged from one month to about one year, the
parameter 0.537 could not be used as the annual background NO
emission.

A novel soil NO emission inventory in China. Cropland, forest,
grassland and desert/semi-desert are the four major land cover types
by occupying more than 93% of the total land area in China (Table 3).
As for soil NO emission measurements, few data were available for
forest and grassland and no data were available for desert/semi-
desert up to date. In order to get an inventory of NO emissions
from terrestrial ecosystems over China, total emission from
cropland was estimated according to parameters constrained in the
present study (i.e., background emissions and fertilizer N induced
emissions for uplands and rice fields, respectively), but emissions
from forest, grassland and desert/semi-desert were estimated using
parameters from previous studies.

For croplands, total NO emissions from uplands and rice fields
were estimated separately according to background emissions and
fertilizer N induced emissions. There was no evidence in terms of
whether FIE for synthetic fertilizer N differed from that for manure
N6. For this reason, both synthetic fertilizer N and manure N con-
sumption should be considered in estimating national NO emission
inventory for croplands. Total synthetic fertilizer N consumption
was 24.00 Tg N yr21 in China for 2012. According to Holland
et al.43, the ratio of synthetic fertilizer N to manure N was 0.63 on
average for the period from 1993 to 2002 at the global scale. If this
ratio was also applicable to China, then the manure N consumption
was estimated to be 38.10 Tg N yr21 for 2012. Therefore the total
fertilizer N input to cropland was 62.10 Tg N yr21 for 2012. The areas
of uplands and rice fields were 133.28 3 106 ha and 30.14 3 106 ha,
respectively, in 2012 (Table 3). Since there were no data about the
allocation of fertilizer N inputs between uplands and rice fields, we
assumed that fertilizer N allocation was proportionate to their areas.
Thus the fertilizer N inputs to uplands and rice fields were 48.06 and
14.03 Tg N yr21, respectively. The background emission for uplands
was 0.73 kg N ha21 yr21 (95%CI: 0.35 to 1.23 kg N ha21 yr21)
(Table 2). Total background emission from uplands was 97.09 Gg
N yr21 (95%CI: 53.20 to 116.51 Gg N yr21). The fertilizer induced
NO emission from uplands was 322.01 Gg N yr21 (95%CI: 232.14 to
523.87 Gg N yr21) using a median FIE of 0.67% (95%CI: 0.48% to

Figure 2 | Dependence of total NO emissions in a sampling period on N
fertilizer application rates in the same period for uplands.
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1.09%). As a consequence, the total NO emission from uplands was
419.10 Gg N yr21 (95%CI: 285.34 to 640.38 Gg N yr21). With regard
to rice fields, there were two distinct periods, i.e., water-logged period
with rice and non-waterlogged period without rice. In China, the
water-logged period was about 7 months for double rice, while 4
month for single rice26. We assumed that the areas for double and
single rice were the same, i.e., 1.51 3 107 ha each, and the N applica-
tion rate was similar for each rice period. The background emission
for non-waterlogged period was the same to that for uplands (1.37 g
N ha21 d21) while that for waterlogged period was 1.90 g N ha21 d21

(Table 2). Hence the total background NO emission from rice fields
was 18.76 Gg N yr21. The fertilizer induced NO emission from rice
fields was 4.96 Gg N yr21 with an FIE of 0.04% and total fertilizer
input of 14.03 Tg N yr21. The total NO emission from rice fields
(23.72 Gg N yr21) was very low compared to that from uplands.
Accordingly, the total NO emission from croplands in China was
estimated to be 442.83 Gg N yr21 (95%CI: 296.67 to 699.15 Gg N
yr21. Note: instead of 95%CI, median plus minimum and maximum
values were used to calculate emissions for rice fields). Our estimate
was greater than that calculated by Yan et al.9, but was in line with
others for croplands18,26 (Table 1).

As for forest, total NO emission was estimated according to the
relationship between NO emission and N deposition. Dependence of
soil NO emission on N input to forest has been observed either in N
addition experiment38,44,45 or in field survey46–49. However, there was
uncertainty in terms of whether tree species played a role in deter-
mining the responses of soil NO emission to N input. Pilegaard
et al.47 reported that the dependence of soil NO emission on N input
was only found for coniferous forests across 14 forest sites in Europe.
Nevertheless, strong dependence was also reported for deciduous
forests46,49 or evergreen broadleaf forests38,44. Considering that N is
the substrate of soil NO production, it is reasonable that there is likely
a strong dependence of soil NO emission to N input for all forest
types, similar to the strong relationship between NO emission and N
application rate in croplands6. In the present study, soil NO emis-
sions and the corresponding N deposition rates in different types of
forests were collected (Table S2) and a strong relationship (FNO 5

0.1444 Ndep – 0.851, r2 5 0.5548, p , 0.0001, n 5 26) between soil
NO emission and N deposition was found (Fig. 3). With this rela-
tionship, we firstly estimated the NO fluxes (including the mean,
minimum and maximum values) for each province using the prov-
ince-specific N deposition rates24, and we then estimated the total
NO emission for each province with the respective NO fluxes and
forest area (Table S3). The total NO emission from forest sector in
China was 371.96 (with a range from 153.37 to 747.95) Gg N yr21

(Table 3).
Total NO emission from grassland were estimated according to

grassland types and NO fluxes for each type. Grassland in China was
roughly divided into four types, i.e., temperate steppe/meadow
steppe, alpine steppe/meadow steppe, temperate tussock and tropical
tussock (Table S4). Soil NO fluxes for each type were collected from

the literature. Total NO emission for a grassland type was calculated
by multiplying the area by NO flux. With this method, total NO
emission was 328.98 (with a range from 130.33 to 527.20) Gg N
yr21 (Table 3, Table S4). NO fluxes in deserts/semi-deserts have been
measured in very limited studies, and the measured range of 0.03 to
0.6 (0.315 on average) kg N ha21 yr21 was used for deserts/semi-
deserts50,51. It turned out that total NO emission from this biome
was 82.59 (from 7.87 to 157.32) Gg N yr21.

Total NO emission from the above terrestrial sources in China was
1226.33 (from 588.24 to 2132.05) Gg N yr21. This value was within
the previous reported range for China but close to the upper limit
(Table 1). According to Lin et al.52, anthropogenic NOx emission
from four major sectors (industry, power plants, mobile and residen-
tial) was 6800 Gg N yr21 in China in 2008. Therefore, total NO
emission from China’s terrestrial ecosystems was 18.03% (8.65%–
31.35%) of the anthropogenic emission. Cropland and forest were
the two largest contributors to biogenic NO emissions and accounted
for 6.51% and 5.47% of the anthropogenic emission.

Regarding the great amount of NO emissions from terrestrial
ecosystems, it is necessary to consider this source when developing
strategies to reduce regional or national levels of O3, secondary aero-
sols or N deposition. In addition, given the much diverse biomes in
China, more field measurements should be conducted to obtain
more representative data in order to well constrain soil NO emission
inventory.

Methods
Data compilation. All modeling studies which presented estimates of soil NO
emissions in China or regions of China were included. These studies either used
‘‘bottom-up’’ approaches which use various algorithms for estimating soil NO
emission based on soil and climatological parameters, or used ‘‘top-down’’
approaches to optimize NO emissions from various sources including soils13. In total
10 studies were found to have estimated soil NO emissions for China or regions of

Table 3 | Areas of cropland, forest, grassland and desert/semi-desert in China and soil NO emissions from the four land cover types

Area
Percentage of total land

area Soil NO emissions
Percentage of anthropogenic NOx

emission

106 ha % Gg N yr21 %

Cropland 163.42a 17.02 442.83 (296.67–699.15) 6.51 (4.36–10.28)
Forest 258.26b 22.64 371.96 (153.37–747.95) 5.47 (2.26–11.00)
Grassland 191.65b 26.15 328.98 (130.33–527.63) 4.84 (1.92–7.76)
Deserts and semi-deserts 262.20c 27.31 82.59 (7.87–157.32) 1.21 (0.12–2.31)
Total 875.53 93.12 1226.33 (588.24–2132.05) 18.03 (8.65–31.35)

Note: a, from China Statistical Yearbook 2013 (133.28 3 106 ha for upland fields and 30.14 3 106 ha for rice fields in 2012); b, from Wu et al.60; c, from Zhao et al.,61.

Figure 3 | Dependence of soil NO emission on N deposition for forest.
The data and references were presented in Table S2.
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China. In addition, two studies which modeled soil NO emissions for both China and
Japan12 or for East Asia18 were also included for comparison purpose.

For field measurements, the following criteria were used to select studies: (i) soil
NO emission measurements should be conducted in the field; (ii) for cropland,
measurements should cover at least a complete growing season; (iii) given a cropland
field was planted with different batches of crops over a year or consecutive years, each
batch was regarded as an independent measurement site; (iv) NO emissions from bare
soils of cropland were rejected if the bare soils were fertilized; (v) data were excluded if
FIE were greater than 10% since these kind of values were far more than the upper
limit of 95% confidence interval (95% CI) of the dataset. Although measurements of
soil NO emissions for different land uses were available based on laboratory stud-
ies53–57, they were discarded due to the difficulty to extrapolate these data to field
conditions, e.g., no management or vegetation existed for all the incubated soil. In
total, 20 peer-reviewed papers were included in the dataset, which composed of 130
measurement sites from 14 locations (Fig. 1, Table S1 and Notes S1).

The raw data were either obtained from tables or extracted by digitizing graphs
using the GetData Graph Digitizer (version 2.24, Russian Federation). For each paper,
the following information was compiled: location (longitude and latitude), climatic
information (mean annual temperature (MAT) and mean annual precipitation
(MAP)), vegetation type, soil properties (soil texture, bulk density, soil organic car-
bon, total N, pH), starting and end dates of sampling, measurement frequency,
chamber type and dimension, fertilizer type and rates, mean NO fluxes over the
sampling periods, FIE, total emissions over the sampling periods and annual
emissions.

Data analyses. Since the data were much skewed, median instead of mean values was
used as a measure of statistics58. Confidence interval for a median was calculated
according to Campbell and Gardner59. The n (sample size) sample observations were
ranked in increasing order of magnitude and the rth to sth observations in the ranking
thus determined the 95% confidence interval (95% CI) for the median. r and s were
calculated according to Eqn (2) and (3):

r~
n
2

{ 1:96|

ffiffiffi
n
p

2

� �
ð2Þ

s~1z
n
2

z 1:96|

ffiffiffi
n
p

2

� �
ð3Þ

However, when the sample size was too small, the 95% CI was not calculated. For
forest and grassland, the mean values were presented since only two measurements
were available for both biomes.
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the Höglwald Forest – A summary. Plant Soil 240, 117–123 (2002).

41. Yan, X. Y., Shimizu, K., Akimoto, H. & Ohara, T. Determining fertilizer-induced
NO emission ratio from soils by a statistical distribution model. Biol. Fertility Soils
39, 45–50 (2003).

42. Davidson, E. A., Keller, M., Erickson, H. E., Verchot, L. V. & Veldkamp, E. Testing
a conceptual model of soil emissions of nitrous and nitric oxides. Bioscience 50,
667–680 (2000).

43. Holland, E. A., Lee-Taylor, J., Nevison, C. & Sulzman, J. Global N Cycle: Fluxes
and N2O Mixing Ratios Originating from Human Activity. Data set available on-
line [http://www.daac.ornl.gov] from Oak Ridge National Laboratory Distributed
Active Archive Center, Oak Ridge, Tennessee, U.S.A. doi:10.3334/ORNLDAAC/
797 (2005).

44. Hall, S. J. & Matson, P. A. Nitrogen oxide emissions after nitrogen additions in
tropical forests. Nature 400, 152–155 (1999).

45. Venterea, R. T. et al. Nitrogen oxide gas emissions from temperate forest soils
receiving long-term nitrogen inputs. Global Change Biol. 9, 346–357 (2003).

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 7406 | DOI: 10.1038/srep07406 7

http://www.daac.ornl.gov


46. Gasche, R. & Papen, H. A 3-year continuous record of nitrogen trace gas fluxes
from untreated and limed soil of a N-saturated spruce and beech forest ecosystem
in Germany - 2. NO and NO2 fluxes. J. Geophys. Res. (D Atmos.) 104,
18505–18520 (1999).

47. Pilegaard, K. et al. Factors controlling regional differences in forest soil emission of
nitrogen oxides (NO and N2O). Biogeosciences 3, 651–661 (2006).

48. Skiba, U., Pitcairn, C., Sheppard, L., Kennedy, V. & Fowler, D. The influence of
atmospheric n deposition on nitrous oxide and nitric oxide fluxes and soil
ammonium and nitrate concentrations. Water, Air, Soil Pollut. Focus 4, 37–43
(2005).

49. Butterbach-Bahl, K., Gasche, R., Huber, C., Kreutzer, K. & Papen, H. Impact of N-
input by wet deposition on N-trace gas fluxes and CH4-oxidation in spruce forest
ecosystems of the temperate zone in Europe. Atmos. Environ. 32, 559–564 (1998).

50. McCalley, C. K. & Sparks, J. P. Controls over nitric oxide and ammonia emissions
from Mojave Desert soils. Oecologia 156, 871–881 (2008).

51. Hartley, A. E. & Schlesinger, W. H. Environmental controls on nitric oxide
emission from northern Chihuahuan desert soils. Biogeochemistry 50, 279–300
(2000).

52. Lin, J. T., McElroy, M. B. & Boersma, K. F. Constraint of anthropogenic NOx

emissions in China from different sectors: a new methodology using multiple
satellite retrievals. Atmos. Chem. Phys. 10, 63–78 (2010).

53. Yu, J. et al. Nitric oxide emissions from black soil, northeastern China: A
laboratory study revealing significantly lower rates than hitherto reported. Soil
Biol. Biochem. 42, 1784–1792 (2010).

54. Yu, J. B. et al. Biogenic nitric oxide emission from saline sodic soils in a semiarid
region, northeastern China: A laboratory study. J. Geophys. Res. (G Biogeosci.)
113, doi: 10.1029/2007jg000576 (2008).

55. Zhu, T. B., Zhang, J. B., Yang, W. Y. & Cai, Z. C. Effects of organic material
amendment and water content on NO, N2O, and N2 emissions in a nitrate-rich
vegetable soil. Biol. Fertility Soils 49, 153–163 (2013).

56. Li, D. J. Emissions of NO and NH3 from a Typical Vegetable-Land Soil after the
Application of Chemical N Fertilizers in the Pearl River Delta. Plos One 8 (2013).

57. Ding, W. X., Yagi, K., Cai, Z. C. & Han, F. X. Impact of Long-Term Application of
Fertilizers on N2O and NO Production Potential in an Intensively Cultivated
Sandy Loam Soil. Water Air Soil Poll. 212, 141–153 (2010).

58. Delucchi, K. L. & Bostrom, A. Methods for Analysis of Skewed Data Distributions
in Psychiatric Clinical Studies: Working With Many Zero Values. Am. J.
Psychiatry 161, 1159–1168 (2004).

59. Campbell, M. J. & Gardner, M. J. Statistics in Medicine: Calculating confidence
intervals for some non-parametric analyses. Br. Med. J. 296, 1454–1456 (1988).

60. Wu, B. et al. Land cover changes of China from 2000 to 2010. Quaternary Sci. 34,
723–731 (2014).

61. Zhao, W., He, Z. & Li, Z. Biological mechanism of sandy desertification in
grassland reclamation area in north china. Adv. Earth Sci. 18, 257–262 (2003).

Acknowledgments
This work was supported by the Chinese Academy of Sciences through its Hundred Talent
Program to Dejun Li.

Author contributions
D.L. designed the study; Y.H. compiled and analyzed the data. All authors discussed and
wrote the manuscript and contributed equally.

Additional information
Supplementary information accompanies this paper at http://www.nature.com/
scientificreports

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Huang, Y. & Li, D. Soil nitric oxide emissions from terrestrial
ecosystems in China: a synthesis of modeling and measurements. Sci. Rep. 4, 7406;
DOI:10.1038/srep07406 (2014).

This work is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International License. The images or other third party material in
this article are included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the Creative
Commons license, users will need to obtain permission from the license holder
in order to reproduce the material. To view a copy of this license, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 7406 | DOI: 10.1038/srep07406 8

http://www.nature.com/scientificreports
http://www.nature.com/scientificreports
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Title
	Table 1 Published estimates of soil nitric oxide emissions from China or regions of China (Unit: Gg N yr-1)
	Figure 1 Schematic map showing the 14 locations which included 130 sampling sites for NO emissions.
	Table 2 Statistics results for NO flux (ng N m-2 s-1), fertilizer induced NO emission factor (FIE, &percnt;) and annual NO emission (kg N ha-1 yr-1)
	Figure 2 Dependence of total NO emissions in a sampling period on N fertilizer application rates in the same period for uplands.
	Table 3 Areas of cropland, forest, grassland and desert/semi-desert in China and soil NO emissions from the four land cover types
	Figure 3 Dependence of soil NO emission on N deposition for forest.
	References

