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Abstract. A study was carried out to understand the contri-
butions of soil biogenic NO emissions from managed (fer-
tilized and irrigated) hyperarid ecosystems in NW China to
the regional NOx emissions during the growing season. Soil
biogenic net potential NO fluxes were quantified by labora-
tory incubation of soil samples from the three dominating
ecosystems (desert, cotton, and grape fields). Regional bio-
genic NO emissions were calculated bottom-up hourly for
the entire growing season (April–September 2010) by con-
sidering corresponding land use, hourly data of soil temper-
ature, gravimetric soil moisture, and fertilizer enhancement
factors. The regional HONO emissions were estimated using
the ratio of the optimum condition ((FN,opt (HONO) to FN,opt

(NO)).
Regional anthropogenic NOx emissions were calculated

bottom-up from annual statistical data provided by regional
and local government bureaus which have been downscaled
to monthly value. Regional top-down emission estimates of
NOx were derived on the monthly basis from satellite obser-
vations (OMI) of tropospheric vertical NO2 column densi-
ties and prescribed values of the tropospheric NOx lifetime.
In order to compare the top-down and bottom-up emission
estimates, all emission estimates were expressed in terms of
mass of atomic nitrogen. Consequently, monthly top-down
NOx emissions (total) were compared with monthly bottom-
up NOx emissions (biogenic + anthropogenic) for the time
of the satellite overpass (around 13:00 LT) with the consid-
eration of the diurnal cycle of bottom-up estimates. Annual

variation in total Tohsun Oasis NOx emissions is character-
ized by a strong peak in winter (December–February) and a
secondary peak in summer (June–August). During summer,
soil biogenic emissions were from equal to double that of re-
lated anthropogenic emissions, and grape soils were the main
contributor to soil biogenic emissions, followed by cotton
soils, while emissions from the desert were negligible. The
top-down and bottom-up emission estimates were shown to
be useful methods to estimate the monthly/seasonal cycle of
the total regional NOx emissions. The resulting total NOx
emissions show a strong peak in winter and a secondary peak
in summer, and the second maximum in summer was only
found if the soil emissions were taken into account, which
provides confidence in both completely independent meth-
ods. Despite the regional character of these findings, partic-
ularly the second maximum in summer provides substantial
evidence to hypothesize that biogenic emissions from soils
of managed drylands (irrigated and fertilized) in the growing
period may be much more important contributors to regional
NOx budgets of dryland regions than thought before.

1 Introduction

Atmospheric carbon monoxide, methane, and volatile or-
ganic compounds are oxidized by the hydroxyl and other
radicals through various catalytic cycles (Crutzen, 1987).
In these cycles, nitrogen oxides (NOx =NO+NO2) are
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key catalysts, and their ambient concentrations determine
whether ozone (O3) is generated or destroyed in the tropo-
sphere (Chameides et al., 1992). Ozone is usually generated
in polluted, industrialized regions, where ambient levels of
NOx are high. Moreover, the intensification of agriculture is
associated with increased NO emissions, which also causes
an increase in available nitrogen in the atmosphere (Denman
et al., 2007). NOx in the troposphere originates mostly as
NO, which reaches a photo-stationary equilibrium with NO2
within a few minutes. The current evolution of anthropogenic
as well as biogenic NOx sources triggers a potential increase
in global tropospheric O3 concentrations. According to re-
cent estimates (Kasibhatla et al., 1993; Davidson and Kinger-
lee, 1997; Denman et al., 2007; Feig et al., 2008), anthro-
pogenic sources amount to 45–67 % of the mid-2000s total
global NOx emissions (42–47 Tg a−1, in terms of mass of N),
and other globally important sources are soil biogenic NO
emissions (10–40 %), biomass burning (13–29 %), and light-
ning (5–16 %). The considerable uncertainty about the range
of soil biogenic NO emissions stems from widely differ-
ing estimates of the NO emissions. Based on field measure-
ments worldwide Davidson and Kingerlee (1997) estimated
the global NO soil source strength to be 21 Tg a−1 (with an
error margin of 4 to 10 Tg a−1, 40 % of the total), while the
fourth IPCC estimate is 8.9 Tg a−1 (Denman et al., 2007),
which is higher than the third IPCC estimate of 5.6 Tg a−1

(IPCC, 2001). Moreover, the uncertainties in the NO emis-
sion data from semiarid, arid, and hyperarid regions are very
large (mainly due to a very small number of measurements
being available). In this context, one should be aware that ap-
proximately 40 % of planet Earth’s total land surface consists
of semiarid, arid, and hyperarid land and more than 30 % of
the world’s inhabitants live in arid, semiarid, and hyperarid
regions (Lai, 2001).

In many parts of the world’s drylands, the land cover is
strongly changing due to the encroachment of deserts by
bushy vegetation (desert→ dryland farming; bushy vegeta-
tion→ dryland farming). This leads to and will result in dra-
matic changes in soil microbial production and consump-
tion of NO. Consequently, it will have a strong impact on
the regional budgets of those reactive trace gasses (NOx , O3,
volatile organic compounds (VOCs), etc.) which are involved
in the tropospheric oxidizing capacity. For this reason, it is
necessary to quantify the NO emissions from both natural
and agricultural managed soils of the drylands.

Recently, Oswald et al. (2013) pointed out that (a) the re-
lease of odd reactive nitrogen gasses from soils due to mi-
crobial activity is not confined to NO only, (b) about equal
amounts of gaseous nitrous acid (HONO) are simultaneously
emitted along with NO, and (c) HONO emissions from soils
are one of the most relevant sources in arid areas with regard
to tropospheric chemistry. In addition, daytime NO produc-
tion from HONO photolysis contributes to the total produc-
tion of NOx emissions. Therefore, it is meaningful to con-

sider HONO emissions for any estimates of biogenic total
reactive nitrogen emissions from soil.

The biogenic emissions of NO (as well as HONO) depend
crucially on soil temperature and soil moisture because these
factors affect the availability of organic compounds and the
microbial activity in the soil (Conrad, 1996; Meixner and
Yang, 2006; Ludwig et al., 2001; Oswald et al., 2013). Suffi-
cient soil moisture, high soil temperatures, and regular sup-
ply of nutrients (N-containing fertilizer) are optimum condi-
tions for soil biogenic NO (and HONO) emissions, particu-
larly from arid and hyperarid land.

An oasis is an area used for agriculture in a desert re-
gion. The intensification (economically driven) of oasis agri-
culture, however, needs enlargement of the arable land area,
enhancement of necessary irrigation, and increased fertilizer
use, which leads inevitably to increasing soil biogenic NO
(and HONO) emissions. Microbial processes which underlie
NO production (and NO consumption) in soils (e.g., nitri-
fication, denitrification) are confined to the uppermost soil
layers (< 0.05 m depth, Rudolph et al., 1996). The most di-
rect method for the characterization of these processes and
the quantification of the NO (and HONO) release from soils
is usually realized by laboratory incubation of soil samples
taken from topsoil layers. In those laboratory incubation sys-
tems, the net release rate of NO is determined from the NO
concentration difference between incoming and outgoing air.
The application of this method in the past has proved that the
release of NO can be described by specific and unique func-
tions of soil moisture, soil temperature, and ambient NO con-
centration (Otter et al., 1999; van Dijk et al., 2002; Meixner
and Yang, 2006; Feig et al., 2008; Behrendt et al., 2014;
Mamtimin et al., 2015).

Due to the industrialization of Chinese drylands and also
the intensification of their agriculture, not only are signifi-
cant anthropogenic NOx emissions from growing oasis cities
expected but also current and future land use will intensify
the “hot spot” character of soil biogenic NO emissions from
oases. The general aim of the present study is to determine
the contributions of soil biogenic NO emissions of a selected
oasis in the Taklimakan Desert to the regional NOx emissions
during the growing season. For that, we concentrate (a) on
the determination of net potential biogenic NO fluxes derived
from laboratory incubation measurements of soil samples;
(b) on the bottom-up calculation of regional biogenic NO and
HONO emissions for the growing season, taking into account
the corresponding land use, soil temperatures, gravimetric
soil moistures, and fertilizer factors; (c) on the bottom-up
estimation of regional anthropogenic NOx emissions of the
oasis based on energy consumption and NOx emission fac-
tors of different energy sectors and fuel types; (d) on the
top-down calculation of regional total NOx emissions from
satellite observations (OMI) of the vertical NO2 column den-
sities and prescribed values of tropospheric NOx lifetime;
and (e) on the quantitative comparison of regional total NOx
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Figure 1. Satellite map of the Tohsun Oasis (Landsat ETM+,
13 August 2010; “gamma correction” was applied to enhance the
contrast of this Landsat image). Green identifies arable soils of the
Tohsun Oasis, while red and yellow dots represent the locations of
soil sampling from grape fields and cotton fields, respectively. The
blue line represents the seasonal Bai Yanggou River. The study area
of the Tohsun Oasis is approximately 50 km SW of the city of Tur-
pan.

emissions obtained by both (bottom-up (biogenic + anthro-
pogenic) and total top-down) approaches.

Please note that in this study we use the term “biogenic
emissions” for all kinds of microbiological activities. Here
enhanced microbiological emissions caused by agricultural
activities are also included. We use the term “anthropogenic
emissions” for emissions from combustion.

2 Materials and methods

2.1 Site description and soil sampling

The study area “Tohsun Oasis” (Fig. 1) is a hyperarid re-
gion located in the Xinjiang Uyghur Autonomous Region of
China (Mamtimin et al., 2005). The Tohsun Oasis belongs
administratively to Turpan County with the city of Turpan as
its capital (50 km NE from the Tohsun Oasis). The Tohsun
Oasis has an extension of 1479 km2 and a population of
138 000, and topographically it constitutes the deepest point
of China (154 m below sea level; Pu, 2011). Major landform
types of the Tohsun Oasis are sandy desert and Gobi Desert
(stone desert), surrounded on three sides by the mountains
of Bogda (north), Qoeltagh (south), and Alagou (west). To-
pographically, the Tohsun Oasis slopes down from northwest
to southeast. According to the Köppen classification (Kottek
et al., 2006), the climate of the Tohsun Oasis is classified as
“cold desert”, i.e., hot summers (July: 33 ◦C), cold winters
(January: −6 ◦C), and very low precipitation. Mean annual

Figure 2. Climate diagram of the Tohsun Oasis. Red dots represent
monthly means of air temperature, and blue bars are monthly means
of potential evaporation for the period 1971–2005 (data source:
Xinjiang Meteorological Bureau, Urumqi, China).

potential evaporation is about 3400 mm (see Fig. 2), while
the mean annual precipitation is as low as 7 mm.

The mean monthly precipitation for Tohsun (not shown in
Fig. 2) is extremely low: rainfall in June and July is about
2 mm, while in January, August, and September it is 1 mm;
there is no rain for the rest of the year. Agriculture has played
and still continues to play a significant role in the Tohsun
Oasis; it was one of the most flourishing oases on the ancient
Silk Road (Weggel, 1985). Due to the substantial lack of rain-
fall, regular dryland farming is impossible without massive
irrigation. Water supplies for irrigated agriculture are depen-
dent on groundwater (pumping wells), and on the Bai Yang-
gou River, which originates from the Bogda Mountains. The
Bai Yanggou River is temporally, defined by the strong sea-
sonal pattern of snowmelt and rain in the mountains (Mam-
timin, 2005).

The Tohsun Oasis’s agriculture is dominated by intensive
mono-cultivation of grapes and cotton. Grapes from Turpan
County are dried naturally into raisins, which are sold on
the Chinese internal market and also exported to some Asian
countries (Jin and Ma, 2011; Pu, 2011). Grapes from Tur-
pan County account for 52 % of grape production in the Xin-
jiang Uyghur Autonomous Region, and for 20 % in China
as a whole. There, more than 100 small and medium size
companies are engaged in raisin processing (Wan, 2012). In
2008, Turpan’s raisin production was 130 000 t, which ac-
counted for more than 90 % of all raisins produced in China
(Wan, 2012; Li et al., 2012; Jin and Ma, 2011; Pu, 2009). Ap-
proximately 40 % of Turpan’s grape production is from the
Tohsun Oasis (Pu, 2009). To raise the yields of grapes and
cotton, the corresponding cultivation techniques have been
optimized, which has resulted in the extensive application of
nitrogen-containing fertilizers.

Soil samples from the study area were collected in 2010
from a total of three sites of Tohsun’s cotton fields, and from
a total of two sites of grape fields (for sample locations, see
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Fig. 1). Since the primary production and consumption zones
for NO are located within a very shallow layer at the soil
surface (1 to 5 cm, e.g., Meixner and Yang, 2006), only soil
samples from the first 5 cm were taken. At each of the sam-
pling sites(randomly from a 10 m× 10 m area), 10 soil sam-
ples (approximately 150 g) were taken with stainless steel
soil corers (5 cm length, 2.5 cm radius); these were then com-
bined to constitute a representative soil sample of approxi-
mately 1.5 kg in mass. These soil samples were stored at 4 ◦C
for a maximum of 3 months until analysis since the micro-
bial alterations are not expected within storage for up to 3
months at 4 ◦C (Stotzky et al., 1962). In this study, we also
used soil samples from the (non-fertilized) desert ecosystem
as the reference, where the desert soil data were adapted from
the study of Mamtimin et al. (2015).

2.2 Remote sensing and accompanying data

Remote sensing data from both the Landsat and Aura satel-
lites (measurements by the Ozone Monitoring Instrument,
OMI) were used in combination with a geographical infor-
mation system (GIS). Landsat images, provided by United
States Geological Survey, are widely applicable for purposes
of our study because of their rather high spatial resolution
(30–15 m). Since the aim of our study is the quantification of
biogenic NO emissions from intensively managed arid soils,
the consideration of the growth state of the corresponding
agro-ecosystems is important. For the representation of the
different seasons, we selected four individual months: April
(spring) for the beginning, July and August (summer) for the
middle, and September (autumn) for the end of the vegeta-
tion period. The winter season was not considered as most of
the agro-ecosystems are frozen. Hence, any microbial activ-
ities are negligible. As proposed by many authors (Schott et
al., 1985; Markham and Barker, 1986; Irish, 2003; Chander
and Markham, 2003), we derived areal distributions of land
surface temperature (LST) and land cover types from cor-
responding satellite data using remote sensing digital image
processing. For the selection of Landsat images we confined
ourselves to the year 2010, when we took the soil samples.
Six individual Landsat images of the Tohsun Oasis (25 April,
28 July, 13 and 21 August, 6 and 22 September 2010) were
used.

Tropospheric NO2 column densities derived from OMI
(DOMINO version 2.0; Boersma et al., 2011) for the year of
2010 were used for top-down estimates of total NOx emis-
sions and comparison with total bottom-up emission esti-
mates (biogenic + anthropogenic). The long-term seasonal
variability in the tropospheric NO2 was derived from the data
of 2006–2010. For the estimation of anthropogenic sources
of NOx , we used fossil fuel consumption data from different
economic sectors (manufacturing, electricity, transportation,
and domestic), which were obtained from the Xinjiang Sta-
tistical Yearbooks (Jin and Ma, 2009; Jin and Ma, 2011) and
the Turpan Statistical Yearbooks (Pu, 2011). The emission-

reduction coefficient for coal-fired thermal power industry
was taken from the “China Electric Power Yearbook” (Zhou,
2006). The land use map of Xinjiang (1 : 10 000 000; Ma,
2010) and the Traffic Map of Tohsun (1 : 1 050 000; Ma,
2010) were used in this study as additional tools for land use
classification.

The meteorological data set (1971–2005) of the Tohsun
County meteorological station (42.7833◦ N, 88.6500◦ E;
1 m a.s.l.) was supplied by the Xinjiang Meteorological Bu-
reau. It contains monthly mean (1971–2005) data of air tem-
perature, precipitation, evaporation, wind speed, and direc-
tion. Unfortunately, soil moisture content and soil tempera-
ture were not measured routinely at Tohsun County Meteoro-
logical Station in the time period under consideration. In situ
measurements have been performed with a suitable sensor
(MSR® 165 data logger; Rotronic, Switzerland) which was
buried at the site of Tohsun County Meteorological Station at
2.5 cm depth between July and September 2010. While soil
temperature data were measured directly, data of gravimetric
soil water content were obtained by gravimetric calibration
of the sensor’s signal (relative humidity of soil air).

2.3 Bottom-up calculation of biogenic NO emission
estimates

Estimates of seasonal (monthly) bottom-up biogenic NO
emissions for the Tohsun Oasis need (a) laboratory-derived,
land-use-type-specific net potential NO fluxes (Sect. 2.3.1);
(b) the areal distribution of the three land use types (cotton,
grapes, and desert) of the Tohsun Oasis (Sect. 2.3.2); and
(c) land-use-type-specific and temporally high-resolution
data (Sect. 2.3.3) of soil temperature, gravimetric soil mois-
ture content, and fertilizer (enhancement) factors.

2.3.1 Laboratory determination of
land-use-type-specific net potential NO fluxes

During the last two decades, the laboratory incubation
method has been used to measure the net NO release from
soil (Yang and Meixner, 1997; Otter et al., 1999; Kirkman
et al., 2001; Feig et al., 2008; Yu et al., 2008; Ashuri, 2009;
Gelfand et al., 2009; Bargsten et al., 2010; Behrendt et al.,
2014; and Mamtimin et al., 2015). However, today’s knowl-
edge of soil biogenic NO emission rates from managed arid
soils is still rather limited (cf. Behrendt et al., 2014; Mam-
timin et al., 2015; Delon et al., 2015). The laboratory incuba-
tion method is usually a dynamic chamber system which con-
sist of gas dilution, a thermostat valve, a thermostat cabinet,
and analyzers (Behrendt et al., 2014). The dynamic cham-
ber in this study was made of Plexiglas with a diameter and
height of 9.2 and 13.6 cm (Behrendt et al., 2014), respec-
tively. Five chambers were used for soil samples, while one
was kept empty as a reference and the thickness of the sam-
ple in the dynamic chamber kept the same (approximately
5 cm). The wetted soil samples were placed into five cham-
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bers, while one was kept empty as reference chamber. Then,
the net potential NO release rates were measured until the
soil was completely dried out. NO fluxes measured in the lab-
oratory by means of the incubation method have repeatedly
been shown to be in good agreement with those measured in
the field (Mayer et al., 2011; van Dijk et al., 2002; Ludwig et
al., 2001). The net release of NO from soil is the result of mi-
crobial production and consumption processes which occur
simultaneously (Conrad, 1996). In our study, we investigated
net NO releases (JNO; in terms of mass of nitrogen per mass
of dry soil and time), as well as potential NO fluxes (FNO; in
terms of mass of atomic nitrogen per area and time) of cotton,
grapes, and desert soils. The methodology for the laboratory
soil measurements which is used in the frame of this study is
described in detail in Behrendt et al. (2014) and Mamtimin et
al. (2015). By application of the laboratory dynamic chamber
method, the net potential NO flux FNO (ng m−2 s−1, in terms
of mass of N) is defined by

FNO
(
θg,Tsoil

)
= JNO

(
θg,Tsoil

) msoil

A
, (1)

where JNO (in ng kg−1 s−1) is derived from the laboratory
measurements and θg is the dimensionless gravimetric soil
moisture. The soil temperature Tsoil (in ◦C), the total mass of
the dry soil sample msoil (in kg), and the cross section of the
dynamic chamber A (in m2) were directly measured.

Soil moisture and soil temperature had been identified as
the most dominant influencing factors of the net NO release;
therefore, JNO is usually parameterized by these two quanti-
ties (Yang and Meixner, 1997; Otter et al., 1999; Kirkman et
al., 2001; van Dijk et al., 2002; Meixner and Yang, 2006; Yu
et al., 2008, 2010; Feig et al., 2008; Ashuri, 2009; Gelfand
et al., 2009; Bargsten et al., 2010). While the dependence
of JNO on Tsoil is exponential, the dependence of JNO on
θg has the form of an optimum curve. These dependencies
are described by two explicit dimensionless functions: the
optimum soil moisture curve g(θg) and the exponential soil
temperature curve h(Tsoil), which are described in detail by
Behrendt et al. (2014). With θg,0, the optimum gravimetric
soil moisture content (i.e., where the maximum NO release
has been observed), introduced and Tsoil,0 = 25 ◦C as the ref-
erence soil temperature, the net potential NO flux, specific
for the soils of each land use type i(i: grape fields, cotton
fields, desert), is given by

FNO,i
(
θg,i,Tsoil,i

)
= JNO,i

(
θg,o,i,Tsoil,o,i

)
gi

(
θg,i

)
hi(

Tsoil,i
)
· (msoil/A). (2)

The land-use-type-specific exponential soil temperature
curve h

(
Tsoil,i

)
and the land-use-type-specific optimum soil

moisture curve g
(
θg,i

)
are defined by Eqs. (3) and (4):

h
(
Tsoil,i

)
= exp

[
lnQ10,NO,i

10

(
Tsoil,i − Tsoil,0

)]
, (3)

g
(
θg,i

)
=

(
θg,i

θ0,i

)a
exp

[
−a

(
θg,i

θ0,i
− 1

)]
. (4)

Land-use-type-specific shape factors “a” of the corre-
sponding optimum soil moisture curves were derived from
laboratory drying-out incubation studies on the correspond-
ing soil samples according to Behrendt et al. (2014). The
land-use-type-specific quantity Q10,NO is the (logarithmic)
slope of h(Tsoil), which was also derived from the laboratory
measurements; with two different soil temperatures applied,
Tsoil,0 and Tsoil,1 (Tsoil,1− Tsoil,0 = 10 K), the land-use-type-
specific Q10,NO is defined by

Q10,NO =
ln FNO

(
θg,0,Tsoil,1

)
− ln FNO

(
θg,0,Tsoil,0

)
Tsoil,1 − Tsoil,0

. (5)

2.3.2 Determination of land use types and
corresponding land surface temperatures from
Landsat imagery

We used Landsat images since Landsat provides land sur-
face information in a fine-scale matrix (30 m×30 m). The
Landsat TM/ETM+ sensors acquire land surface informa-
tion and store it as a digital number (DN) which ranges be-
tween 0 and 255. Landsat images are widely applied for the
estimation of biospheric applications, such as the normalized
differenced vegetation index (NDVI), land surface tempera-
ture (LST), soil moisture index (SMI), and fluxes of matter
between different ecosystems (Goward and Williams, 1997;
Liang et al., 2002; Lu et al., 2002). To perform land use clas-
sification and to derive the corresponding land-use-specific
surface soil temperature, we have developed a tool by using
ARCGIS 10.x, namely the Geoscience General Tool Pack-
age (GGTP; see Supplement, Sects. S1.1–S1.7). Within the
GGTP model, we also calculated the 2-D distributions of soil
biogenic NO emissions (see Sect. S1.9).

Land use classification

To classify these field-specific vegetation types, preprocess-
ing of the Landsat imagery and image interpretation has to be
performed. To effectively record the image data, histogram
equalization and edge detector techniques (Jensen, 2005)
were applied to image preprocessing. By using suitable edge-
detecting functions, Landsat images were enhanced, and
boundaries between different classes were strongly high-
lighted for effective subsequent image interpretation. Due to
the significant requirements for the different areas of interests
(AOIs) of image classification, in situ GPS data (160 points)
from the field campaigns (2010) as well as previous field in-
vestigations (2006, 2008) were used. Spectral signatures of in
situ data were collected by digitizing and were consequently
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used to classify all pixels. For that, image spectral analysis
and the most used supervised classification method of maxi-
mum likelihood by Jensen (2005) was performed. This pro-
cedure ensured that (a) spectral characteristics of all AOIs
were used and (b) every pixel (both within and outside AOIs)
was assessed and associated with the land cover which it has
the highest likelihood of being a member.

Land surface temperature Ts

Knowledge of the land surface emissivity (ε) is indispens-
able for retrieving the land surface temperature (Ts) from re-
motely sensed data. As the land cover varies greatly from
place to place, land surface emissivity widely varies from one
location to another. Therefore, the land surface temperature
Ts is defined as

Ts =
1

ε0,25 TB. (6)

The land surface emissivity (ε) can be obtained from red
and near-infrared (NIR) spectral reflectance, while at-sensor
brightness temperature (TB) can be calculated from the satel-
lite image’s thermal band in high-gain mode (band 6.2); more
details are given in the Supplement (Sects. S1.2–S1.6).

2.3.3 Temporally high-resolution data

Bottom-up calculations in this study aim for regional, sea-
sonal (monthly), and land-use-specific soil biogenic NO
emissions via laboratory-derived net potential NO fluxes,
which depend on soil temperature, gravimetric soil moisture
(Sect. 2.3.1), and fertilizer factors (i.e., amplification of NO
fluxes due to the application of fertilizer). However, the nec-
essary timescale for these data must be much shorter than
a seasonal (monthly) timescale: (a) there is a strong nonlin-
ear response of the net potential NO flux to soil temperature
and gravimetric soil moisture (Eqs. 3, 4), as well as to fer-
tilizer applications, and (b) there are large diel variations in
the topsoil temperature (e.g., 10–60 ◦C in July; Tohsun Oa-
sis desert soil) and large diel to weekly variations in soil
moisture and soil nutrient content caused by the applied ir-
rigation and fertilization schedules. Consequently, seasonal
(monthly) land-use-type-specific soil NO emissions have to
be averaged from data calculated on much shorter timescales
(< 1 h).

Soil temperature, Tsoil

Due to the very low soil temperature before and after the
growing season (see Fig. 1b), most of the soil surface is ex-
pected to be frozen, and biogenic emissions from any soils of
the Tohsun Oasis can be neglected. Thus, mean monthly soil
NO emissions were only calculated for the period between
April to September. In situ measurements of soil tempera-
ture (and soil moisture; 2.5 cm depth, 5 min resolution) at the
Tohsun Oasis have only been performed for the land use type

“desert”, and only for the period 1 July to 30 September 2010
(see Sect. 2.2). However, soil temperature (and soil moisture;
2.5 cm depth, 5 min resolution) have also been measured at
two other Taklimakan oases during the same period, namely
at Kuche (41.5360◦ N, 82.8546◦ E; “cotton soils”) and Min-
feng (37.0534◦ N; 82.0760◦ E; “jujube soils”). For this study,
data from Kuche were adopted for the land use type “cotton
soils” of the Tohsun Oasis, while data from Minfeng were
chosen to substitute grape soils data of the Tohsun Oasis.
The latter is justified by the fact that both grapes and ju-
jube belong to the bushy agricultural landscape type; they
have similar height, distance in rows, water requirements,
and percent ground cover by their canopy. For each of the
three land use type data sets, each original measured data
point (5 min, July–September, 2010) of a particular day has
been normalized by the mean value observed at 10:45 LT
(Landsat satellite overflight, Supplement Fig. S7). Then, a
mean diel variation data set (30 min) was created by aver-
aging all respective data between 1 July and 30 September
constituting the representative diel variation in the (normal-
ized) soil temperature of the respective land use type valid for
the entire growing period (Supplement Sect. S3.1; Fig. S8).
As described in Sect. S3.1 of the Supplement, land-use-type-
specific surface temperatures (Ts; Sect. 2.3.2) derived from
Landsat observations on 25 April, 28 July, 13 and 21 Au-
gust, and 6 and 22 September 2010 (Sect. 2.2) have been
temporally upscaled for the entire growing season (1 April–
30 September 2010). Finally, the diel variation in soil tem-
peratures of the land use types “desert”, “cotton soils”, and
“grape soils” for every day of the growing season in 2010 was
obtained by multiplying the normalized soil temperatures.

The interpolation of the satellite-derived data was done by
a third-order polynomial. To estimate the corresponding un-
certainties, we compared results using polynomials of degree
2 and 3 for the fitted curve. We found that R2 in the second-
degree model was 89 %, while in the third-degree model it is
98 %.

Gravimetric soil moisture θg

Evaluation of the MSR® 165 data logger measurements (see
Sect. 2.2) at the site of the Tohsun County meteorologi-
cal station (bare desert soil) has demonstrated a temporally
quite constant, very low gravimetric soil moisture content of
0.0028, which has been adapted for the entire growing sea-
son (April–September 2010) land use type “desert” of the
Tohsun Oasis. Temporal variation in gravimetric soil mois-
ture content of the two other land use types, cotton soils
and grape soils, depends strongly on irrigation amounts and
schedules. Unfortunately, there is no official information on
the Tohsun Oasis’s irrigation available, neither on amounts
nor schedules, and, consequently, none on the gravimetric
soil moisture contents during the drying-out phases between
individual irrigation events. Therefore, as for data assimila-
tion of soil temperatures (see above), gravimetric soil mois-
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ture content data observed at Taklimakan’s oases Minfeng
(cotton soils) and Kuche (jujube soils) have been adapted for
the Tohsun Oasis’s land use types “grape soils” and “cotton
soils”, respectively. The irrigation farming consists of tempo-
rally constant irrigation schedules, starting on 1 April 2010
and repeated every 2 weeks. From the observations at Min-
feng and Kuche, “drying-out” shape functions could be de-
fined, which were scaled by multiples of the soil-specific
physical quantity “field capacity” (FC), the amount of wa-
ter content held in the soil after excess (irrigation) water
has drained away. The quantity FC is typically used in ir-
rigation scheduling, calculation of plant available water, and
calculation of water depth to be applied by irrigation (Di-
allo and Mariko, 2013). FC data of soil samples from Min-
feng and Kuche oases have been determined by laboratory
measurements (see Sect. S1.8, Supplement). Finally, for the
Tohsun Oasis’s land use types, cotton soils and grape soils,
the following gravimetric soil moisture contents have been
chosen (for details, see Sect. S3.2, Supplement): (a) 0.086
(grape soils) and 0.167 (cotton soils) before the first irriga-
tion event (corresponding to mean gravimetric soil moisture
contents at conditions of 0.25×FC and 0.5×FC, respec-
tively) and (b) 0.514 (grape soils) and 0.586 (cotton soils)
after each irrigation (corresponding to mean gravimetric soil
moisture contents at conditions of 1.5×FC and 1.75×FC,
respectively). Since for each irrigation event (every 14 days)
the starting and end conditions in terms of gravimetric soil
moisture content were known, as well as the functional re-
lationship for the temporal drying-out of cotton soils and
grape soils between the irrigation events, temporally high-
resolution data (30 min) could be calculated. The result, the
seasonal variation (1 April 2010 (DOY 90)–30 September
2010 (DOY 273)) of the gravimetric soil moisture content (at
30 min resolution) for the land use types “cotton fields” and
“grape fields” of the Tohsun Oasis is illustrated in Fig. S9
(Supplement).

Fertilizer factor (FF)

To maintain the productivity of the grape and cotton fields
of the Tohsun Oasis, the soils regularly receive considerable
N-containing fertilizer amounts (see Sect. 2.1). The impact
of the fertilizer application on the NO fluxes from arable
soils of Taklimakan oases was recently investigated by Fech-
ner (2014) using the laboratory dynamic chamber system de-
scribed by Behrendt et al. (2014). Depending on the applied
fertilizer amount (FA), NO fluxes from all soil samples in-
creased considerably and immediately after fertilizer appli-
cation, which was accomplished by dissolving the mineral
fertilizer in the same amount of water that was used to wet
the soil samples (just to mirror the fertilization procedures of
the Taklimakan oases). The impact of fertilization is twofold:
(a) it strongly amplifies the net release (net potential flux) of
NO over the entire range of gravimetric soil moisture and
(b) there is a moderate amplification of the net NO release

(net NO potential flux) with soil temperature. Furthermore,
the impact of fertilization also has a temporal dimension:
it has been shown that the fertilizer effect on the emission
of N-containing gasses is temporally declining after each
fertilization event (Chen et al., 2011). Therefore, the fertil-
izer effect may be considered (a) by the multiplicative, FA-
dependent, time-dependent, dimensionless “fertilizer factor”
(FF) applied to the standard net release JNO(θg,0, Tsoil,0) in
Eq. (2) and (b) by the FA-dependent, time-dependent, dimen-
sionless “Q10 factor” (Q10F), which is also multiplicatively
applied to Q10 (the logarithmic slope of the exponential soil
temperature curve h(Tsoil)). According to Fechner (2014),
initial fertilizer effects are FF= 142, 179, 205, and 226 and
Q10F = 1.21, 1.24, 1.25, and 1.26 for fertilization amounts
FA= 100, 200, 300, and 400 kg (N) ha−1, respectively. From
recommendations of the Tohsun Oasis’s local agricultural ad-
ministration (personal communication, 2010) and our inter-
views with farmers there in 2010, data for applied fertilizer
amounts as well as for fertilizing schedules could be inferred.
With the assumption of an exponential decay of the fertilizer
effects, corresponding functional relationships for the tem-
poral behaviors of FF and Q10F have been developed (see
Sect. S3.3, Supplement), and temporally high-resolution data
(30 min) of FF and Q10F were calculated. The result – i.e.,
the seasonal variation (1 April 2010 (DOY 90)–30 Septem-
ber 2010 (DOY 273)) in the (dimensionless) factors FF and
Q10F for the land use types “cotton fields” and “grape fields”
of the Tohsun Oasis – is illustrated in Fig. S10 (Supplement).

2.3.4 Monthly soil biogenic NO and HONO bottom-up
emissions of the Tohsun Oasis

Estimates of soil biogenic NO fluxes can be calculated
from net potential NO fluxes (see Sect. 2.3.1) according to
Eqs. (1)–(4), since those NO fluxes that are derived from
laboratory incubations have repeatedly been shown to be in
good agreement with those measured in the field (Mayer
et al., 2011; van Dijk et al., 2002; Ludwig et al., 2001).
Consequently, soil biogenic NO fluxes for the Tohsun Oa-
sis were calculated every 30 min from land-use-specific net
potential NO fluxes (see Sect. 2.3.1) using land-use-specific
data of soil temperature (see Sect. 2.3.3), gravimetric soil
moisture contents (see Sect. 2.3.3), and fertilizer factors (see
Sect. 2.3.3). Bottom-up soil biogenic NO emissions for the
entire region of the Tohsun Oasis were calculated monthly
by (a) averaging temporally high-resolution data (30 min) of
the three land-use-specific soil biogenic net NO fluxes for
each month of the growing period (April–September 2010),
(b) weighting by the areal contribution of each of the three
land use types (1117, 80, and 150 km2 for desert, grape, and
cotton soils; see Sect. 2.3.2), and (c) summing up for each
month of 2010.

The soil temperature is usually the dominating factor of
the uncertainties of NO fluxes because of the exponential
dependence of the NO flux on soil temperature (typically
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expressed as the increase in the NO flux for a 10 ◦C in-
crease in soil temperature known as a Q10; see Sect. 2.3.1).
The mean Q10 value is 2 for both cotton and grape soils.
The total uncertainties of bottom-up NO emissions were de-
termined from (a) the errors of the concentration measure-
ments of NO, which was conservatively assumed to be 5 %
(Behrendt et al., 2014), and (b) errors of the simulated soil
temperatures, which were assumed to be 1.5–2.5 ◦C in both
estimates (satellite-derived (see Fig. S4) and estimated land
surface temperatures (see Fig. S7)).

The studies by Su et al. (2011) and Oswald et al. (2013)
pointed out that the HONO and NO emissions have to fea-
ture similar dependencies on soil properties, and there exists
a co-emission of HONO with NO from the soil; therefore,
it could be expected that the HONO and NO emission pro-
cesses follow similar parameters (Naegele and Conrad, 1990;
Skopp et al., 1990, Gödde and Conrad, 2000; Oswald et al.,
2013).

The recent findings of Oswald et al. (2013), namely that
a large amount of gaseous nitrous acid (HONO) is concur-
rently emitted along with NO, have been considered for the
monthly estimation of biogenic emissions of the Tohsun Oa-
sis. The authors investigated a total of 17 soil samples, which
were taken from a variety of natural and agriculturally man-
aged soils around the globe. Fortunately, five of these sam-
ples (no. S13–S17 in Oswald et al., 2013) were cotton, ju-
jube, and desert soils of the Taklimakan region; they have
the same arid climate condition and irrigation regime as well
as fertilizer application as those used for this study. The
strong dependency of HONO emissions on soil water con-
tent and soil properties was determined by laboratory ex-
periments with dynamic chamber systems (Oswald et al.,
2013). Since the HONO emissions were not directly mea-
sured within the present study, the land-use-specific con-
stant scale factor – namely the ratios of HONO to NO re-
leases for the optimum conditions to estimate the HONO
emissions ((FN, opt(HONO) to FNopt (NO)) – were adapted
from the study of Oswald et al. (2013). This is justified by
(a) the strong assumption that the soil from our study emits
the same magnitude of HONO as the soil by Oswald et
al. (2013) because they have the same soil properties and
experienced the same irrigation regimes and fertilizer ap-
plications, and (b) the soil release of HONO and NO by
Oswald et al. (2013) has also been measured in the Max
Planck Institute for Chemistry by a next-laboratory version
of the dynamic chamber system which was used to measure
the soil release of NO in the present study. Consequently,
corresponding ratios for the optimum conditions of HONO
and NO emissions (i.e., FN,opt (HONO) to FN,opt (NO)) have
been used to calculate monthly HONO emissions from the
Tohsun Oasis from the measured NO emissions. Monthly
land-use-type-specific contributions of HONO emissions for
the Tohsun Oasis during the growing period 2010 were es-
timated by multiplying the corresponding NO emissions by
the mean, land-use-type-specific factors (0.8 for grape and

desert soils, and 1.6 for cotton soils). These were calculated
from individual values provided by Oswald et al. (2013),
which are derived from the ratio for the optimum condi-
tion FN,opt (HONO) to FN,opt (NO). To quantify the uncertain-
ties of calculated HONO emissions, the mean relative errors
for concentration measurements of 12 % for HONO (Sörgel
et al., 2011) and 5 % for NO (Behrendt et al., 2014) were
adopted. Based on these estimates, we performed a conser-
vative error propagation calculation of the additional HONO
emissions (under optimum conditions), which resulted in a
relative error of 10 %.

In the present study, the total bottom-up biogenic emis-
sion estimates (NO and HONO) were expressed in terms of
mass of atomic nitrogen – partly because the reported mass
of emitted nitrogen compounds becomes independent of the
partitioning ratio between NO and NO2. Additionally, the an-
thropogenic and top-down emissions estimates are primarily
derived for NO2. In this study, the mean primary NO2 emis-
sions were not considered, and all NOx emissions are being
reported as the mass of nitrogen. For that purpose soil bio-
genic emissions of NO and HONO (given as mass) were mul-
tiplied by the respective ratios of the corresponding molecu-
lar weights (MN/MNO, MN/MHONO).

For the comparison of biogenic bottom-up emissions
(Fbiogenic) with top-down emissions (Fsatellite) only the data
around the time of the satellite overpass around 13:00 LT
were considered (bottom-up results for 12:45 LT (12:30–
13:00) and 13:15 LT (13:00–13:30)). To estimate the effect of
the diurnal cycle of the emissions, we calculated the ratio of
the bottom-up emission at the satellite overpass (at 13:00 LT)
and the daily average emissions.

2.4 Bottom-up anthropogenic NOx emission estimates

The Tohsun Oasis’s anthropogenic NOx emissions predom-
inantly originate from fossil fuel combustion of the energy
and traffic sectors. To quantify the amount of an emitted sub-
stance from a source like fossil fuel consumption, specific
emission factors have to be applied, which are expressed as
the fraction of the substance emitted from the mass or vol-
ume of the fuel. In China, emission factors for different eco-
nomic sectors and fuel types are available but are quite vari-
able during the last decade. Based on sparsely available sta-
tistical data, the fuel types consumed in Tohsun range from
coal to coke, crude oil, natural gas, diesel, and gasoline.
For the calculation of bottom-up anthropogenic NOx emis-
sions, we used those NOx emission factors (mass of emitted
NOx per mass of fuel, weighted as NO2) which are widely
used in China (see Table S1; Supplement). Following Hao
et al. (2002), Zhang et al. (2009), and Shi et al. (2014) an
algorithm (see Eq. S13, Supplement) has been applied to
calculate the emitted mass (EN; in kg NO2) from emission
factors KN (in kg t−1), dimensionless removal efficiencies
PN of corresponding emission-reduction technology, and the
particular fuel consumption F (in t). Unfortunately, data on
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fossil fuel consumption from the different economic sectors
of Tohsun County (see Sect. 2.2) are only available on an
annual basis. Mean monthly data of the Tohsun Oasis have
been assimilated (downscaled) by multiplicative considera-
tion of known mean monthly percentages of annual NO2
emissions of Urumqi (140 km NNW of Tohsun). This is jus-
tified by (a) coal being the dominating fuel type of energy
consumption in both areas (Mamtimin and Meixner, 2011;
Pu, 2011), (b) identical arid climate conditions (resulting in
identical heating periods), and (c) there being known mean
monthly percentages of annual NO2 emissions only from
Urumqi. More details are given in Sect. S3.3 of the Supple-
ment. Monthly anthropogenic emission estimates expressed
in terms of mass of atomic nitrogen because these have to be
comparable to the biogenic ones.

2.5 Top-down total NOx emission estimates from
satellite observations

The satellite-retrieved tropospheric vertical column densities
of NO2 (VCDNO2) over the Tohsun Oasis can provide infor-
mation for a daily measure of the atmospheric NO2 concen-
tration vertically integrated over the entire troposphere (dur-
ing the time of overflight, around 13:00 LT). Only a few as-
sumptions are necessary to derive related NO2 fluxes (repre-
senting total NOx emissions) from these data: (1) the NO2
molecules of the tropospheric vertical column originate ex-
clusively from NOx emissions (anthropogenic + biogenic)
from the area of the Tohsun Oasis; (2) due to the surface
source, the abundance of NO2 molecules of the tropospheric
vertical column is within its lowermost part, the atmospheric
boundary layer; (3) the depletion of NOx in the atmospheric
boundary layer is primarily due to the reaction of NOx with
the hydroxyl radical OH (leading to the formation of gaseous
nitric acid, HNO3); and (4) the chemical lifetime of the NOx
is approximately known.

2.5.1 Satellite-derived tropospheric VCDNO2

OMI satellite data of tropospheric NO2 were chosen because
of their smaller pixel size (13 km× 24 km in nadir) compared
to data from SCIAMACHY (60 km× 30 km) or GOME
(320 km× 40 km). OMI is operated in a Sun-synchronous
orbit such that measurements are taken at about 13:00 LT.
OMI data also provide daily global coverage (Boersma et
al., 2007). For our study, we used the OMI monthly mean
tropospheric NO2 data, which are calculated on the basis
of the results of daily OMI overflights (around noon) and
are provided by TEMIS (Tropospheric Emission Monitor-
ing Internet Service, European Space Agency (ESA); http:
//www.temis.nl/). The OMI monthly mean tropospheric NO2
data product was averaged on a 0.125◦× 0.125◦ grid and has
been retrieved for cloud fractions < 20 %.

It should be noted that the tropospheric VCDs derived
from satellite measurements can be systematically affected

by the a priori assumptions needed for the calculation of the
air mass factor (AMF; reflecting the satellite sensitivity for
tropospheric NO2), such as cloud fraction, pressure at cloud
level, surface albedo, and trace gas profile (Boersma et al.,
2007, 2011). Fortunately, the region of Tohsun County pro-
vides relatively favorable conditions for accurate calculation
of tropospheric AMFs, since the desert region is typically
only slightly affected by clouds and aerosols; also, light-
ning activity, due to the predominant absence of convective
rains, is rather weak, if not negligible. The AMF for OMI
DOMINO v2.0 has been calculated using TM4 model NO2
profiles with a longitude–latitude resolution of 3◦× 2◦, a sur-
face reflectance climatology (0.5◦× 0.5◦), and cloud infor-
mation (Boersma et al., 2011). To test whether the assumed
surface albedo is appropriate for the Tohsun Oasis, we exam-
ined the OMI surface reflectance climatology for the study
area and compared it with the high-resolution MODIS sur-
face reflectance product (0.05× 0.05◦, MOD43B). We used
the MODIS albedo products from channel 3 (at 459–479 nm)
because this channel is close to the spectral window (405–
465 nm) used for the OMI retrieval. According to Kleipool
et al. (2008), the surface albedo difference between 470 nm
(center of MODIS channel) and 440 nm (OMI surface re-
flectance climatology) is very small for land surfaces.

To account for any background NO2 from upwind (desert)
areas, representative VCDNO2 observed over the Takli-
makan Desert (400 km away from the oasis, at 85.5129◦ E,
40.0669◦ N) were subtracted from the VCDNO2 observed
over the Tohsun area.

To check the representativeness of satellite-derived NO2
on the regional scale, we investigated the interannual vari-
ability in tropospheric VCDNO2 from 2006 to 2010. This
is because a mean value of longer periods leads to signif-
icantly reduced uncertainties, and it can better demonstrate
the representativeness of satellite-derived NO2. Evidence of
a clear seasonal pattern in the long-term observations can re-
flect the true seasonal effect on tropospheric VCDNO2 , which
is of substantial importance with respect to the intended
comparison of “bottom-up” vs. “top-down”. Seasonal pat-
terns (i.e., December–February, March–May, June–August,
September–November) of satellite-derived NO2 column den-
sities were evaluated using long-term cloud-free (cloud frac-
tion < 20 %) measurements from 2006 to 2010.

Satellite observations reflect contributions from different
emission sources. In principle, the retrieval of NO2 emissions
over a city or oases is similar. However, usually the emis-
sions from cities are higher, and the corresponding enhance-
ments can be better identified compared to the background.
In order to establish the relationship between biogenic NO2
and satellite-derived NO2, it is necessary to understand their
spatial patterns with respect to the locations and shapes of
the potential sources. Thus, four different areas (see Fig. 3)
were selected to represent (1) typical agricultural areas (study
area) as the biogenic source, (2) mixed land use areas (agri-
cultural and small urban) as the biogenic and anthropogenic
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Figure 3. Selected areas for the examination of the spatial seasonal
variation in the tropospheric NO2 VCDs: rectangles “A”, “B”, “C”,
and “D” represent an agricultural area (Tohsun), a mixed land use
area (Tohsun and Turpan), a large urban area (Urumqi), and a desert
area, respectively.

sources, (3) large urban areas as the anthropogenic source,
and (4) desert area as the background source.

2.5.2 Monthly total NOx emissions of the Tohsun Oasis
(top-down)

For the top-down inventory, the given molecular weight of
NO2, Avogadro’s number, a lifetime of NOx , and pixel area
(m2) of NO2 were considered. Top-down NOx emissions
from the Tohsun Oasis were calculated from all VCDNO2

– whose pixels cover the area of the Tohsun Oasis and
where each represents the particular monthly mean of 2010
– as follows: (a) from each individual VCDNO2 (in NO2
molecules cm−2) the representative “desert” VCDNO2 value
was subtracted to account for any background NO2 from up-
wind (desert) areas; (b) all of these VCDNO2 were multiplied
by their respective pixel area and summed up to obtain the
mean number of (vertically integrated) NO2 molecules for
each month of 2010 over the Tohsun Oasis (for the area indi-
cated in Fig. 3); (c) this value was converted to mass of NO2
per unit area (m2) and divided by the characteristic lifetime
of NOx , τNOx (with respect to its reaction with the hydroxyl
radical OH); and (d) in order to compare the top-down and
bottom-up emission estimates, the monthly mean top-down
emissions and their daily averages were expressed in terms
of mass of atomic nitrogen.

The corresponding result represents the monthly mean to-
tal NOx emission (i.e., from anthropogenic and biogenic
sources) from the area of the Tohsun Oasis at the time of
the OMI satellite overflight (and a few hours before). Here,
it should be noted that meteorological information does not
have to be taken into account explicitly because, from the

satellite observations (Fig. 9), we can conclude that most of
the NOx (about more than 90 %) is destroyed before it is
blown outside the considered area by wind. The character-
istic lifetime of NOx can be expressed as a short lifetime.
It has been investigated by Beirle et al. (2011), for exam-
ple, and can be estimated at about τNO2 = 4 h for low and
mid-latitudes, particularly for the dryland cities of Isfahan
(32.6◦ N) and Riyadh (24.6◦ N).

3 Results and discussion

3.1 Bottom-up soil biogenic and anthropogenic
emissions from the Tohsun Oasis

3.1.1 Laboratory-derived net potential NO fluxes

Results of the laboratory-derived net potential NO fluxes
(FNO) from soils of the desert and the irrigated and fertilized
cotton and grape fields are shown in Fig. 4. The highest mean
net potential NO flux at 25 ◦C occurred from the cotton soils,
with a maximum net potential NO flux of 57.5 ng m−2 s−1

followed by grape soils (18.9 ng m−2 s−1) and desert soils
(4.1 ng m−2 s−1). Common to all net potential NO fluxes
from the major land use types of the Tohsun Oasis is the
exponential response to soil temperature, due to strong en-
zymatic activities associated with microbial processes of soil
NO production. During the growing period (April to Septem-
ber), soil temperatures of 45 ◦C plus are easily reached in the
soils of the Tohsun Oasis, particularly for the desert soils (see
Supplement, Fig. S1). At Tsoil = 50 ◦C, the maximum net po-
tential NO fluxes of 384 (cotton soils), 115 (grape soils),
and 46 ng m−2 s−1 (desert soils) are reached at an optimum
gravimetric soil moisture content (θg,opt) of 0.021, 0.146, and
0.0158, respectively. These θg,opt values, particularly those of
the cotton and desert soils, are much lower than those of nat-
ural and agricultural soils of temperate latitudes (> 0.25; cf.
Oswald et al., 2013; Behrendt et al., 2014).

To emphasize this, significant net potential NO fluxes from
desert soil only occurs if θg is higher than 0.01 and less than
0.03. Since the observed θg value of the Tohsun desert soils
is 0.0028 (see Sect. 2.3.3), no significant biogenic NO emis-
sions are expected from there. As stated in Sect. 2.3.3, the
chosen irrigation schedules of cotton and grape fields re-
sulted in certain, predefined ranges of gravimetric soil mois-
ture content (depending on the field capacity (FC) of the re-
spective soils). Immediately after each irrigation event, θg
values of 0.514 (grape soils) and 0.586 (cotton soils) occur;
according to Fig. 4, there will be no significant biogenic NO
emissions at this stage. However, after 14 days (just before
the next irrigation event), θg values as low as 0.086 (grape
soils) and 0.167 (cotton soils) are found; consequently, re-
garding the results in Fig. 4, maximum biogenic NO emis-
sions from grape soils have to be expected for the end of
the 14-day irrigation period (θg,opt = 0.146), while at that
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Figure 4. Results of laboratory incubation measurements on soil samples of the Tohsun Oasis taken in 2010: the net potential NO fluxes
FNO (ng m−2 s−1, in terms of mass of N) from the three major land use types of the Tohsun Oasis (desert, grape, and cotton soils) are shown
as functions of soil temperature and the gravimetric soil moisture content. The soil samples were taken in 2010. Note the different scales of
net potential NO fluxes and the gravimetric soil water content.

time, biogenic NO emissions from cotton soils will be (even
at Tsoil = 50 ◦C) less than 4.6 ng m−2 s−1 since then the θg
value for cotton soils (0.167) is far above the corresponding
optimum value (θg,opt = 0.021). This means that despite the
overwhelming potential of cotton soils to dominate the bio-
genic NO emissions of the Tohsun Oasis (see Fig. 4), their
net actual contribution is almost negligible over the full 14-
day irrigation cycle (see below). It should be noted that for
other oases – with other irrigation cycles – the contribution
to cotton soils might be much larger.

3.1.2 Land-use-type-specific net NO fluxes based on
soil temperature, soil moisture content, and
enhancement by fertilizer application

The land cover classification of the Tohsun Oasis has also
been derived from Landsat images. Based on these results,
the dominant land cover types were cotton and grapes, build-
ing/residential areas, other vegetation, and desert (see Fig. 5).

Biogenic net NO fluxes (in ng m−2 s−1, in terms of NO)
from the three land use types of the Tohsun Oasis have been
calculated from laboratory-derived, land-use-specific net po-
tential NO fluxes (see above) by Eqs. (2)–(5) from assim-
ilated data sets of soil temperature, gravimetric soil mois-
ture content, and the enhancement of biogenic net NO fluxes
caused by regular fertilizer application (see Sect. 2.3.3).

Three-dimensional graphs of the seasonal variation
(1 April 2010 (DOY 90)–30 September 2010 (DOY 273))
in the mean diel soil temperature (at 30 min resolution) are
presented in Fig. 6 for desert, grape, and cotton soils of the
Tohsun Oasis. As expected, soil temperature in desert soils
exhibits the largest variation on both diel and seasonal scales,
while – due to the shading by the considerably dense canopy
of cotton plants – the corresponding variations in the soil
temperature in cotton fields are smallest. The corresponding
seasonal variations in the gravimetric soil moisture content,
as well as the (dimensionless) fertilizer factors FF andQ10F

(at 30 min resolution) for the Tohsun Oasis’s cotton and grape

Figure 5. Land cover classification map (2010) derived from a
Landsat image (13 August 2010).

soils, are shown in Fig. S10 (Supplement), clearly demon-
strating regular temporal patterns due to the chosen irrigation
and fertilization schedules.

The seasonal variation in the diel variation in the bio-
genic net NO flux from soils of land use types “grape soils”
and “cotton soils” are shown in Fig. 7. Results of the bio-
genic net NO fluxes from desert soils are not shown. De-
spite very high values of soil temperature, the net NO fluxes
from the Tohsun Oasis’s desert soils are � 0.46 ng m−2 s−1

due to the extremely low gravimetric soil water content
assumed for Tohsun’s desert soils (θg,desert = 0.0028). The
highest NO emissions were observed from grape soils
(3220 ng m−2 s−1), while the highest NO emissions from
cotton soils only reached 0.6 ng m−2 s−1. Considering the en-
tire growing period, biogenic net NO fluxes from grape soils
dominate and even exceed those from cotton soils by a fac-
tor of 1–2× 103 on average. In both soils, the seasonal and
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Figure 6. Seasonal variation in the diel soil temperature (30 min resolution) for grape soils, cotton soils, and desert soils of the Tohsun Oasis
for the entire growing period of 2010 (1 April (DOY 90)–30 September (DOY 273)).

Figure 7. Seasonal variation in diel net NO flux (at 30 min resolu-
tion) for grape soils and cotton fields of the Tohsun Oasis for the
entire growing period of 2010 (01 April (DOY 90)–30 September
(DOY 273)). All data are given in terms of mass of N.

diel variations in the net NO fluxes clearly mirror those of the
corresponding soil temperature. On the seasonal scale, there
is striking evidence for the impact of the chosen irrigation
schedules particularly on the net NO fluxes from cotton soils
(through the assumed regular 2-weekly variations in the cor-

responding gravimetric soil moisture content). Immediately
after (flooding) irrigation, soils might be waterlogged to pre-
vent any diffusion of gasses out of the soil, but even after
the evaporation of the surface waters, the chosen “drying-
out” curves (see Supplement Fig. S9) prescribe θg values
of 0.514 (grape soils) and 0.586 (cotton soils), which are
well above the corresponding values in field capacity condi-
tions. There, soil diffusivity and soil microbial processes are
severely suppressed (cf. Skopp et al., 1990). This is clearly
reflected in the results of laboratory incubations (see Fig. 4),
where the corresponding net potential NO fluxes are close
to zero for θg > 0.4. Near the end of the chosen 14-day ir-
rigation period, θg values reach 0.086 and 0.167 for grape
soils and cotton soils, respectively. As a result, soil diffusiv-
ity is no longer limited in the two soils, but soil microbial
processes in cotton soils are still far from their maximum ac-
tivity level (θg,opt = 0.021), while soil microbial processes in
grape soils have even passed their maximum activity level
(θg,opt = 0.146). This is why biogenic net NO fluxes from
grape soils of the Tohsun Oasis dominate those from cotton
soils. Furthermore, the impact on net NO emission by fertil-
izer application on 1 April (DOY 91), 27 May (DOY 147),
10 June (DOY 161), 22 July (DOY 203), and 5 August (DOY
217; Fig. S10, Supplement) amplifies the already higher net
NO fluxes from grape fields. As a consequence, NO emis-
sions from cotton soils can be neglected if compared with
emissions from grape soils, even though the net potential
emission of cotton soils is more than 3 times higher than for
grape soils. It should, however, be emphasized that a small
change to the low optimum soil moistures of cotton soils may
cause higher NO emissions than initially estimated.
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Figure 8. Anthropogenic NOx emissions vs. soil biogenic from NO
and HONO emissions of the Tohsun Oasis in 2010; biogenic emis-
sions of nitrous acid (HONO) have been estimated according to Os-
wald et al. (2013). All data are given in terms of mass of N.

3.1.3 Monthly soil biogenic emissions of NO and
HONO from the Tohsun Oasis (bottom-up)

Given the areal contributions of the three land use types of
the Tohsun Oasis (1117, 80, and 150 km2 for desert, grape,
and cotton soils), the corresponding monthly bottom-up bio-
genic NO and HONO emissions have been calculated by (a)
summing up 30 min data of related biogenic net NO fluxes
(presented in the preceding section) for each month of the
growing period (April–September) and (b) multiplying the
results by the area of appropriate land use types. Based on
the results of Oswald et al. (2013), monthly biogenic emis-
sions of nitrous acid (HONO) have been calculated by land-
use-type-specific factors applied to the monthly means of
biogenic NO emissions from grape and cotton soils (see
Sect. 2.3.4). For comparison with anthropogenic emissions,
respective numbers of monthly soil biogenic NO and HONO
emissions have been multiplied by the respective ratios of
corresponding molecular weights (MN/MNO, MN/MHONO)

and are shown in terms of mass of N Fig. 8 (NO: green bars;
NO+HONO: pink bars). Summing up the monthly data of
NO emissions for the entire oasis, corresponding totals (cal-
culation of grapes+cotton+desert) of April, May, June, July,
August, and September are 13, 23, 52, 68, 66 and 3 t, respec-
tively (see Fig. 8). Corresponding monthly bottom-up data
for HONO are 10 (April), 19 (May), 42 (June), 55 (July), 53
(August) and 2.4 t (September), respectively. It is worth not-
ing that the bottom-up biogenic soil emissions at the monthly
scale seem to be under the primary control of the soil temper-
ature; indeed, the seasonal variation in the soil biogenic emis-
sions mirrors greatly that of the soil temperature (see Figs. 6
and S8). Particularly during July, when soil temperatures are
highest, both monthly biogenic soil NO emissions (68 t) and
soil HONO emissions (55 t) are also highest. It should be
stressed, however, that the estimated HONO emissions are

an upper bound to the HONO source since we used the ratio
for the optimum condition ((FN,opt (HONO) to FN,opt (NO)).
The lower bounds can be determined when the HONO emis-
sions source is omitted (see Fig. 8).

3.1.4 Monthly anthropogenic emissions from the
Tohsun Oasis (bottom-up)

Annual anthropogenic NOx emissions (in terms of N) of the
Tohsun Oasis have been determined from published infor-
mation on annual consumption of different fossil fuel types
and related NOx emission factors, which are widely used
in China (see Sect. 2.4). The results of the Tohsun Oasis’s
NOx emissions per fuel type are shown in Fig. S11 (see
Supplement). Like other parts of China, coal combustion
is the largest contributor to NOx emissions and accounts
for approximately 58 % (1512 t) of the NOx emission in-
ventory. As the second largest contributor, coke combustion
contributed about 10 %. Monthly anthropogenic emissions
(given in terms of mass of N) have been calculated from
Tohsun County’s annual NOx emission data, which were
downscaled by appropriate mean monthly percentages (see
Sect. 2.4); corresponding results are also shown in Fig. 8
(black bars). As expected, the overwhelming part of anthro-
pogenic NOx (180–276 t N month−1)was emitted in the win-
ter, when air temperatures (well below 0 ◦C; see Fig. 2)
necessitate substantial domestic heating (predominantly by
coal), while in July (approximately +35 ◦C) anthropogenic
NOx emissions shrank to approximately 1/10 of the winter
value (45 t N month−1), which might mainly be attributed to
traffic emissions.

3.1.5 Soil biogenic vs. anthropogenic emissions of the
Tohsun Oasis

On an annual basis (not shown), anthropogenic sources con-
tributed 81.4 %, and biogenic sources 18.6 % (10.3 % NO,
8.3 % HONO), to the Tohsun Oasis’s total emissions (2174 t,
in terms of N) of reactive nitrogen in 2010. However, if only
the growing period (April–September) is considered, where
40 % (865 t) of the Tohsun Oasis’s total annual emissions oc-
cur, the anthropogenic emissions contribute about 53.2 % and
biogenic sources about 46.8 % (26.0 % NO, 20.8 % HONO).
As already mentioned in Sect. 3.1.3, soil biogenic emissions
at monthly scales seemed to be primarily controlled by the
soil temperature. Consequently, during June, July, and Au-
gust, total biogenic emissions (NO and HONO) exceeded an-
thropogenic emissions by factors of 1.8, 2.8, and 1.5, respec-
tively (see Fig. 8). Therefore, biogenic soil emissions of NO
and HONO during the growing period are much more impor-
tant contributors to the regional NOx budget than previously
thought.
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Figure 9. Seasonal 5-year-mean tropospheric vertical column densities of NO2 (2006–2010); the “circumference line” represents the agri-
culturally managed part of the Tohsun Oasis (230 km2 ).

3.2 Top-down satellite-derived total NOx emissions
from the Tohsun Oasis

3.2.1 Spatiotemporal variation in the tropospheric
VCDNO2 measured from satellite

Figure 9 shows the seasonal means for spring, summer, au-
tumn, and winter (from 2006 to 2010) of the tropospheric
NO2 VCD around the Tohsun Oasis. Comparing the mean
distribution (2006–2010) of the different seasons, it is clearly
visible that enhanced values are found over the area of the
Tohsun Oasis (compared to the surrounding desert) for all
seasons. Even stronger enhancements of VCDNO2 values are
also found in other regions, which are always dominated
by anthropogenic emissions, especially the growing city of
Urumqi (cf. Mamtimin and Meixner, 2011). To investigate
these seasonal and spatial variations in more detail, time se-
ries of monthly means are calculated for four selected ar-
eas (see Fig. 3): an area exclusively used for agriculture (A:
study area), an area of mixed land use (B: agricultural and
urban), a large urban area (C: Urumqi), and a desert area
(D). The seasonal variation in mean tropospheric VCDNO2

of areas A–D is shown in Fig. 10. These data can be dis-
tinctively classified: highest VCDNO2 values (3–15× 1015

NO2 molecules cm−2) over the large urban area of Urumqi
(C), 1–6.5× 1015 NO2 molecules cm−2 over the Tohsun Oa-
sis (A) and the Tohsun and Turpan area (B), and less than
1×1015 NO2 molecules cm−2 over the chosen desert area
(D). From these seasonal cycles, clear indications of the

relative contributions from fossil fuel combustion and soil
emissions can be drawn: over Urumqi (C), clear maxima
are found during winter, indicating the dominating contri-
bution from fossil fuel combustion, while there are evidently
clear minima during the summer months. In contrast, over the
desert (D), where only low VCDNO2 values prevail, small but
distinctive maxima are found during summer, which might
be caused by soil emissions. Here, we need to mention that
the desert VCDNO2 values are higher than the NO emis-
sion of the GGTP model results (see Supplement Sect. S1.9,
Fig. S6). This is indeed an interesting finding which can be
attributed to the fact that, in the desert region, a small but
still substantial diurnal variation in soil moisture is present.
However, in our GGTP model, we used a constant value for
the soil moisture (0.0028); as a result, the diurnal cycle of
soil moisture was not considered in the model calculation. It
might indeed indicate that the desert soil emissions are un-
derestimated. Alternatively, it might also be partly caused by
inflow from NOx-reach air from the surrounding regions.

Over the Tohsun Oasis (A) and Tohsun and Turpan area
(B), a clear maximum, although 2–3 fold lower than that over
(C), is also found in every winter and is certainly related to
fossil fuel combustion during the heating period. Unique for
all seasonal cycles are secondary maxima found over (A) and
(B) during the summer months, which amount to approxi-
mately half of the winter maxima and indicate that, during
summer, soil emissions substantially contribute to total NOx
emissions.

Atmos. Chem. Phys., 16, 10175–10194, 2016 www.atmos-chem-phys.net/16/10175/2016/



B. Mamtimin et al.: The contribution of soil biogenic NO and HONO emissions 10189

Figure 10. Monthly mean tropospheric NO2 VCD during 2006–
2010 over selected areas (unit: 1015 molecules cm−2)

3.2.2 Monthly total NOx emissions from the Tohsun
Oasis (top-down)

As described in Sect. 2.5.2, top-down monthly total NOx
emissions (particularly from anthropogenic and biogenic
sources) of the Tohsun Oasis were calculated from satellite-
derived, background-corrected VCDNO2 over the Tohsun Oa-
sis and the characteristic lifetime of NOx , τNOx (with respect
to its reaction with the hydroxyl radical OH). In addition, a
correction for the partitioning between NO and NO2 in the
atmosphere has to be made. For that purpose, we multiply
the NO2 values by the typical ratio between NOx and NO2
of about 1.3 (see, e.g., Seinfeld and Pandis, 2012). The re-
sults are shown in Fig. 11. Since a prescribed and constant
value for τNOx (4 h) has been applied, the seasonal course
of monthly total NOx emissions is directly proportional to
that of VCDNO2 over the area of the Tohsun Oasis ((A)
in Fig. 10). In 2010, the highest total NOx emissions were
observed in January and December (103–93 ng m−2 s−2, in
terms of N), and the lowest (30–33 ng m−2 s−2) in May,
September, and October (see Fig. 11). Between July and
August, there is the already mentioned secondary maximum
of total NOx emissions (53 ng m−2 s−2), approximately half
of the value in January and December, and approximately
twofold greater than the values of May, September, and Oc-
tober.

3.3 NOx emissions of the Tohsun Oasis: bottom-up vs.
top-down

Finally, we compare the satellite-derived (top-down) total
NOx emissions of the Tohsun Oasis with the bottom-up to-
tal emission estimates (anthropogenic + biogenic) for the
year 2010. As mentioned before (see Sect. 2.3.4), we cal-
culated the ratio of bottom-up emissions at the satellite over-
pass (13:00 LT) and the daily average emissions to estimate
the effect of the diurnal emissions cycle. The highest ratios

Figure 11. Monthly mean top-down emissions (from satellite ob-
servations) are compared to bottom-up (soil biogenic and anthro-
pogenic) and anthropogenic emissions (in terms of ng m−2 s−1,
N). The biogenic bottom-up emissions around 13:00 LT (at satel-
lite overpass) are selected. They are systematically higher than the
daily averages (see Fig. S12).

are found for July and August (2.4), while it is only 1.01 for
April (see Fig. S12).

Monthly means of bottom-up biogenic emissions at satel-
lite overpass (13:00 LT) with consideration to the diurnal cy-
cle of the bottom-up estimates from the Tohsun Oasis are also
shown in Fig. 11. Bottom-up anthropogenic NOx emissions
are shown individually to emphasize the contribution of soil
biogenic emissions (NO+HONO).

The seasonal course of the bottom-up total emissions (an-
thropogenic + biogenic; in terms of N) qualitatively exhibits
nearly the same shape as the seasonal course of the top-down
total NO2 emissions (in terms of N). Interestingly, the second
maximum in summer is only found if the soil emissions are
taken into account. This finding confirms that during sum-
mer soil emissions play an important (if not the dominant)
role in the Tohsun Oasis’s total emissions. However, well-
quantified agreement between bottom-up and top-down to-
tal emissions can be observed for the months of April, May,
and October. For the months of March, June, July, and Au-
gust, total bottom-up emissions are always higher than the
top-down ones between 10 and 62 %. This finding seems to
confirm the soil’s biogenic emission’evidence for the tropo-
spheric NOx through the impact of monthly variation in soil
temperature, irrigation schedules, and fertilizer application.
The most important error sources of the bottom-up and top-
down emission estimates are discussed below.

Top-down emission estimates

a. Satellite retrieval: the air mass factor (AMF) has to be
calculated for the conversion of the retrieved slant col-
umn densities into the vertical column densities. Uncer-
tainties in the AMF can lead to uncertainties in the de-
rived NO2 VCD of about 50 %. Here, particular assump-
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tions on the trace gas profile and the surface albedo have
to be made. For NO2, vertical profiles from a global
model (TM4; see Sect. 2.5.1) with a rather coarse spa-
tial resolution are used. The derived NO2 VCDs proba-
bly underestimate the true NO2 VCDs because the true
NO2 profile peaks more closely to the ground than the
profile used in the satellite retrieval. It should be noted
that the uncertainties in the spectral retrieval are much
smaller because many measurements are averaged. As
a consequence, the true AMF is probably smaller than
the one used in the OMI retrieval, and thus the VCDNO2

from the operational product probably underestimates
the true tropospheric VCDNO2 . In contrast, the surface
albedo used in the operational product is very similar to
those from other data sets (MODIS and MERIS). Here,
it is interesting to note that the spatial patterns of the
surface albedo and the tropospheric VCDNO2 show no
similarities.

b. Assumption of the NOx lifetime of 4 h: the lifetime of
NOx in the troposphere depends on season and altitude
and varies from several hours to several days. Due to the
lower winterly OH concentration, lifetime in winter is
longer than corresponding values in summer. However,
to keep the estimation of the top-down inventory sim-
ple, we used a temporally constant mean lifetime of 4 h,
which leads to a certain overestimation of the emissions
in winter. Nevertheless, the considered lifetime within
the study is a good approximation for the growing sea-
son, which is the focus of the study. Thereby, the po-
tential uncertainties might be neglected if one considers
the uncertainties that may be caused by the AMF.

c. Satellite overpass time period: top-down emission esti-
mates are only valid for the time of the satellite over-
pass (around 13:00 LT) and a few hours before. Thus,
we compared the top-down emissions to the results from
the bottom-up emissions during the time of the satellite
overlap (Fig. 11). Fortunately, the soil emissions during
the satellite overpass time are strongest because of the
high temperatures around noon.

Bottom-up emission estimates

a. Soil biogenic NO: the soil temperature at a 30 min res-
olution is calculated by using satellite-derived surface
temperature and in situ measurements. The interpola-
tion of the satellite-derived data was done by a third-
order polynomial. From sensitivity analysis for second-
and third-order models (see Sect. 2.3.3), we found that
the uncertainties of the derived temperatures are up to
about 6 ◦C. As a consequence, the interpolation of the
data just by the third-order polynomial fit yielded the
most consistent results. Substantial deviations of soil
temperatures (from the interpolated values) between
day 115 and day 225 might be unlikely since surface

temperatures in (hyper)arid regions (even with sparse
vegetation covering) are predominantly controlled by
insolation only as long there is no impact of (convec-
tive) precipitation (indeed, Turpan’s meteorological sta-
tion did not report any precipitation events during the
entire growing period). Since the dependence of the NO
flux on soil temperature is exponential (see Sect. 2.3.4),
by taking into consideration errors of soil temperature
(1.5–2.5 ◦C) at Q10 = 2, the calculated relative errors
of NO account for 20 %, so that a total uncertainty of
25 % was assumed for the NO emission estimates.

b. Soil biogenic HONO: since the NO and HONO emis-
sions have a similar dependence on soil moisture for
soil properties in arid climate conditions (Oswald et al.,
2013), we used the land-use-specific constant scale fac-
tor, namely the ratio of HONO and NO releases for the
optimum conditions, to estimate the HONO emissions
((FN,opt (HONO) to FN,opt (NO)). Nevertheless, the opti-
mum soil water content (SWCopt) has a strong influence
on the ratio of FN,opt (HONO) to FN,opt (NO). We used
this ratio for the calculation of monthly HONO emis-
sions by scaling corresponding NO emissions. How-
ever, particularly for cotton soil, the value of the opti-
mum gravimetric soil water content for NO (2.1 %) is
slightly lower than the corresponding value for HONO
(3.6 %; see Oswald et al., 2013). Taking the relative er-
rors of the underlying concentration measurements, and
the resulting scale factor into account, a relative error of
the calculated optimum HONO emissions accounts for
10 %. It is difficult, however, to estimate the total uncer-
tainty of the calculated HONO emissions, because it is
not clear how representative the emissions ratios deter-
mined by Oswald et al. (2013) are for the actual emis-
sions from the Tohsun Oasis. However, we can safely
assume that these HONO emissions lie between zero
and the value shown in Fig. 8, which constitute emis-
sions for optimum conditions. Thus, we estimate the
total uncertainty of the HONO emissions to be about
50 %.

We therefore expect the uncertainty of total biogenic
bottom-up emissions (NO+HONO) to be about 40 %.
Nevertheless, these uncertainties do not question the ba-
sic message of the study.

c. Anthropogenic NOx : furthermore, one should keep in
mind that the percentage factors for temporal down-
scaling of annual anthropogenic NOx emissions of the
Tohsun Oasis to monthly have to be adapted from the
growing city of Urumqi.

Because of these uncertainties, the good agreement be-
tween top-down and bottom-up emission estimates should
be treated with caution. Nevertheless, the agreement between
bottom-up and top-down estimates provides support for the
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broader applicability of the lab-derived HONO–NO emission
relationships in space and time. The combination of inde-
pendent methods applied in our present study was the first
attempt to compare soil NO emissions of different scales,
ranging from the size of a soil sample to the size of a satellite
pixel. Nevertheless, some improvements in these methods for
future work might be necessary:

a. including the derivation of individual NO and HONO
net release rates for bottom-up biogenic emissions from
a series of simultaneous incubation experiments in the
laboratory under well-defined conditions (full soil tem-
perature and gravimetric soil moisture scales),

b. temporally high resolution in situ measurements of top-
soil temperature and gravimetric soil moisture by suit-
able (and simple) sensors at representative sites of all
considered land use types (at least during the growing
period),

c. the temporally resolved consideration of the NOx life-
time for top-down emission estimates.

4 Summary

This study focused on the investigation and quantification of
biogenic NO and HONO emissions from the agriculturally
managed soils of the Tohsun Oasis (i.e., from soils of grape
and cotton cultivation). Biogenic emissions of nitrous acid
(HONO, concurrently emitted with NO) were also estimated
using scaling factors applied to the calculated NO emissions.
The following methodology was applied: firstly, the Geo-
science General Tool Package (GGTP) was developed to ob-
tain the soil temperatures and classification of land use types
in the oasis from Landsat data. Secondly, mean diel and
land-use-specific variations in the normalized soil tempera-
ture, gravimetric soil moisture content, and fertilizer factors
were assimilated from the (sparsely) available data sources
(of different spatial and temporal scales as well as data qual-
ity). These have been used to calculate the mean monthly
land-use-specific bottom-up biogenic NO emissions from net
potential NO fluxes, which in turn have been derived from
laboratory incubation of soil samples from the three consid-
ered land use types (cotton, grape, and desert soils). Thirdly,
land-use-specific factors of HONO to biogenic NO emis-
sions from grape and cotton soils were applied to calculate
the monthly biogenic bottom-up HONO emissions during
the growing period. Fourthly, data for anthropogenic NOx
emissions (downscaled from annual to monthly values) were
estimated and compared to the mean monthly soil biogenic
emissions (NO+HONO). Fifthly, total top-down NOx emis-
sions from the Tohsun Oasis have been derived from satel-
lite observations (monthly means of vertical column densities
of NO2, VCDNO2) and prescribed values of the characteris-
tic lifetime of NOx , τNOx (with respect to its reaction with

the hydroxyl radical OH). Finally, we compared the biogenic
bottom-up emissions at midday (13:00 LT) to that of the top-
down emissions with the consideration of the diurnal cycle
of bottom-up estimates.

The importance of soil biogenic emissions to the regional
NOx budget of the Tohsun Oasis has been demonstrated
by the comparison of monthly biogenic soil emissions (NO
and HONO, expressed in terms of N) and the correspond-
ing anthropogenic NOx emissions (in terms of N). During
the growing period, particularly between June and August,
biogenic emissions constitute up to double that of anthro-
pogenic emissions. From the three considered land use types
of the Tohsun Oasis (desert, grape, and cotton soils), the
soil biogenic emissions from grape soils (fertilized and ir-
rigated) dominated the summertime soil biogenic emissions
of the oasis, emissions from cotton soils (fertilized and irri-
gated) were several orders of magnitude lower (particularly
because of the soil’s physical nature and the chosen irriga-
tion schedule), and soil biogenic emissions from desert soils
could be completely neglected. It should be noted that the
contribution from cotton soils might be considerably higher
for other oases. During winter, the Tohsun Oasis’s soils are
frozen and biogenic emissions are virtually zero; thus, to-
tal NOx emissions of the Tohsun Oasis during that season
are exclusively due to anthropogenic emissions. As a con-
sequence of both anthropogenic and biogenic contributions,
the seasonal (monthly) variation in total emissions is charac-
terized by two peaks (a strong peak in winter, and a weaker,
secondary peak in summer). However, the uncertainty of the
total biogenic bottom-up emission estimates is estimated to
be about 40 %.

The monthly variation in the top-down total emissions (de-
rived from satellite observations) reveals identical two-peak
shapes and agrees qualitatively and truly satisfactorily with
that of bottom-up emissions. Also, a good quantitative agree-
ment between the top-down and the bottom-up estimates is
found. Here it should be noted that the emissions around
noon (the satellite overpass time) are up to about 2 times
higher than the daily averaged emissions during the growing
season. Therefore, these results provide strong evidence that
the biogenic emissions from soils of managed drylands (irri-
gated, fertilized) in the growing period exceed local anthro-
pogenic emissions, hence contributing substantially to the lo-
cal tropospheric NOx levels. To conclude, soil biogenic emis-
sions of NO and HONO during the vegetation period could
be much more important contributors to the regional NOx
budget (and hence to regional photochemistry) of dryland re-
gions than previously thought.

5 Data availability

The underlying research data can be accessed upon con-
tact with the corresponding author (Buhalqem Mamtimin;
buhalqem.mamtimin@mpic.de).
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