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Nitrogenous fertilizers: Global distribution of 
consumption and associated emissions of nitrous 
oxide and ammonia 
Ela ine  M a t t h e w s  
Iiuphes STX Corp.. NASA Goddard Space Flight Center, lnslilule for Space Studies. New York 

Ab$tracl. T h e  global distribution of nitrogen input via application of chemical nitrogenous 
fertilizers to agricultura1,ecosyslems is presented. The suite of I’  (latitudeflongitude) resolution 
data bases includes primaly data on  fertilizer consumption. as well as supporting data sets 
defining the distribution and intensity of agriculture associated with fertilizer use. The  data were 
developed from a variety of sources and reflect conditions for the mid-1980s. East Asia, where 
fertilizer use is increasing at -IO%lyear. accounted for -37% of the total, while North America 
and western Europe. where fertilizer use is leveling off, accounted for 17% and 14% of global 
use, respectively. Former centrally planned economies of Europe consumed one fifth of the 1984 
total, but rapid increases in the 1980s are slowing, and consumption trends are variable. The  
tllost widely used chemical nitrogenous fertilizer is urea which accounted for4096 of the world’s 
total in the mid-1980s. While almost every country consumes urea, -75% of the large East 
Asian fertilizer use is supplied by this one fertilizer. Ammonium nitrate. used primarily in the 
former centrally planned economies of Europe, in West Asia, and in Africa, accounted for about 
one quarter of global consumption. T n e S e a t a  were used to -e s tmsd i s t r ibT tons  of the a n n u a D  
Fmission-of-nitrous-oxide-(N~~~d-of a m m o n i a . ( N ~ ~ o ~ i a t e d w i t h - t h ~ f f e ?  . .-_.- - .- __.- -J 

i\pplyini~putilished%gesXf emission coefficients for fertiltzer types in the data base yields a 
Itiedian emission of 0.1 T g  N,O-N. with lower and upper values of 0.03 and 2.0 Tg N,O-N in 
1984. This equals < I %  to -3% of the total nitrogen applied via commercial fertilizers and 
represents <I% to  15% of the annual emission of N,O from terrestrial sources. Assuming that 
the -4% annual increase in consumption of nitrogenous fertilizers during the 1980s corresponds 
to a -4% rise in the release of N,O-N. yearly..increases in cmissions from fertilizer u sea re  <0.01 
to 0.08 T g  N,O-N equal to < I %  to  3% of the current growth of atmospheric nitrous oxide. 
However, since no measurements of fertilizer-derived nitrous oxide emissions are available for 
agricultural environments i n  the tropicslsubtropics, where -40% of fertilizer N is consumed and 
where consumption is increasing rapidly, relative contributions of climatic regions to current and 
future emissions remain uncertain. Ammonia emission coefficients for simple groups of 
fertilizer types were applied to derive the global distribution of ammonia volatilization associated 
with nitrogenous fertilizer consumption. The  1984 total of -5-7 T g  NH,-N. about 10.15% of 
the annual ammonia source, is concentrated overwhelmingly in subtropical Asia owing to the 
dominant use of urea with high rates of volatilization. However, the paucity o f  measurements in 
representative ecological and management environments suggests that the magnitude and 
distribution of current and future ammonia emission from fertilizers is still poorly known. 

-. .- - - 

1. Introduction 

Nitrogen fixed via human activities is currently equal to or 
greater than that fixed i n  undisturbed terrestrial ecosystems 
[I’irorcsek ond Morson. 1993; Gnlloway er a/.. 19941. 
Nitrogen fixation converts unreactive N, to reactive N usable 
by biotic systems. Fertilizer production accounts for about 
one half of the -140 Tg N (Tg = I O ”  g) fixed annually through 
human activit ies [Gol lowoy er ol.. 19941. Other 
anthropogenic sources include encrgy production and 
cultivation of leguminous (nitrogen-iixing) crops. 
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Large-scale consumption of  chemical lertilizers began 
about4 decades ago. Global consumption grew -10% annually 
between 1960 and 1980 [Sheldrick. 19871 and increased -3.5% 
per year during the 1980s. N fixation and consumption in the 
form of  chemical fertilizers averaged about 70 Tg annually in 
the decade of the 1980s increasing at a n  annual rate of -2.5 Tg 
N. from 57 Tg N in 1979 to almost 80 Tg N a decade later. 
Although some developed regions experienced declining 
growth trends in the latter period, large growth rates continued 
in developing tropical and subtropical countries supported by 
increases i n  production capacity within those countrics. 

Consumption of  nitrogenous fertilizers, followed by 
redistribution through gaseous emissions from soils. leaching 
to ground water. and transport to rivers. alters the nitrogen 
cycle i n  various ways. Enhanced ammonia and nitrous oxide 
emissions are among the deleterious efiects of N fertilization. 
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Others include possibly largc emissions of NO and NO, 1e.g.. 
Williams el a/.. 1992; Huiclrinson el ol.. 1993; Cliameides P I  

a/,, 19941. and nitrate pollution o f  groundwatcr [e.g., Power 
u n d  Schcpers,  19x9; Sircbcl el al., 19891. Increased 
deposition o f  ammonium to tcrrestrial ccosystcms has bccn 
linked to soil acidification and to forest declinc 1e.g.. Schalze. 
19891, while reduction of species diversity [Tuiwn. 19901 and 
stimulation of carbon uptake [Perer.ron and Melil lo. 1985; 
Scliindler and 1Jayle)'. 19931 arc possible relatcd effects o f  
fcrtilieation. 

Nitrous oxide (N,O) i s  a trace gas whose concentration i n  
the atmosphere i n  1990 was -310 parts per billion by volume 
(ppbv) and is  increasing at about 0.2-0.3% pcr year [Warsou el  
ai., 1992; World Mereorologird Organizruion (WMO). 19921; 
causes of the increase arc not understood. Thc radiative forcing 
01 nitrous oxide is. molecule for molecule, -200 times that o f  
CO,, and i t s  long lifetime. -130-150 years. means that i t s  
emission history influences the climate system for long 
periods o f  l ime [lsakren el al.. 1992; Kim and Craig. 19931. 
The total nitrous oxidc source i s  estimated to be -5-10 Tg N 
annually [Davidson.  1991; Klialil and Has,nussen, 19921: 
Watson el 01. 119921 suggest a broader range of 5-16 Tg. 
Although the magnitude o f  individual sourccs i s  uncertain, 
emissions from undisturbed soils, particularly in the tropics, 
appear to dominate [Marson and Viroiuek. 1987: Dnvidsoii, 
1991; Khali l  and R Q S , M S S ~ , I .  1992; W~11son el  a/.. 1992; 
Ilouwnan ef  01.. 19931: other sources includc land clcaring, 
biomass burning. fossil fuel combustion. nitrogcnous 
fertilizer use, and oceans [ P r i m  el  a/.. 1990; Dooidson. 1991; 
Klialil and Rasni!tssen. 1992). Stratospheric photolysis and 
chemistry destroys -10-1 I T g  N annually I M c E l r q  and 
Wo/sy,  1986: P r i m  er a/., 19901. The stratospheric sink. 
combined with the atmospheric increase of 3-4 Tg N per year. 
indicates a large imbalance i n  thc nitrous oxide budget; 
calculated sinks cxceed estimated sources by -40%. 

Historically, the imbalance was attributed lo underestiinaied 
strengths andlor unidentified sourccs [Worson el nl.. 19923. 
However. Kim mid Craig 119931 recently reported on "NI"N 
and 'aO1lhO measurements o f  N20 from two major tropospheric 
sourccs, tropical rainforest soils and subtropical fertilized 
soils, indicating that the soils' strong "N and "0 deplctions 
relative to tropospheric N,O must be balanced by a source o f  
heavy N,O. A back-mixing flux of stratospheric N,O. which i s  

enriched in ISN and was proposed to halancc light 
biogenic sources although further isotopic mc;isurcmenls arc 
necessary to evalualc this mcchanism. 

Currcntly the lcrtilizer source i s  considercd t o  he stn i l l l  
although cstimatcs rely on a suite of field studies with no 
measurements of emissions from Icnilizcd agricultural soils in 
the tropicsfsobtropics where a largc fritclion of fertilizers are 
currently consumed and which arc undcrgoing rapid growth 
rates i n  consumption. If further isotopic studies confirm a 
stratospheric source of N,O. rcli i t ivc contributions of  
idcntificd sourccs to currcnl tcrrcstritil emissions wil l incrc;ise. 

Ammonia ( N I 4 , )  i s  thc major neutralizing agent lo r  
inmosphcric acids. The largcr sourccs of aniinonia includc 
dccomposition 01 i ini ind cxcrcta. rclciisc frum undisturhcd 
soils arid from fcrtilizcd qricuItur;8l soils. hioni;tss hurlling. 
imd occiinic fluxes. Atmosphcric NH, i s  rcmovcd primarily by 
wct iiiitl dry dcposition a s  wcll iis hy rciiclioii wilh :acidic 
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aulphates. The latter convcrls NH, to ainmonium-containing ' 
. 

aerosols deposited by rainfall and dry fallout [Asman el I . 
1988; Er isnm el ol..  1988; Sclilesiitger. 1991; Lungford and '. , 
Fclrsen/cld,  1992; London1 el  01.. 1992; Uenrener and 
Cnirren,  19941. Decline o f  European forests has been linked 
to cxcessive nitrogen dcposition downwind o f  sources ' 

[ N i h l g d r d .  1985; Scl iu lzc .  1989; McLeod el a / . ,  1990; 
Lorigford and Fehsc,i/eld, 19921. The "hot spot" nature of 
nitrogen deposilion has been noted by Melillo e! al. [I9891 
Tor westcrn Europe. and ground lcvel measurements of 
atmosphcric concentrations o f  ammonia and ammonium in 
England show that local sources arc strongly reflected in 
elevated levels o f  ammonia, while ammonium COncentrations 
are spatially uniform owing to formation during transport 
[Allen el 01.. 1988). Similar rcsults arc found i n  modeling 
studies carried oiit over western Europe [Asman el 01.. 1988; 
Iletirener and Cruizen. 19941. 

Fertilizers play a rolc in the global terrestrial source of 
ammonia, contributing IO-l55'0 of  the lotal ammonia emission 
estimated at 45-75 Tg N annually [Warneck. 1988; Schfesinger 
and Harlley, 1992; Denrener mid Crulzen, 19941. Field 
measurements and estimates o f  ammonia volatilization 
following fertilization 01 temperate agricultural lands range 
from 1.46% of  applied fertilizer N [Sclilcsbrger and Harlley, 
19921. In a study o f  European sources, Uiijsrnnn el al. 119871 
indicate total losses of -6% of fertilizer N i n  the form of 
ammonia. A recent assessment of the global ammonia budget 
by Scklesinger arid Hnrtley [ 19921 suggcsts 8 Tg NH,-N as a 
conservative estimate for the fertilizer source in the late 1980s 
.indicating that -10% of applied fertilizer N may be lost as 
volatile ammonia. 

Numerous field and laboratory studies have increased 
understanding of the processcs and conditions governing 
Icrti l izer-related N transformations and emissions i n  
agricultural soils [e.g.. H a d i n g  er of., 1963; Nurchinson and 
Mosier.  1979; Breirenbeck el of.. 1980; Conrad and Seiler. 
1980; McKenney el n l . ,  1980; Breinncr el a/.. 1981; Mosier 
m d  Huichinsou, 1981; Mosier el ol.. 1981. 1986; Arinslrong, 
1983; Conrod er 01.. 1983: Sleinr e l  a / . .  1984; Fenn and 
Hosmer. 1985; Goodroad nrid Keency. 1985; Mclnnes el of. ,  
1986; Freney el 01.. 1989; L i g h l n e r  C I  a i . .  19901. 
Nevertheless. largc uncertaintics in gaseous N emissions from 
fertilizer use remain. i n  part due to the scarcity of 
mcasurcments o f  N,O and NH, cmissions i n  tropical and 
subtropical cnvironments and to the lack of information about 
the climatic, ecological and agricultural cnvironments 
rccciving fcrtilizer inputs. 

Models of N transformations and cxchanges that 
incorporate cl imatic and ecological features such as 
precipitation, temperature, vcgctation, or soil texture. require 
that input data sets caplurc thc cnvironmental and ecological 
settings in which fertilizer i s  consumed. In addition. 2-D and 
3-D atmospheric chemical modcls. as wcll as geographically 
distributed hiosphcrc models. rcquirc spati;il accuracy i n  input 
data. Thcrcfore. for the dal;i dcscrihcd here. considerable effort 
was dcvotcd to capturing rcalistici i l ly the gcographic 
rlistrihution of cropland and :~ssociiilc~I I'crtilizcr consumption, 

\Vc prcscnl _~loh:il gcographic dislrihutions 01 nitrogenous 
Icrtilizcr consumption and xsociatcd cniissioiis o f  nitrous 
oxide and iiininoniii. Data scts on thc ilistrihutirm 01 crop areas 

L 
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:Ind agricultural locations receiving fertilizer inputs arc 
discussed in Section 2. The distribution o f  fertilizer N 
consumption i s  presented in sections 3.1-3.3; ranges for 
estimates o f  nitrous oxide and ammonia emissions based on 
simple scenarios are discussed in sections 3.4-3.5 to suggest 
major regional patterns in emissions. Uncertainties and 
iinprovemcnts are evaluated in section 4. 

2. Data and Methodology 
The spatial distr ibution o f  nitrogenous fert i l izer 

consumption was derived b y  integrating several 
complementary data sources. Information on total 
nitrogenous fertilizer use by country and, when available. by 
fertilizer type, was extracted from fertilizer yearbooks 
published by the United Nations Food and Agriculture 
Organization (FAO) [FAO. 1985. 1990a. 19911. Area of 
agricultural land, by country. was derived from FAO's 
production yearbooks [FAO, 1985, 1990bl. The geographic 
distribution of agricultural locations in which fertilizer i s  used 
i s  based on the land-use data of Murrliews [1983]. Country 
statistics on fertilizer and crop area were located within the 
appropriate political boundaries using a digital data base of 
countries of the world [Lerner er 01.. 1988J. For several 
countries that are extensive i n  area andlor consume large 
amounts of fertilizers. subnational data on agricultural areas 
and fertilizer use were incorporated. Appendix A l is ts  the data 
sources used to develop the data base. 

2.1. Nitrogenous Fer t i l i ze r  Consumpt ion  b y  
Country  and Region 

The United Nations Food and Agriculture Organization 
publishes annual fertilizer yearbooks which provide national 
statistics on fertilizer production. consumption. and trade for 
a l l  countries that report them. When provided the 
information. F A 0  reports the partit ioning o f  ferti l izer 
consumption in to  individual types. For nitrogenous 
fertilizers, the following I O  groups are identified by FAO: 
ammonium sulphate (AS). ammonium nitrate (AN), ammonium 
sulphate-nitrate (ASN). ammonium phosphate (AP). sodium 
nitrate (SN), calcium nitrate (CN), calcium cyanamide (CC). 
urea (U), other nitrogenous fertilizers (ON), and other complex 
fertilizers (OC). 

For the primary fertilizer data set. we used the F A 0  country 
statistics on nitrogenous fertilizer consumption, given in 
nutrient tons (i.e.. tons nitrogen) for 1984-1985 from the 
1985 FA0 Ferrilizer Yearbook [FAO, 19861. (Note that for 
inost fertilizer statistics. including those o f  FAO, the 
reporting year i s  I July to 30 June. Therefore. a single 
fertilizer year straddles two calendar years and i s  identified 
using both.) For countries that reported only total N use i n  
1984 but reported partitioning among types for some other 
year during the 1980s. the country's use profile for thc reported 
year was applied to the country's 1984 N total [FAO. 1986. 
1990b. 19911. For countries with no information on the use 
or fertilizer types for any year i n  the decade. partitioning was 
cstimated from regional use prolilcs. 

To develop the regional profiles, countries werc grouped 
into 10 regions based on geographic. cconomic, and 
agricultural similarities. The regions are ( I )  East Asia, (2) 

West Asia, (3) former centrally planned cconomics (CPEs) of 
Europe, (4) Africa. (5) Europe, (6) Scandinavia. (7) North 
America, (8) Central America. Mexico, and the Caribbean. (9) 
South America. and (IO) Oceania. Member countries of these 
regions arc similar but not identical to those used by F A 0  for 
statistical reporting. 

Proportional contributions of fertilizer types to each 
region's total consumption were calculated using countries that 
reported partitioning. and were applied to each region's 
remaining member countries to estimate global and regional 
consumption levcls for fertilizer types. Table B I (Appendix 
B)  contains information on fertilizer consumption for the 153 
countries listed by FAO, usage of individual fertilizer types for 
thc 101 countries reporting such divisions (Table B I .  top 
portion o f  regional sections), and type usage for the 
nonreporting countries calculated by applying relevant 
regional profiles to country's totals (Table BI, bottom portion 
o f  regional sections). 

Table 1 summarizes 1984 consumption reports o f  
nitrogenous fertilizer use from F A 0  indicating, for each 
region, total N use, number o f  member countries. number o f  
those reporting N consumption by ferti l izer type (in 
parentheses), and percentage o f  consumed N for which type 
information i s  available. About two thirds o f  the 153 
countries reporting nitrogenous ferti l izer consumption 
provided information on partitioning among types. Forty 
nine o f  them reported for 1984; another 52 reported 
partitioning for some other year in the 1980s. About 30% o f  
the fertilizer consumers did not report fertilizer use by type for 
any year in the 1980s. 

O f  the total -71 T g  N consumed via nitrogenous fertilizers 
i n  1984. about 40 T g  (56%) i s  -partitioned into types either 
from explicit reporting for 1984 or estimated from type 
information reported for another year i n  the 1980s. The 
remaining -31 T g  (44%) i s  reported only as total N by 
country. The two largest rcgional consumers, East Asia and 
former CPEs o f  Europe, account for almost 60% o f  the total 
but have relatively low reporting rates o f  fertilizer usage by 
type (38% and 14%. respectively). Only total consumption is 
reported for the largest consumer in each o f  these regions: 
China (East Asia) which consumed over 15 Tg N in 1984 and 
the former Soviet Union (CPEs of Europe) which accounted for 
-10 Tg N in that year. Central. North and South America, West 
Asia, Europe. and Scandinavia all report over 90% o f  fertilizer 
N as a function of type. 

T o  reduce uncertainties i n  fertilizer distribution within 
several large countries with regionally variable agricultural 
activities andlor large fertilizer consumption, more detailed 
information on fertilizer use for political subdivisions and by 
fertilizer type was acquired when available. This supplemental 
information was compiled for China, India. Brazil, the United 
States. and the former Soviet Union (FSU). 

For China. which consumed -20% 01 the world's fertilizer 
nitrogen i n  1984, F A 0  reports only total fertilizer N use for 
the country. The Cltinu Agriculrure Yearbook 1985 
[Agriciclrrrral Clearing House, I9851 and Chinu . A Srnlisrics 
Survey bi 1985 [Stare Srarisrical Ilurcuu, 19851 give 1984 
provincial statistics on total fertilizer N use. Consumption by 
F A 0  types i s  not available from any o f  these sources. 
Therefore the East Asian regional consumption profi le 
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Table 1. Reponing  of Fertilizer Consumption by Type I !  

Number of Consumption, Percent N 
Region Countries 1 0 y g N  by Type 

I East Asia 21 (12) 26.017 3 8  
2 West Asia 16  (11) 1,879 9 4  
3 Former CPEs of Europe 8 (3) 14,941 1 3  
4 Africa 4 5  (30) * 1.848 5 2  
5 Europe 15 (14) 9 ,562  9 5  
6 Scandinavia 5 (5) 985  .. 
7-%?it-AXi.Cica 2 (2) 11,691 

Central America)Mexico/Caribbean 2 2  (I I )  1,768 
9 South Amenca 13 (11)  1.443 

10 Oceania 
Total 

6 (2) 371 1 4  
153  (101) 70.505 5 5  

Shown for regions are number of member countries. number of those countries reporting 
nitrogenous fertilizer partitioning (in parentheses), 1984-1985 total fertilizer N consumption, and 
percentage of regionally consumed N reponed by fertilizer type. CPE is centrally planned economy. 

* South Africa was not used to calculate Africa's fertilizer profile because i t  is not representative 
of African consumption patterns 

(Region I ,  Appendix B) was applied in each province of China 
to derive provincial and country use by fertilizer type. 

India accounted for almost 10% of the world's 1984 
fertilizer N use. F A 0  reports the country's N consumption of 
individual fertilizer types (Appendix B, Region I ) .  T h e  
Ferriliser Associarion of India 119891 gives 1988.1989 total 
nitrogenous fertilizer use for individual slates i n  the same units 
as FA0  (tons nitrogen) but does not identify specific types. 
The latter source also provides states' consumption of fertilizer 
types in material tons (bulk weight of fertilizer material). 
convertible to tons N using accompanying information on 
percent nitrogen content. by weight. of the various fertilizers. 
Types distinguished i n  the Indian fertilizer statistics include 
ammonium sulphate (20.6% N), calcium ammonium nitrate 
(25% N). ammonium chloride (25% N). diammonium 
phosphate (18% N). ammonium phosphate (16% N).  
ammonium phosphate sulphate (20% N). nitrophosphates 
(20.7% and 15% N), and several multiplc nutrient fertilizers 
with nitrogen contents ranging from 10% to 28%. Thcsc are 
generally comparable to F A 0  types. Statistics on state 
consumption of  fertilizer types i n  material tons were 
converted to tons nitrogen. and consistency checks were done 
in two ways. ( I )  For comparison with FA0  reports of country 
N usage by type, N contents of fertilizer types were summed 
over the states. (2) Stale N totals. calculated by converting 
material tons to tons N and summing over fertilizer types. were 
compared to reported state N totals from the same source. The 
small discrepancies uncovered between the several sets of 
values were traced to typographical errors i n  the published 
sources and incomplete reporting of fertilizer usc by type for 
states. Overall. the  total^ were consistent with FA0  so all 
valucs were norrnalizcd to the FA0  country total for 1984. 

Although Brazil consumed only -1 Tg fertilizer N in 1984 
and.reported. by fertilizer .~ype ,  we constructed information on 
N use by state because consumption is known to he 
concentrated i n  a few areas. Since we were unable to locate 
statistics on fertilizer N use for states, distributions were 
calculated indirectly in the following way. From Broril: A 
Review of Agricu/rurn/ Policies [Wor ld  Bonk. 19791. we 
obtained national statistics on proportions of total fertilizer N 
used on individual crops; this information was generally 
corroborated by M a r l i n e r  (19901 who gives fertilizer N 
tonnage devoted to major crops grown in Brazil in 1987. State 
areas of these major crops were derived from Insriraro 
Brnsileiro de Geografia e Esrnrisrica 119891 for 1987. Since 
40% of Brazil's fertilizer N is used on planted pastures. State 
areas of planted pasture were estimated' from Insri~rcro 
Brasileiro de Geografia e Esrarisrica [19791. Slate 
consumption of fertilizer N was calculated by assuming that a 
state's use of fertilizer N for a crop is proportional to the 
state's share o f  the country's area of that crop. This assumes 
that fertilizer N application, per unit area, is constant for a 
crop wherever i t  is grown in Brazil, and that Brazil's use Of 

fertilizer types. reported for the country by FAO. applies i n  
every slate. 

For the United States, which accounts for about 15% Of 

global N consumption via nitrogenous fertilizers, more than 
80% of FAOs consumption figure for 1984 is listed under the 
general group "other nitrogen fertilizers" because most Of the 
U S .  consumption is in the form of less commonly used tyJCS 

such as anhydrous ammonia and nitrogen SOIutiOIIS. F& 
16 improve information on the geographic distribA?? ~9 
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spatial resolution Although some information exists about 
the  fraction of crop areas receiving fertilizer i n  various 
countries 1e.g.. Marrinez and Diamond. 19821, it is available 

[,l%5fiai?: 1 9 8 ~ T T h ~ l u e s  were converted from material 
short tons ( I  material short ton = 909 kg bulk fertilizer 
material) to nutrient metric tons ( I  nutrient metric ton = IOW 
k g  nitrogen) by assigning N contents to each fertilizer using 
information from USDA [1985]. Horgetl and Berry [I9861 and 
'The Ferrilizer Instilure [1982]. For some fertilizers such as 
ammonium sulphate. nitrogen contents are standard (e.&. 21% 
N). Others. such as diammonium phosphate, consist of 
numerous grades with variable nitrogen contents. Grades i n  
these groups are identified by their fractional N-P-K (nitrogen- 
phosphorous-potassium) content by weight (e.g., 18-46-0). 
However, these grades are grouped in this source lo include a 
range of N contents. In these cases. we used the mean N 
content of the grouped fertilizers to estimate total N for the 
types. As with India. there are small discrepancies between the 
fertilizer-type N values calculated from state data and the 
fertilizer-type N values reported for the country by FAO. These 
are due to corrections made lo  earlier years' data in subsequent 
editions of publications. as well as to incompatible grouping 
of fertilizer types for reporting purposes. incomplete 
reporting. and estimated values for N content of combined 
grades of fertilizers. Total U. S. values calculated from state 
statistics were normalized to the F A 0  country total for 1984. 

FA0  reports only total fertilizer N use for the former Soviet 
Union which consumed almost 15% of the worlds total in 
1984. We obtained information on total nitrogenous fertilizer 
use for the former republics from the Joint Publications and 
Research Service's (JPRS) statistics handbook on Soviet 

.agriculture [JPRS.  19891. -Since no.information was available 
about the use of individual fertilizer types i n  the former 
republics, the consumption profile of former CPEs of Europe 
(Region 3, Appendix B) was applied to each republic to 
partition fertilizer N by type within the borders of the FSU. 

2.2. Locations a n d  Areas  of Fertilizer Input  

According to global statistics from FAO, 71,000 x IO6 kg 
of fertilizer N applied to -1500 x IO6 ha of cropland yields a 
global mean application rate of -47 kg N/ha for these 
agricultural lands. Using the distribution of FA0  cropland 
among countries, and assuming that all croplands receive equal 
inputs of fertilizer N ,  gives a constant application rate for crop 
areas within a country or subdivision. 

We recognize that fertilizer inputs are not ubiquitous nor are 
they constant over agricultural lands; they are concentrated in 
particular crops and vary by country and sometimes From field 
to field. For example, for 1987. Marrinez [I9901 reports that 
Turkey used 151 kg fertilizer N/ha on rice and 164 kg N/ha on 
tea. while Japan used 101 kg N/ha on rice and 578 kg N/ha on 
tea. It is common for large fractions of commercial fertilizer 
to bc used on export or industrial crops such as tea. sugarcane. 
cotton. fruits. and vegetables: potato. rice, and maize may also 
receive heavy applications. 

These examples illustrate the difficulty of characterizing 
geographic variations of fertilizer N inputs on a global basis. 
Capluring variations among grid cells within a single country 
or subdivision requires information on areas and locations of 
individual crops and their fertilizer application rates 111 fine 

- 
only for selected crops. Furthermore, we do  not have precise 
information on the spatial distribution of crop areas within 
countries or  subdivisions. Therefore, our first goal was 10 
merge the fertilizer statistics developed for regional. national. 
and subnational units with distributions of FA0  crop areas and 
agricultural locations. We assume that fertilizer N is applied 10 
all crops exclusive of pastures and that inputs are constant 
throughout cropland within a political unit. 

2.2.1. Dis t r ibu t ion  of c r o p  areas .  F A 0  was the 
primary source for country totals of crop areas. The F A 0  
definition of cropland includes areas of permanent crops (e&. 
tea, tree crops) and arable land (e.&. temporary crops such as 
whea0; pastures are not included. F A 0  notes that land cropped 
multiple times in a year is counted only once; this is 
sometimes referred to as sown or net cropped area. Although 
this is the case for most countries. we discovered [hat identical 
areas for India were reported as (net) cropland area by FA0 and 
as gross cropped area by Fertiliser Associorion of lndio 
[1989]. It i s  impossible to evaluate rigorously the extent or  
effect of such reporting inconsistencies. although we 
confirmed that areas were comparable with F A 0  when we used 
national data sources. Inconsistencies may be more common 
for countries that engage in multiple cropping; that is, where 
gross cropped area is significantly larger than net cropped 
area. I n  addition, errors may occur where pastures are planted 
and fertilized, but reported by F A 0  under the general pasture 
category. 

For several large countries, crop areas for subdivisions were 
needed to -reduce uncertainties in the geography. This 
supplemental information was obtained for India. China, the 
United States, the former Soviet Union, and Brazil. When 
these subnational data were available for a year other than 
1984, the country totals were normalized to the 1984 FA0  
cropland total and values for the subdivisions were recalculated 
by scaling lo the country total. 

Crop area for the states of India for 1985-1986 was obtained 
from Fertiliser SIalirlics 1988-89 [Ferriliser Associarion of 
India ,  19891. Sown area for the provinces of China in 1988 
was available from the China Agricullure Yearbook 1989 
[Agricallurol Clearing House, 19891. Planted area for republics 
of the former Soviet Union for 1987.1988 was extracted from 
JPRS (19891. Crop area for the slates of the United States for 
1982 was obtained from Agricullicral Siurisrics 1984 [USDA, 
19841. Information on crop areas and planted pastures for the 
states of Brazil was compiled from Insriruro llrasi/eiro de 
Geografia e E.slalislica 11979. 19891: planted pastures were 
included for Brazil because a large fraction of fertilizer use is 
devoted to planted pastures. 

2.2.2. Dis t r ibu t ion  of a g r i c u l t u r a l  loca t ions .  
Crop areas were located into appropriate political units using 
the 1' digital data base of countrics of the world (including the 
subdivisions for China, India. United States, Brazil and the 
fornier Soviet Union). A ful l  discussion of the country data 
base is given by Lerncr el a!. [1988]. 

Initially, total F A 0  crop areas were distributed among all 
agricultural cells within each political uni t .  Agricultural cells 
were idcnlified from the I '  rcsolution land-use data base of 
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Molrliews [1983], which distinguishes I19  land-use types 
globally using a hierarchical classification system. 
Classification criteria emphasize variations i n  the intensity o f  
agricultural systems and allow for inclusion o f  crop 
combinations where information i s  available. Agricultural 
locations for the current study were defined initially as a l l  cells 
identified with cropping activities; that is, grazing cells were 
not included nor were cells associated with commercial 
lumbering or no use. Since the Marrliews [I9831 data base was 
designed lo reflect global distributions of  agricultural systems, 
i t  i s  useful as a primary guide for agricultural locations but is 
not precise enough to estimate areas of individual crops or o f  
agricultural land receiving fertilizer inputs. 

The method requires that the area o f  agricultural locations in 
a country i s  large enough lo accommodate the country's crop 
area as reported by FAO. For countries or subdivisions with no 
or insufficient agricultural locations identified i n  the above 
procedure, grazing locations were incorporated into the 
agricultural distribution and F A 0  crop areas of the appropriate 

countries were redistributed among Cells i n  the expanded 
distribution. For the remaining countries. in which no or 
insufficient agricultural locationS were targeted by the 
preceding steps. F A 0  crop areas were evenly distributed 
throughout all land cells of the country or subdivision. With 
the addition of -30 cells to allow for representation of one 
celled countries. most o f  which are islands. this initial method 
resulted in 4468 1. cells identified as agricultural locations for 
fertilizer inputs from a total of -14.500 ice-free land cells 
globally. About 3425 o f  them were identified through non. 
grazing land uses; another -860 of them were grazing cells 
allowed in countries with no or insufficient land-use locations; 
the remainder were from island countries and countries in 
which all cells were included because none were targeted in the 
preceding steps. 

Although we did not use the land-use data base lo  calculate 
cropland areas directly. we evaluated the init ial agricultural 
distribution in a general way by calculating the ratio of F A 0  
crop area to the agricultural area for each country or 

Plate 1. Ratio of Food and Agriculture Organization 1:FAO) crop area to agricultural area. The latter equals 
100% of thc area of agricultural CCIIS. (a) In i t i a l  ratios from the unmodified land-usc d m  set. (b) Final ratios 
from the modified land-use data set. 
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subdivision; agricultural area i s  100% of  the area of a country's 
agricultural cells. The initial distribution o f  ratios i s  shown in 
Plate la. Thc smaller the ratio. the greater the overestimate o f  
agricultural extent relalive to F A 0  cropland. 

The composite global value was 0.33: ratios for individual 
political units ranged from ~0 .01  to 1.6. Ratios were 
eenerally higher for heavily agricultural developing countries 
(Burma, Pakistan) because agricultural systems dominate the 
landscape i n  these countries. and for developed countries with 
intensive. documented agricultural systems (e.g.. Romania. 
Argentina). Ratios >I generally mean that the agricultural area 
nust be cropped more than once a year to account for the 
annual F A 0  crop area. These occurred i n  regions where 
multiple cropping i s  a common practice, e&, the Indian states 
of Punjab and West Bengal. 

For small countries comprising a few cells. ratios are very 
sensitjve to inclusion or exclusion o f  only one cell's area and 
therefore are not discussed further. However, ratios for many 
medium and large countrieslsubdivisions were low. Typical 
values for countries in western Europe and states in the United 
States were 0.2-0.5 indicating that the init ial distribution o f  
ferti l izer locations was overestimating the extent o f  
agriculture by factors of 2-5. For many other countries, 
especially in Africa and South America, ratios were 0.05-0.10 
indicaling that areas of targeted agricultural locations were 10- 
20 times reported cropland areas. Low country ratios resulted 
when either too many agricultural locations were identified by 
the land-use data base, or when no agricultural locations were 
identified which defaulted to allowing a11 land cells o f  a 
country into the agricultural category. 

 overestimating agricultural locations does not affect the 
calculation of N application rates because those are derived by 
dividing total fertilizer N consumption by F A 0  crop area in 
each country or subdivision. However, distributing F A 0  areas 
throughout too many locations results i n  broad regional 
patterns of unrealistically diffuse fertilizer consumption. 

Because agricultural locations were systematically 
overestimated. the initial procedure was modified. The goal 
was l o  reduce areal overestimates that resulted from direct 
targeting o f  numerous land-use and grazing locations, and from 
default targeting of all cells in a country. Hypotheses guiding 
the modifications included the following: fertilizer inputs are 
more l ikely to be associated with intensive commercial 
farming systems characterized by dense infrastructure (e.g.. 
roads) than with extensive subsistence agriculture: 
industriallexport crops are more likely l o  receive fertilizer 
inputs in a predominantly subsistence economy than are food 
crops [Marliner and Diamond, 19821; i n  subsistence areas 
where land-use data are poor, generalized. or out of date. the, 
density o f  settlements and transportation networks may be a 
more reliable indicator of agricultural intensity than i s  land- 
use information alone. 

To implement the modifications. we exploited the detailed 
crop information in the land-use data set o f  Marhews [1983], 
and incorporated another data set. at the same resolution. 
rcprcscnting intensity o f  landscape use [ M a l l h e w s .  19831. 
This subjective index, from 0 to 5 .  was derived from a global 
scrics of 1: I  mil l ion scale Operational Navigation Charts 
(Defense Mapping Agency, U S .  Departmcnt o f  Defense) with 
man dates from 1973 to 1983. Zero values indicate that no 

anthropogenic features o f  any kind are present in the' 1' map 
cclls: higher values indicate increasing density of features 
ranging from minimal footpaths and isolated airstrips to dense 
complexes o f  roads, railroads and cities. 

Most modifications to thc init ial agricultural distribution 
were made on a country-specific basis by evaluating a 
country's suitc of land uses, crops. and intensity indices. 

T o  reduce targeting o f  numerous agricultural locations, 
designated land-use types for individual countries were 
removed from the init ial  agricultural distribution. These 
included land uses or crop combinations unlikely to be 
associated with fertilizer inputs. For example. 51  cells of 
general land-use types (*'extensive mixed subsistence farming 
with grain" or "extensive mixed subsistence farming with 
tropical crops dominant") i n  Nigeria were removed from the 
distribution leaving, as fertilizer locations. 21 cells identified 
with cash crops such as cotton. As a result. the ratio for 
Nigeria increased from -0.35 to close l o  1.00. Globally. 
modifications such as this removed -1150 cells in 94 
countries and subdivisions. 

Increasing the number o f  eligible agricultural locations to 
accommodate F A 0  areas, thereby reducing default inclusion o f  
large categories, involved the following: ( I )  adding to the 
basic agricultural distribution cells with specified use 
intensities for individual countries (added -12 cells), (2) 
replacing the initial agricultural locations of 3 I countries with 
fewer locations o f  specified use intensities (net loss o f  -350 
cells), and (3) identifying individual cells o f  known 
agricultural activity by latitude and longitude (added -40 cells). 
By providing sufficient agricultural cells to accommodate F A 0  
areas, these changes reduced the number o f  appended grazing 
cells from -860 in'the init ial procedure to -340. 

This series o f  revisions produced a new distribution o i  
agricultural locations totaling 2281 ce l l s  (Plate 1 b). The 
closer agreement between F A 0  crop areas and areas from the 
new agricultural distribution i s  reflected in the area ratios of 
individual countries which increased from 0.2-0.5 (Platc la )  to 
0.6-0.9 (Plate Ib)  for many medium and large countries. The 
composite global ratio of the final data set used in this study i s  
0.67. 

3. Distributipn of Fertilizer Consumption and 
Trace-Gas Emissions 

Appendix B contains complete data on fertilizer N 
consumption including reported and estimated partitioning of 
the total N among fertilizer types. by country and region, for 
1984. In the fol lowing' sections, we discuss spatial 
distributions. regional and fertilizer-type profiles. and 
interannual trends of regions in !he 1980s. 

3.1. Global D i s l r i b u l i o n  of Fert i l izer  
C o n s u m p t i o n  

Application rate i s  calculated for each country by 
distributing total fertilizer N evenly throughout F A 0  crop area 
in the country's agricultural cells. I n  this way, application 
rates vary among countries but arc cnnstant within country 
boundaries. The global distrihution o f  fertilizer consumption 
is shown in Plate 2. Platc 2a gives application rate in kg  Nlha 
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F A 0  cropland/year while Plate 2b shows total N consumed 
annually in 1' cells. 

We expected the values i n  Plate 2a to represent the lower 
limit for application rates since they rely on the assumption 
that a11 crops receive fertilizer inputs. Despite this 
simplification, mean application rates for many countries are 
within 20.30% of those reported. Most countries of western 
Europe and East Asia show mean application rates of 75 to 
>I50 kg Nlhdyr (Plate 2a). consistent with reported values 
[Marlinez and Diamond. 1982; Marrinez, 19901. For example. 
the mean rate calculated for Japan is 145 kg Nlhalyr (Plate 2a); 
Marriner 119901 reports application rates of 176 and 103 kg 
Nlhalyr for wheat and rice, respectively, the two major crops 
receiving nitrogenous fertilizers in Japan, and an area- 
weighted mean of 182 kg N/ha for fertilized lands i n  Japan. 
Similarly, the area-weighted mean for South Africa reported by 
Marrinez [I9901 is 32 kg N/ha for fertilized land while the 
country mean calculated here is 29 kg N/ha for all F A 0  
cropland; reported and calculated means for fertilizer N inputs 
in western Germany are 173 and 195 kg Nlhalyr, respectively. 

Application rates are underestimated for countries in which 
( I )  small areas of industrial andlor export crops receive very 
high fertilizer inputs while extensive areas of food and other 
crops receive minimal inputs or (2) unfertilized pasture is 
intermixed with. and perhaps reported as, cropland. The latter 
may occur in areas such as India. western United States. 
southern Russia, South Africa, and Australia. An example of 
the  former is Tanzania which fertilized 100% of its tea and 
tobacco area and only 12% of the maize area in the 1970s 
[Marliner and Diamond, 19821. 

' '  'These.mean .values emerge from-the technique because most 
major fertilizer consumers are engaged in intensive agriculture 
supported by ubiquitous and large fertilizer inputs. For 
instance, during the late 1970% most countries in western 
Europe fertilized close to 100% of crop areas and Pakistan 
fertilized >70% of most food, industrial and fiber crops 
[Marrinez and Diamond. 19821. Therefore. although the data 
set reflects anomalously low rates of N application in some 
countries where fertilizer use is limited to a few crops, the 
systematic bias toward low values is not severe, suggesting 
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that the assumption of ubiquitous fertilizer use is a rcaronJhlc 
first approach. 

Plate Zb shows total N consumed in 1. cells. (See Tahlc nl, 
Appendix B, for COUIItrY specifics). Major usc regions nrc 
broadly distributed throughout north temperate arcas whcrcn, 
tropical/subtropical consumption is geographically confined 
IO a few large countries. Fertilizer consumpiion in tcmpcrnlc 
regions (poleward of 35') accounts for 61% of the total while 
the subtropics (20-35') account for 29% and the tropics ( t20')  
for 9%. ~~ 

The geographic character of the data developed here allowI 
for evaluation of spatial distributions of the fertilizcr  IO^^^^ 
and of associated emissions. as well as for prediction of ruturc 
distributions. In addition. geographic accuracy facilitotcs thC 
treatment of fertilizer consumption across the range of 
climatic. ecological. and management environments in which 
it takes place and which differentially affect tracc-gas 
emissions. 

3.2. Fer t i l i zer  Consumption by Type and ReElon 

Figure I illustrates regional profiles of nitrogcnour 
fertilizer consumption by type for the 10 regions used in this 
study. (See Table 81, Appendix B. for country specifics.) 
Although these values reflect conditions for 1984. the profilcr 
may be considered characteristic of the 1980s since major 
changes in regional fertilizer combinations take placc 
gradually for large users. Table 2 shows consumption prrrfilrr 
as proportional contributions of fertilizer types to rcgion:tl 
and global N.use;.Table:3~.shows.proponional contributions o f  
regions to global and fertilizer-type totals. Fertilizer N inpel 
was close to 71 Tg N in 1984. East Asia accounted for -3198 or 
the total. while North America and western Europe accounlcd 
for 17% and 14% of global use, respectively. Former CCnlrJlly 

planned economies in Europe consumed one fif th of the 19X.l 
total but consumption patterns are variable. The most widcly 
used chemical nitrogenous fertilizer was urea which accounlcd 
for 40% of the worlds total in the mid-1980s. While almorl 
every country consumed urea, -75% of the large East Aii:lll 

East Asia west Asia CPE . Africa ~urope  Scandin- Noah Central South Oceania 
Europe avia Arneka America AmerlCa 

Is oc 
ON 

m u  I 
s cc 

CN 

W SN 

Ui AP 

E ASN 

AN 

0 AS - 
Figure 1. 
planned economy. 

Regionsl profiles of nitrogenous fertiliz-r consumption by fcrtilizcr type. CPE is Centrally 

L 







MATTHEWS: NITROGENOUS FERTILIZER USE AND TRACE-GAS EMISSIONS 423 

fertilizer use was supplied by this one fertilizer. Ammonium 
nitrate. used primarily in Europe. West Asia. Africa and the 
former centrally planned economies o f  Europe, accounted for 
about one quarter of global consumption. 

3.3. Recent Trends in Fer t i l izer  Consumption 

Figure 2 shows consumption o f  fertilizer N by region for 
the 5 years before and after the 1984 base year o f  this study. 
Figure 3a displays growth trends in fertilizer N consumption 
during the 1980s; values represent consumption for each year 
referenced to consumption in 1979. Interannual variability in 
regional N consumption for 1979-1989 i s  illustrated i n  Figure 
3b; each year's consumption i s  referenced to consumption in 
the immediately preceding year. 

80 

70 

60 

50 

5 
I-" 
$ 4 0  

30 

10 

0 

The rate of fertilizer N inputs increased at a mean annual rate 
of -3.5% or -2.5 Tg N during the.decade of the 1980s although 
growth rates were variable (Figure 3a and 3b). Consumption 
rose from -57 Tg N in 1979 l o  almost 80 Tg N a decade later 
(Figure 2). In East Asia, which accounts for almost 40% of 
total N, annual increases in fenilizer use have approached 10% 
(Figure 3b). Central America, South America, Oceania and 
Africa display variable but generally increasing consumption 
although together they account for less than 8% of total N use 
in the mid-1980s (Table 3). Nitrogenous fertilizer use i s  
stabilizing in North America and Europe which accounted for 
30% of 1984 use (Table 3). although interannual variations in 
North American consumption have been as high as 20% in the 
1980s (Figure 3b). Former CPEs o f  Europe consumed one fifth 
of the 1984 total, but consumption trends are variable and a 
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Figure 2. Annual consumption of fertilizer N by region for the 5 years preceding and following the 1984 
base year of this study. Abbreviations are AS. ammonium sulphate; AN, ammonium nitrate; ASN. 
ammonium sulphate-nitrate; AP. ammonium phosphate; SN. sodium nitrate; CN. calcium nitrate; CC, 
calcium cyanamide: U. urea; ON, othcr nilrogenous fertilizers; OC. other complex fertilizers. 



424 MATTHEWS: NITROGENOUS FERTILIZER USE AND TRACE-GAS EMISSIONS 

Regional Consumption Indices 1979 - 1989 
Base  Year 1979 = 1.0 
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Figure 3a. 
consumption for each year referenced to consumption for 1979 (1979 = 1.00). 
consists of I I  values covering the years from I979 to 1989. 

Growth index of fertilizer N consumption by region for 1979-1989. Values represent 
Each regional section 

downward trend is apparent at the end of the decade (Figure 3b). 
Economic reorganizations indicate that this decline may 
continue. 

These patterns illustrate the difficulty of predicting future 
consumption patterns for dynamic economies like European 
former CPEs, although Asian growth has averaged -10% per 
annum for most of the period. This increasing Asian 
consumption is supported in part by increasing production 
capacity. particularly for urea. within the region. Harre and 
Bridges I19881 report that developing countries, which 

.accounted for -15% of the world's urea.production capacity in 
1967, accounted for -40% by the end of the 1980s. This shift 
in production enhances the prospect of substantial and 
increasing fertilizer supply within developing regions in the 
future. 

3.4. Nitrous Oxide Emission From Ferli l izer 
C o n s u m p t i o n  

Nitrous oxide emissions from fertilized agricultural soils arc 
regulated in complex ways by factors such as soil moisture 

Status and soil oxygen status. soil type. texture, porosity and 
pH. organic carbon content. and microorganisms, as well as 
management practices including fertilizer type. application 
rate, and timing and technique of applications. tillage 
practices. crop system, irrigation. and use of other chemicals 
[e.&. Bremner and Blackmer. 1978; Hurchinson and Mosier, 
1979; Breirenbeck er ai . ,  1980; Bremner el a / . .  1980; Mosier 
and Hulchinson, 1981; Mosier el ai. .  1981. 1986; Ryden. 
1981; Seiler and Conrad, 1981; BIackmer er ai . ,  1982; 
Duxbury er a / . ,  1982; Armsrrong, 1983: Conrad er a/., 1983; 
SIemr el ai., 1984; Klemedrsson el ai . .  19881. At present. 
relationships between emissions and most of these factors are 
not sufficiently established to incorporate into global 
emissions estimates. Furthermore. large-scale information 
about some factors (e& method of fertilizer application or 
soil pH) are lacking. 

We estimated ranges for global N,O emission from chemical 
fertilizer consumption using the distribution of total N usage 
among fertilizer types. together with median. low- and high- 
emission coefficients for the types taken from Eichner's 
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Figure 3b. Interannual variability i n  growth O S  fertilizer N consumption by region for 1979-1989. 
ValUCS rcprcsent consumption for cach year rcfercnccd to consumption for the immediately preceding year: 
the first year. 1979. is rcScrenccd to ilsclS and equals 1.00. Each regional scction consists of I I  values 
covering the years from 1979 to 1989. 
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[I9901 review of field studies. Eichner [I9901 confined the 
review to studies with fertilized plots paired with unfertilized 
controls in order to isolate the fertilizer contribution to total 
N,O effluxes at the sites. Therefore. the coefficients represent 
the fraction of applied N evolved as N,O (N,O-N) and the 
estimate represents fertilizer-related enhancements to 
background fluxes of nitrous oxide. All  measurements 
reviewed by Eichner [I9901 were carried out in temperate 
regions. Currently, there are no published N 2 0  flux 
measurements from fertilized agricultural fields in tropical o r  
subtropical sites [Virousek and Marson, 19931. 

Table 4 shows consumption and emission coefficients for 
the fertilizers identified in this study. (Note that in order to 
show smaller values, the unit for fertilizer consumplion and 
N,O-N emission here is 10’ g N instead of 10’’ g (Tg) as used 
previously.) Due in pan to the absence of tropicallsubtropical 
measurements. coefficients for each fertilizer were kept 
constant for all regions although the response of agricultural 
systems in low latitude environments to fertilizer amendments 
has not been quantified. 

As noted above, consumption of urea (0) and ammonium 
nitrate (AN) account for almost 65% of total fenilizer N use and 
73% of the N 2 0  emission estimate. I n  addition, they are 
significant components in the fertilizer complement of East 
Asia and CPEs of Europe. which are large consumers with high 
decadal growth rates, as well as  of Europe which is 
characterized by relatively stable consumption. 

Nitrous oxide emission lrom chemical fertilizer use is 
estimated at -100 x IOy g N,O-N (0.1 Tg N20-N) in 1984 with a 
range of -29-2.000 x I O y  g NIO-N (0.03 10 2.0 T g  N,O-N). 
This equals < I %  to 3% of the total nitrogen applied via 
commercial fenilizers and represents <I% to 15% of the annual 
emission of N,O from terrestrial sources [Davidson, 1991; 
Kholil and Rasmussen. 19921. Eichner [I9901 suggests that 
emissions may be twice this value since these coefficients 
account only for those emissions occurring during the 
growinglmeasurement season and do  not include N,O 

emissions from drainage and leaching in agricultural areas. 
This estimate is very close to previous estimates over the past 
dozen years [Weiss, 1981; Conrad er 01.. 1983; Slemr er 01.. 

1984; Eichner, 1990]. However. the geographic nature of 
these data will allow a more complete evaluation of climatic. 
environmental and management influences on emissions. 

Plate 3 shows the spatial distribution of annual nitrous 
oxide emissions from fertilizers based on the median estimate 
presented in Table 4 . Note that values are N20-N emissions 
per hectare of F A 0  cropland only. Of the total emission of 0.1 
Tg N,O-N. temperate regions (>35‘) account for 69% while the 
subtropics (20-35’) account for 24% and the tropics (520’) for 
7%. By comparison. Bouwmon er al. [I9931 suggest a total 
source of 6.8 Tg N20-N from undisturbed soils with 8090 
emanating from tropical/subtropical regions within 30‘ of the 
equator. 

Presently. it is unclear whether measurements in tropical 
and subtropical agricultural ecosystems will revise this low 
latitude estimate or  confirm emissions similar to  those in 
temperate environments. Nevertheless, absolute and relative 
contributions of the low latitudes are expected to increase in 
the future since growth rates of the recent decade are expected 
to continue (Figure 3a). 

3.5. Ammonia  Emission F r o m  Fer t i l i zer  
C o n s u m p t i o n  

A recent assessment of the global ammonia budget for the 
late 1980s suggests a total annual ammonia source of 75 Tg N 
including emissions of -8 Tg N from fertilizer production and 
10 T g  N from undisturbed soils [Schlesinger and Hartley. 
19921. Field .measurements-of ammonia emission following 
fertilization of agricultural sites in temperate regions range 
from 1.46% of applied fertilizer N [Schlesinger nnd Horrley, 
19921. Measurements in flooded rice fields of Australia. 
China, Malaysia, and the Philippines indicate that ammonia 
volatilization accounts for losses of 2.56% of applied N and 

T a b l e  4. _Ranges for  Global Estimates of Nitrous Oxide Emission From Nitrogenous Fertilizer Consumption 

Fertilizer Emission Emission, 
Consumption, Coefficient. %, 109g N ~ N  

v 
Fertilizer Type IO9 g N Median Range Median Range 

Ammonium sulphate ’ 3.654 0.12 0 .02  - 1.5 4 1 - 5 5  
Ammonium nitrate ’ 17.054 0.26 0.04 - 1.71 45  
Ammonium sulphate-nitrate 147- 0.26 0 .02  - 1.5 0 
Ammonium phosphate/ 3.272 0.12 0 .02  - 1.5 4 
Sodium nitrate 52 0.05 0.01 - 0.5 0 
Calcium nitrate 99  0.03 0.001 - 0.5 0 
Calcium cyanamide 62 0.03 0.001 - 0.5 0 

7 - 292 
0 - 2  

0 - 0  
0 - I  
0 - 0  

19 -423  
I - 725 
n . 514  1 Urea ’ 28.215 0. I I 0.07 - 1.5 3 1  

Other complex fertilizers 7,519 0.11 0.01 - 6.84 8 
Other nitrogenous fertilizers’ 10.43 I 0.11 0.01 - 6.84 12 r Total 70.505 I 05 29 - 2.061 
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that the higher rates are consistently associated with urea 
treatments [Freney er al., 19891. 

Applying emission coefficients to the suite of fertilizer 
types produced i n  1988-1989, Schlesinger and Harrley 119921 
conclude that as much as -10% of fertilizer N may be lost as 
volatile ammonia. Table 5 shows their suggested emission 
coefficients applied to the 1984 data developed in this study. 
Beijsinan el ai. [I9871 also relied on field studies to derive 
cmission factors for a study of European ammonia sources. On 
the basis of fertilizer types consumed in Europe. Buijsman el 
nl. [I9871 estimate losses of -6% of fertilizer N in the form of 
ammonia. Applying Buijsman el 01,'s emission coefficients lo 
global fertilizer consumption in 1984 results i n  a slightly 
larger fraction (8%) of fertilizer N volatilized IO ammonia due 
to proportionately larger urea consumption in Asia (Table 5). 

The global totals based on Schlesinger and Harrley [ I9921 
and Buijsman et al. [I9871 are similar, -7 and -5.5 Tg NH,-N 
per year, respectively. Although urea and ammonium nitrate 
are the two largest contributors in both studies. emission 
coefficients for individual fertilizers vary by factors of 2 to 4 
between the studies. producing large differences in 
proportional contributions of fertilizer types to the total 
emission. This is particularly evident for urea and ammonium 
nitrate which account for 40% and 24%. respectively, of 
global fertilizer N consumption. Using identical consumption 
statistics. urea accounts for 80% of the ammonia estimate 
based on Schlesinger and Harrley's [ 19921 evaluation and 52% 
of Buijsman el 01 , 's  [I9871 while ammonium nitrate 
contributes 6% and 31% of the ammonia emission estimated 
from Schlesinger and Harrley [I9921 and Buijsrnan el  a l .  
[ 19x71, .respectively. .Emission .coefficients adopted by 
Denlener and Crurren [1994], composited from these same 
sources. give a global emission of -5.5 Tg NHl-N when 
applied to the 1984 data. 

Similarities among these studies do  not reflect low 
uncertainty in estimates of ammonia volatilization but. rather. 
a reliance on the same small suite of field studies and 

-, 

dependence on identical sources for fertilizer data. In light of 
the variation in regional profiles of f e r t i G  partitioning 
(Figure I ) .  uncertainty in emission coefficients for individual 
fertilizers translates into uncertainties in the global 
distribution of the fertilizer-derived ammonia source. Other 
factors identified as potential controllers of fluxes, e.&. 
temperature, and soil characteristics such as pH. texture and 
moisture status [Freney el a/., 19891, are not included i n  any of 
the studies and remain poorly quantified. 

The geographic distribution of ammonia emission from 
fertilizers based on Schlesinger and Harrley's [I9921 emission 
coefficients and the 1984 data is shown in Plate 4. Annual 
fluxes of NHl-N from agricultural lands are about 100 times 
those of N20-N from the same areas (Plate 3). In broad terms. 
temperate regions (poleward of 35') account for 45% of the 
total NH,-N emission while the subtropics (20-35') account for 
41% and the tropics (k20') for 14% in this exploratory 
scenario, However. as with nitrous oxide emissions, 
measurements in tropical and subtropical environments are not 
numerous and fluxes remain poorly characterized. 

4. Uncertainties and Improvements 

4.1 Fertilizer Consumpt ion  

F A 0  yearbooks are prepared from reports submitted by 
individual countries and are the most complete global source of 
fertilizer information available. With rare exceptions, 
fertilizer information from country agricultural statistics is 
identical to that of FAO. Occasionally (e&. India. United 
States) statistics published by individual countries provide 
more detail about consumption of fertilizer types. 

Available studies confirm higher ammonia volatilization 
rates for urea and ammonium-sulphate. -nitrate and -phosphate 
while differences in N20 emissions among types are less clear. 
More specific informalion about consumption of types will be 
needed if differential coefficients are strongly confirmed. For 
N,O emissions. information about consumption of aqua- and 

. .  
Table 5. Global Estimates of Ammonia  Emission From Nitrogenous Fertilizer Consumr, tipn 

Fertilizer Type 

Fertilizer Emission Emission, 
Consumption. Coefficient, % 109 g N H ~ - N  

UUuL - SH 
I 

SH Buijsman - 1 0 9 g N  - c 
Ammonium sulphate 
Ammonium nitrate 
Ammonium sulphate-nitrate 
Ammonium phosphate 
Sodium nitrate 
Calcium nitrate 
Calcium cyanarnide 
Urea 
Other nitrogenous fertilizers 
Other complex fertilizers i Total 

3.654 
17.054 

147 
3.272 

52 
99 
62 

28.215 
I0,43 I 
7.519 

70,505 i 
10 15 370 555 
2.5 I O  428 1.710 

3 12.5 3 I 3  
3 5 99 I65 
3 1 3 1 
3 2 3 2 
3 I 3 I 
20 10 5,640 2,820 
3 I 318 I06 
3 I 225 75 

7.092 5.448 

Emission coefficients are from Schlesinger arid Hariley (19921 (SH) and from Buijsman el a/ .  119871 (Buijsman) 
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anhydrous-ammonia fertilizers, available for the United States 
and Canada where these fertilizers are primarily used, might be 
incorporated i n  future. 

We have estimated global distributions o f  N inputs only 
from the use of nitrogenous chemical fertilizers; the 
contribution o f  organic fertilizers to consumption and 
emissions is not included. Although fertilizer N input and 
associated trace-gas emissions are dominated by the 
commercial fertilizers included i n  this study, the use of organic 
fertilizers is significant i n  some regions such as Southeast 
Asia. However. we are unaware of information reliable and 
complete enough to incorporate at the present time. 

4.2. Fer t i l i zer  Application Rates  

In Section 3.1 we presented the global distribution of 
annual N application rates determined from F A 0  statistics on 
fertilizer consumption and crop area. Approximately 71,000 x 
IO6kg N used equally over all -1.500 x IO6 ha cropland gives a 
global mean application rate of -47 kg Nlha. Actual 
application rates range from zero to  >500 kg Nlhalyr for 
specific crops in individual countries. However, the 
assumption of 100% fertilization of crop areas reproduces 
mean application rates for many countries that are within 20- 
30% of those reported although within-country variations are 
not captured. 

In countries where fertilizer use is restricted to a few crops, 
application rates for specialized crops can reach hundreds of kg 
N per hectare annually [Marr inez .  1990: Marrinez and 
Diamond. 19821 while remaining crops receive little input. In 
these cases, the assumption that all crop areas in the country 
are fertilized. and that the application rate is constant, 
underestimates the mean N application rate for the country's 
fertilized areas. I f  the rate of N application, rather than total N 
consumed, is the major determinant of N,O and NH, emissions, 
more precise information on local fertilizer application rates 
and distributions of fertilized crops will be required in order to 
capture geographic variations within large and agriculturally 
diverse countries. 

4.3. Seasonality a n d  Envi ronments  of 
C o n s u m p t i o n  

This study focused on annual patterns of fertilizer use with 
no effects of seasonal environmental effects included. 
lntraannual variations in temperature and moisture conditions 
of the atmosphere and soil. as well as crop phenology and 
water and soil chemistry. can affect the production and release 
of trace gases. In addition, the natural cycle of some of these 
influences (e.g., water status) is modified by management 
practices (e.&. irrigation). Seasonality of fertilizer inputs can 
be derived by developing crop-fertilizer combinations and 
driving the seasonality o f  N applications using cropping 
cycles for fertilizer-consuming crops. Coupling of  seasonal 
climate with seasonal distributions of fertilizer N inputs may 
improve estimates of trace-gas production and emission i f  the 
impact of climate on fluxes is better quantified. Acquiring 
reliable, large-scale information 011 management practices 
such as application method and water depth will likely be more 
difficult. 

4.4. Trace -Gas  Emiss ions  

The paucity of flux measurements i n  iropical and 
subtropical agricultural sites representative of conditions in 
which fertilizers are used contributes the greatest uncertainty 
to emission estimates. The large and increasing concentration 
of fertilizer use in these regions indicates that overall 
uncertainty will increase without a more comprehensive 
measurement strategy. The problem is somewhat less severe 
for ammonia emission since a multicountry study of NH, 
volatilazation from flooded rice fields was conducted in the late 
1980s [Freney er 01.. 19891. 

5. Discussion and Conclusion 
Chemical fertilizer consumption in the mid-1980s was -70 

Tg N per year and averaged increases of -3.5% per year during 
the decade of the 1980s. The most commonly used ferlilizers 
were urea, which accounted for 40% of total fertilizer N use in 
the 1980% and ammonium nitrate, which accounted for about 
one quarter of total use. Despite the variability in emission 
coefficients of N,O and NH, from fertilizers, these fertilizers 
may have comparatively high N,O emissions while large 
fractions of urea appear to be volatilized to ammonia. 

Largest proportional increases in N consumption during the 
last decade occurred among the largest regional consumers. 
These include East Asia, which used 37% of 1984 total (urea 
was three fourths of regional use), and former CPEs oi Europe 
which accounted for 21% of  1984 use. dominated by 
ammonium nitrate (63% of the region's use). North America 
consumed about 17% of the world's fertilizer N but 
consumption in North America, western Europe and 
Scandinavia.is. stabilizing.(Figure 3a and 3b). 

Using the distribution of N consumption among fertilizer 
types with a range of emission coefficients based on field 
studies. N,O emission from chemical fertilizer use was 
estimated at 0.1 Tg N,O-Nlyear with a range of 0.03 to 2.0 
Tglyear for 1984. The estimated ranges presented here equal 
< I  to 3% of the total nitrogen applied via commercial 
fertilizers and represent < I %  to 15% of the annual emission of 
N,O from terrestrial sources [Davidson,  1991; Khalil and 
Rasmussen, 19921. According to Eichner [ 19901. accounting 
for emissions occurring outside the growing or measurement 
season and from drainage and leaching in agricultural areas 
may double the estimate. 

Since no measurements of fertilizer-derived nitrous oxide 
emissions are available for agricultural fields in the tropics or 
subtropics. the contribution of low-latitude fertilizer use of 
nitrous oxide emissions is considered highly uncertain. The 
forest fertilization study conducted by Kellcr el a/. [I9881 in 
Brazil suggests that temperate studies may not be applicable to 
the climate. ecology. and management characteristics of 
tropical and subtropical environments. This uncertainty may 
also apply to estimates of fertilizer-related ammonia fluxes due 
to  the scarcity o f  measurements i n  geographically and 
ecologically representative environments. However. 
measurements of ammonia volatilization from urea 
amendments in flooded rice fields i n  China, Malaysia, 
Philippines. and Australia indicatc that thesc climatically and 
agriculturally diverse environments exhibit ammonia 
emissions comparable to the high r a t s  measured from 
nonflooded temperate crops [Freney el nl. .  19891. 
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Assuming that the -4% annual increase in consumption of 
fertilizer N during the 1980s corresponds to a 4% increase in 
release of N,O-N. annual increases i n  emissions from fertilizer 
use are <0.01-0.08 T g  N,O-N for the mcdian case, equal to 1- 
2% of the current growth rate of -3 Tg N,O-N in atmospheric 
nitrous oxide [Prinn el al., 1990; Warson el 01.. 19921. 

In broad geographic terms, temperate regions (poleward of 
35') and tropicallsubtropical regions (within 35' o f  the 
equator) account for 61% and 39%, respectively. of commercial 
fertilizer consumption. In initial estimates of N emissions, 
these regions contribute 69% and 319'0, respectively. of 
nitrous oxide emissions, and 45% and 55%, respectively. of 
ammonia emissions. However, while we are fairly confident 
about the overall pattern of fertilizer distributions. the nitrous 
oxide and ammonia distributions remain speculative. 

Quantitative relationships between N emissions and the 
climatic, ecological and management factors affecting 
emission (temperature. physical and chemical properties of 
soils, fertilizer type. fertilizer application rates and methods, 
water and oxygen status of the soil. crop cover etc.) must be 
strengthened. We lack sufficient information to confirm the 
role of fertilizers in  current N emissions, although this work is 
consistent with the conclusion of Prinn el a/ .  [ 19901 that the 
increasing trend in atmospheric N,O concentrations is likely a 
combination of growing tropical and midlatitude sources. 
Tropical increases are likely driven by expanding land 
disturbance as well as  increasing fertilizer consumption 
[Matson and Virousek, 1990). The large growth trends in 
fertilizer consumption exhibited by developing tropical and 
subtropical countries during the 1980s will probably continue. 
supported by increasing fertilizer producrion .capaciiy in these 

The data presented here are designed to be used in biosphere 
models [e.& Parron er a/.. 1987. 1988. 1989; Raich et al.. 
1991; McGuire el a / . ,  1992; Melillo er a / . .  1993; Porrerer a/., 
19931, and in atmospheric-chemical models (Buijsman er a/., 
1987; Levy and Moxim, 1989; Taylor.  1992; Chnmeides er 
al.. 1994; Denrener and Crurzee. 1994: Gallowny er 01.. 19941 
to test hypotheses about global budgets of N,O. NH,. NO. and 
other biogeochemical cycles. The data, along with data sets 
on  climate. soil characteristics. land cover, and relevant 
human activities. can facilitate the incorporation of 
ecological, climatic and management influences into improved 
estimates and predictions of trace-gas emissions. 

Appendix A. Data Sources By Region 
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Bangladesh Bureau of Statistics. Monrldy Srarisrical 

Bullerin of Bangladesh, May 1989. Bangladesh Bureau of 
Statistics. Government o f  the People's Republic of 
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Appendix B. Regional Nitrogenous Fertilizer 
Consumption for 1984 

All values in Table BI are in IO' g nitrogen. Column totals 
may not be exact due to rounding. 

The Year column indicates the year for which the 
distribution of total fertilizer among types was taken. 
Partitioning of fertilizer types for 1984-1985 was used when 
provided; these cases arc marked with an asterisk. For 
countries which did not report 1984-1985 divisions but 
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Table B l .  Nitrogenous Fertilizer Consumption By Region, Country. and Type, for 1984 

\ <  

,/ ' 

Year Total N AS AN ASN AP SN CN CC "mot \,I' 

1 :. 
Y .  Region 1. Easr Asia 

* 5,333 9 9  9 8  - 579 - 4 ,300  18 239 India 

Pakistan 935  1 5  109 67  - 657 86 
Japan 697 206 10 3 0  106 43  302 

Indonesia 3 1.285 9 2  0 I - 1.188 5 

Korea. South I 402 3 - 219 - 180 
Bangladesh 399 2 13 - 383 2 

* 
* 

* 
Malaysia 2 249 42  14 - 130 63  
Philippines I 7 8  22  19 - 115 4 18 
Burma 127 - I 2 7  

t 

* 
* Sri Lanka 9 6  19 5 6  21 

Afghanistan 5 4 0  6 3 4  
Nepal 5 32  0 20  I I  

Percent of subtotal IO0 5 2 7 0 0 0 7 5  I 10 
Subtotal 9.773 499 232 - 683 0 I 30 7 ,336  65 927 

China 15,076 754  302 - 1,055 - 1 1 , 3 0 7  151 1,508 
Korea, North 597 3 0  12 42  - 448 6 60  
Vietnam 310 16 6 22 - 233 3 31 
Thailand 243 1 2  5 17 - 182 2 24 
Mongolia 12 I 0 I 9 0 I 
PapudNew Guinea 3 0 0 0 3 0 0 
Singapore 2 0 0 0 2 0 0 
Bhutan 0 0 0 0 0 0 0 
Cambodia I 0 0 0 0 0 00 

Subtotal 16.244 812 325 - 1,137 - 1 2 , 1 8 3  162 1.624 

Total, Region I 26.017 1.311 557 - 1.821 27 I 3 0  19.519 228 2,551 4 

Region 2, West Asia 

Turkey * 
Iran 3 
Saudi Arabia 
Syria * 
Israel 3 

Jordan 7 
United Arab Emir. I 
Yemcn(DPR) * 
Kuwait 5 
Oman * 

Cyprus * 

Subtotal 
Percent of subtotal 

Iraq 
Lebanon 
Yemen (AR) 
Qatar 
Bahrain 

Subtotal 

955 
487 
I30 
I27  
52  
10 
7 
3 
2 
0 
0 

1,773 
IO0 

73 
I 7  
15 

I 
0 

I06  

9 3  417 
8 3 

3 5  
I 1  15 

I 2  
1 
I 

0 

116 471 
6 27 

4 20  
I 5 
I 4 
0 0 
0 0 

6 29 

78  
- 134 

0 

- 212 
12 

9 
2 
2 
0 

13  0 

- 185 
- 342 

97  
8 4  

9 
2 
4 
I 
2 
0 

- 726 
41 

- 182 I 

33 
8 

7 I O  
5 

I 
I 

0 

13 235 
1 I3  

3 0  1 9 
7 0 2 
6 0 2 
0 0 0 
0 0 0 

43 I 14  

Total. Region 2 1.879 122 500  . 224 - 770 14 249 
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Table B1. (continued) 

Year Total N As AN AsN AP SN CN CC u r n  oc 

Total. Region 7 11,691 165 835  - 237 8 - 1,562 8.885 
Percent of total IO0 2 7 2 0 13 7 6  

Region 8, Central America, Mexico, and rhe Caribbean 

Mexico 
Cuba 2 
El Salvador * 
Nicaragua * 
Honduras 5 
Jamaica 3 
Trinidad &Tobago 1 
Martinique 2 
Guadelupe t 

Haiti * 
Belize 

Subtotal 
Percent of subtotal 

Guatemala 
Costa Rica 
Dominican Republic 
Panama 
St.Vincent & Granada 
Barbados 
SI. Lucia 
Dominica 
St. Christopher-Nevis 
Bahamas 
Bermuda 

Subtotal 

Total, Region 8 

Brazil * 
Colombia * 
Venezuela 5 
Argentina * 
Chile * 
Peru * 
Ecuador 5 
Uruguay 8 
Guyana 5 
Surinam 5 
Paraguay 5 

Subtotal 
Percent of subtotal 

Bolivia 
French Guiana 

Subtotal 

Total, Region 9 

1,193 
294 

''j 4 0  
38  
2 3  

9 
5 
3 
3 
2 
I 

1.611 
I O 0  

351 55 56 
8 3  74 
3 0  

3 2 
2 I I 
5 I 0 
4 
0 0 

0 0 

478  132 57 
3 0  8 4 

- 433  239 60 
- 137 

I O  
29 5 
16 4 
3 0 
I 
2 0 

3 
2 

0 I 

- 6 2 0  244  7 9  
38  15 5 

5 6  17 4 2 21 8 3 
51  15 4 2 I9 8 3 
31 9 3 I I 2  5 2 
12 4 I 0 5 2 1 
3 I 0 0 I 0 0 
2 I 0 0 I 0 0 
I 0 0 0 I 0 0 
I 0 0 0 0 0 0 
I 0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 

157 47  13 6 6 0  24  8 

1,768 525 145 63  - 680 267 8 7  

Region 9, Sourh America 

814 157 104 - 100 
181 8 5 
123  7 9 
9 8  3 3 
8 6  9 37 
5 4  3 9 2 
4 3  0 0 8 2 
2 0  0 0 3 
I O  5 
I O  0 0 

I 0 0 
1 ,440  182 120 -. 128 37 

100 13 8 9 3 

3 0 0 0 0 
0 0 0 0 0 

3 0 0 0 0 

1.443 183 120 - 128 37 

0 0 381 1 1  61 
- 127 41  

6 0  4 8  
6 8  7 17 
34 7 
38  1 

0 3 4  
9 I O  
5 
7 2 
I I 

1 0 765  19 188 
0 0 53  1 13 

I 0 0 
0 0 0 

2 0 0 

I 0 767 19 188 
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Table B1. (continued) 
{' 

Year Total N AS AN ASN Ap SN CN CC u CN o c : o  

New Zealand 3 
Fiji * 

Subtotal 
Percent of subtotal 

Australia 
Fr. Polynesia 
New Caledonia 
Tonga 

Subtotal 

Total, Region I O  

Total, Global 
Percent of total 

40  
IO 
50 

IO0 

320 
I 
0 
0 

321 

371 

70,505 
I O 0  

I I  2 
10 

21 2 
4 1  5 

134 16 
0 0 
0 0 
0 0 

135 16 

156 18 

3.654 17.059 
5 24 

~ 

Region IO. Oceania 

13 0 14 1 - .  

13 0 14 1 
25 0 27 1 

80 86  3 
0 0 0 
0 0 0 
0 0 0 

80 8 7  3 

9 3  0 - 100 4 

All Regions 

1,467 3.272 5 2  9 9  6 2  28.215 10,431 7,519 
0 5 0 0 0 4 0  15 I I  

South Africa was not used to calculate the profile for Region 4 (Africa). See text for explanation 

reported partitioning for some year i n  the 1980s. numbers 
indicate the proxy year used to partition the 1984-1985 total: 
I ,  1981-1982; 2, 1982-1983; through to 8. 1988-1989; 9. 
1989- 1990. 

Top portions of regional sections list countries reporting 
partitioning among fertilizer types for some year in the 
1980s. Lower portions of regional sections give fertilizer 
consumption by type estimated using regional consumption 
profiles calculated from countries in the top portion. 

Fertilizer abbreviations are AS, ammonium sulphate; AN, 
ammonium nitrate; ASN, ammonium sulphate-nitrate; AP. 
ammonium phosphate; SN, sodium nitrate; CN. calcium 
nitrate; CC. calcium cyanamide; U,  urea; ON, other 
nitrogenous fertilizers; and OC. other complex fertilizers. 
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