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SHepreTU4eCcKne XapakTepuCcTMKN OCHOBHbIX
peakLuun KpyroBopoTa a3ora

Peakuuu

Bbixon aHepruum, Kkan

OEHUTPUDOUKALIUA

1. C,H,,0,+6KNO,—6CO,+3H,0+6KOH+3N,0

2. 5C_H,,0,+24KNO,—30CO,+18H,0+24KOH+12N,

61276

3. 5S+6KNO,+2CaC0,—3K,S0,+2CaS0,+ 2CO,+3N,
DbIXAHUE

4. C_H,,0,+60,—6CO,+6H,0

AMMOHU®UKALIUS
5 itlaNH,COOH+1%.0,-2C0,+H,0+NH,

HUTPUOUKALIUS
6. NH,+1%0,—HNO,+H,0
7. KNO,+1%:0,—~KNO,
®UKCALIMS A3OTA

8. N2—>2N «aKTuBauus asota»
9. 2N+3H,—2NH,

545 (Ha 1Monb rnKo3bl)
570 (Ha 1Monb rNOKO3bl)

132 (Ha 1monb cepbl)
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176
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PacnpeneneHue a3oTta B pa3nnyHbIX pe3epByapax 3eMnu

Pe3epByapbl MnH. T
PACTUTEJIbHAA BUOMACCA (Ha3emMHas) 1,1-1,4x10°
XUBOTHAA BUOMACCA (HazemHas) 2x10?
ONAQ (Ha3eMHbIN) 1,9-3,3x103
NMNOYBA
-OpraHn4yeckoe BeLeCcTBO 3,0x10°
-HepacTBOPUMbIN HEOPraHUYeCKUmn 1,6 x10*
~-MUKPOOpPraHusmMbl 5,0x10?
noprPoabl 1.9x10" (TP
OCALOKU 4,0x10% (3)>
YIOJlbHbIE OTIOXEHUA 1,2x10°
OKEAH
pacTuTenbHas 6uomacca 3,0x10?
XXMBOTHaA bMomacca 1,7x10?2
MepTBOe opraHn4yeckoe BeleCcTBO 5,3x10°
N, (pacTBOpeHHbIN) 2,2x107 (4)
NO, 5,7x10°
NH,* 7,0x103
ATMOCO®EPA
N,
N,O 1,3x10°
NH., NO , NO,", opraHnyeckun N 3-4

(Tamm, 1991)




MoBANbHLIK BUOFEOXUMUYECKUA LUK A3BOTA

_.. -

Haszemunblie
IKOCHUCTEMBI

ATMOCDEPA
3,3x10° Tg — N>
1,4(1,5)x1 o3 Tg — N,O

®ukcauua 100 (250)

HeHutpucbukauus
80 (130)

®ukcauma 30 (39)
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CTokK 20 (40) -
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PuukcnpoBaH- 4% B PkcpoBaH}| N2,
HbLIN B XKNBbIX HbIN pacTBO-
Ha3eMHbIX opraHns- B OKeaHe: pPeHHbLIN B
aKocucTemMax: Max 1,1x10°Tg oKeaHe
1,0x10°Tg 0,04%
B XKNBbIX
opraHnaMax

1% - HeoOpraHn4ye ckKum



IdnHaMmuka uyncneHHocTun HaceneHna Mupa 3a

nocneaHue 50 net u nporHo3 o 2100 r.

B 1960 — 3 mnpg,

B 1993 — 5,65 mnpa,

12 okTA0pA 1999 roga HaceneHne 3emnu cocTaBuno 6 MNpA YenoBek
B 2003 — 6,3 mnpa,

B 2006 — 6,5 mnpg,

B 2010 — 6,8 mnpga,

1 Hos6psA 2011 — 7,0 mnpa yenosex! 2]

nporHo3 Ha 2050 rog — 9 munnuapaos yenosek®I4l Ha 2100 rog —10 mnpa

https://ru.wikipedia.org/wiki/%CD%E0%F 1%E5%EB%ES%ED%ES%ES % C7%ES%ECY%EB
%ES
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MeHeHUue nnowaamu NaxoTHbIX 3eMenb

B Mupe 3a nocnegHue 50 net (mnh. ra)
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IdnHamuka nnowaau nawHn B Mupe B

pac4yeTe Ha 1 yen.
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HaceneHue u ygenbHaa nnowaab nawHu

Ha 1 yenoBeka

PernoHsi, HaceneHwue, MNawH4a, YAenbHas
niowanb,
CTpPaHbI MITH. yernl. MIH. ra
ra/yen.
CLWA 315 186 0.6
3anaanas 380 95 0.25
EBpona
Poccus 140 85 0.6
Becb Mup 7000 1400 0.2

be3 MMHepanbHbIX yaoopeHun B HeuepHo3embe
MOXHO NMPOKOPMUTbL TOJbKO 1 Yyen./ra nawHu




YpOXXanHOCTb 3epHOBbLIX B

HEeKOTOpbIX CTPpaHax U Mupe
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KomMmneHcauunsa BbIHOCA NUTaTesibHbIX BellecTB C
ypOXasiMu BHECEHUEM MUHepPanbHbIX YyA00OpeHUU Ha

Tepputopuun Poccum (%)
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Beaymue norpeduTe M MUHEPAJAbHBIX Yy1o0peHuii B mupe (2010

I.)
N P,O, K,O
Crpana Muan. | Crpana Muan.T. | CTpana MUIH.T.
T.
1. Kuraii 26.1 1. Kuraii 8.60 1. CIIIA 4.47
2. Unaus 10.9 2. Unaus 4.21 2. Kuran 3.47
3. CIIA 10.5 3. CHIA 3.86 3. bpa3uaus 2.56
4. Opanuus 2.32 4. bpaszujaus 2.34 4. Mupus 1.57
S. Ilakucran | 2.26 5. ABcrpaausa |1.10 5. ®panuus 1.03
6. Unponesus | 1.96 6. ®panuus 0.80 6. Manainszusa | (0.64
17. Poccust 0.96 19. Poccus 0.28 21. Poccus 0.18




NMpon3BoacTBO 3epHOBLIX U 3epPHOOO0OOBLIX Ha
AyLwy HacerieHMs1 B HEKOTOPbIX CTpaHax
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MupoBble 3KCnopTepbl U UMNOPTEPLI 3epHa
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MexayHaponHasa TOproBens
CeNibCKOXO3SIUCTBEHHOUN npoAayKkuneun
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[MpyumMmeHeHne MnHepanbHbIX yo00peHUn B

3emMrsiegesqimnm HeKoTopbiX CTpaH U B MUpe
(B AEeNCTBYHOLLEM BelecTBe, Kr/gyuwy HaceneHMﬂ)
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CpenHue Ao3bl MMHeparibHbIX yaoOpeHnU

(N,P,K) Ha noceBax c/x Kynbtyp B PO
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[NloTpebHOCTL B a3oTe

[MoTpedHOCTbL HaceneHns B NPOTENHe
60-70 r/yen./peHb vnu 4 kr N/uen./ron

lNoTpeObHOCTL B NyA. paccuutbiBaeTcs ncxoas us
paBHOro Kosim4yecTtBa notpednsaemoro nporemMHa
(*kMBOTHOro U pacTuUTesribHOro)
50% u 15% - K0a(phuLUMEeHTbI yCBOEHUA,
COOTBETCTBEHHO.

Nya. — notpebHocTb = 17 kr N/yen./roa
Ona HaceneHua 140 mnH. yenoBek — 2,4 mnH.T N ya.
Kaxabin rektap nawHm Poccumn gomkeH nony4yartb

He MeHee 60 kr Niron



7 M7IpO. YenoBek copepxat =8 Tg N
Ona noanepxaHua atoro pesepByapa N
exerogHo chukcupyetca B 20-25 pa3 6onbwe N
160-200 Tg N

CLUA
[Ipon3BOACTBO:

1 k2 roBsAguHbI TpebyeT 74 K2 3epHa KYKypy3bl
(3kBuUBaneHT), cogepxaweun = 250 r N

1 K2 KypATUHbI (Opounnep) TpeodbyeT
2,5 k2 3epHa KyKypy3bl (3kBuBaneHT) unmn=50r N



mobanbHOe NPou3BoACTBO a30THbLIX
yAoopeHun
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®dukcauma N npu npousBoacTBe yaoopeHuu,
CXKUraHUM NCKornaemoro TonnuBaa,
BblpawmBaHun 6060BbLIX U KYNLTYpPbI pUCa,

1961-2020, Tg N/ropn
160 - (Galloway et al., 1999)
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rogpl
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— 6060BbIe N KyJBTYpa puUca
= COlIraHKe UCKOMAeMOro ToNnJMBa



moOanbHbLIN DanaHc a3oTa

Mpuxop (Tg N) Pacxop (Tg N)

Pukcauuma B atmocdepe 1-30 |OeHutpudukauma 80-720
(anekTpunyeckue paspsagbl)

Buonornyeckas 45-330 | PeyHOU cTOK 10-40
dukcauums
TexHoreHHaa doukcauma  110-13
0
CxuraHve uckonaemoro 15-45
TOonnuMBa
BCEIO: 171-53 BCEINO: 90-760

5




OGopaumnBaemocTb a3ota (Tg/roa)
(Tamm, 1991)

B Ha3zeMHbIX 3KOCUctTemax 2000

B okeaHN4YeCKOM NaHKTOHe 4000




JKonornyecKkue nocrieacresus
MHTEHCUBHOIO BOBJIeYeHUs
TEXHOreHHOro a3oTa B KpyroBopoT



hON=

NoToku aszora

npm CXKNraHnM NCKonaemoro TonsinBa
Bbi6pochki: NO , NH,

lNocnedcmeus:

POoTOXUMUNYECKNUN CMOT
KucnotHble atmocdepHblie ocaaku
PaspyLweHne 030HOBOIrO Criofi
NMapHukoBbIN 3chheKT



Bbibpocbl NO

MoOunbHbIE UICTOYHUKMU:

Jie2ckoeblie asmomMobusnu =~ 6-7 MJIH.m/200
msiKesnblie asmomMobunu u asuayuss = 2-3 MJsIH.m/200

XnMuyeckasi NpOMbILLNIEHHOCTb
(6e3 ydobpeHul) u npouszsodcmeo
uemMeHma = 2-3 MJsTH.m./200

CXuraHue gpeBeCUHbI
N pacTUTerNbHbIX OCTAaTKOB = 5 MInH.T/ron



Hutpatbl (NO,)

Hutpatbl (NO,’) - He TOKCU4HbI!

Hutputbl (NO,’) kOHCEepBaHTbI NPOTUB boTynNU3amMa
NO3' - Ucnosnb3yeTcH ANA feYeHus
MoYeKaMeHHOU bone3Hun, bonesHeun cepaua
PacTBopsieT no4yeyHble KaMHU pocchaTHOU
npupoAabl.

Ho3unposka ao 9r NaNO, unu NH,NO, B cyTkK -
6e3 Kakux-nmbo oCrnoXxXHeHUuM.



dusnkKka n xmmus YTE4YKN HUTPATOB
NO," - npakTMyeckn He copbupyeTcs B nouse

NouBbI bopeanbHoOro nosica ¢ pH=4,0-7,5 He copobupyoT
NO," u apyrue aHuoHsl (CI', SO 42'), X KONnongHble
YacTULbl 3apsAXeHbl OTPUUaTeNbHO

HekoTopble Tponn4yeckue CUNbHO BbilesIO4YeHHble
No4Bbl C O4YeHb KUcrion peakumeu (pH=3,5) moryT
norrowaTtb aHUOHbI. B 3TUX yCrnoBusix KonmoungHble
YacTULUbl HECYT NMONMOXUTESNbHbLIN 3apaa,

NH 4” B npotuBoBec NO,” xopoLlo nornowaeTcs B noYBax
U cnabo BbIMbIBAEeTCA U3 HUX



KopeHb HUTpaTHOU NPoOOeMbil:

AOCTYNHOCTb
YA3BUMOCTDb

noaABUXHOCTDb

HutpaTHasa npobnema — «HeceoeepeMeHHbIe» HUTpaTbI
«HeceoeepeMeHHbLIe» HUTPATbI TaK UNTN NHaAYe
CTAHOBATCA HUTPATaAMWU «3a2PA3HIAROWUMUY
MoaABUXHOCTb HUTPATOB 3aBUCUT OT PU3NYECKOoro
nosegeHus BoAbl B No4Be




MeTremornobuHemMmuma unm CUHAPOM «CUHEro pebeHka»

Y neteii Mnague 1 roga B Xxenyake
NO3' —>N02'

+++

Okcuremorno6buH, cogepxut (Fe ™ ) B okncHon cbopme
nepexoauTt B MeTtremorno6uH (Fe**) B 3akmcHon chopme
B pesynbTaTte cHUxaeTcsi CNOCOOHOCTbL nepeHocuTs O,




Cny4yau metremornoomMHemMumn B CBA3U C
KOHLUEeHTpauueu NO3' B BOAE (Addiscott et al., 1994)

KonunyectB | KOHUeHTpauu
CtpaHa ]
UCTOYHMK ocny4aeB | A NO,, mr/n
Comly (1945) USA 2 388, 619
1 283-620

Choquette (1982) USA 1 1200
Busch and Meyer (1982) USA 1 545
Johnson et al. (1987) USA 1 665
Ewing and Mayon-White (1951) UK 2 200*), 45(P)
Acheson (1985) UK 14 >100
Deak (1985) BeHrpus 45 40-100

1258 >100
Hye-Knudsen (1985) daHuns 1 200(P)

*)  daTanbHbIN Ncxon
(P) Bopa nmena 6aktepuanbHoOe 3arpsi3HeHue
Bce cnyyau cBfizaHbl C UCMOMb30OBaHNEM BOAbl U3 YaCTHbIX

Konogues




ATmoccepHas koHueHTpauusa N,O

3a nocnegHue 2000 ner
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IdnHamMmukKa 3akucu asota B atmocdepe
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IdnHaMmuka cogepxxaHue B atmocdepe
N,O u nporHos ee cogepxaHus
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IMHCCHSI 3AKHCH a30Ta HA TepuTopun Poccun

cpeanee 3a roa (1990-2010 rr.)

UcCTOYHNKH 3aKHCH 230Ta

Imuccns N,O,
N, mum. T/rox

Cxuranme nCKomaeMoro ToIjimBa
JlecHblIe moKaphI

IIpnvenenne a30THBLIX yI00peHMii
JdenuTpudukanusa B mo4Bax
Bcero

0.30
0.07-0.22
0.04
0.8
1.21-1.36




[Tnowaan nouyBeHHOro NOKpoBa U
IMMUcCCcUA 3aKUCK asoTa

NMoka3aTtenu Mnowaab N-NZO
MnH.
PervoH KM2 0/0 MnH. T (yo
Mup 143.6 100 18.0 100
Poccus 16.9 11.7 1.2 6.6




Hutpudmkauusa
Nitrosomonas Nitrobacter

NH,* NH,OH NO, NO,

2 3

Xumunyecko
pPa3noXeHu

(Z
O
Z
O

OeHuTpudunkaums
NC):,"—>NC)2'—>N2

B cTtpaTtocdepe
N,O— N,+0 (90% c¢oToamnccoumnaums)
N,O+O — 2 NO u/unun N,+O, (3> =10%)



Pa3pyLwieHne o30Ha

NO kaTtanuTn4yeckun paspyLuaeTt O30H:
NO+O,— NO,+O,
N,0+O— NO+O,
HeTTO:!
0+0,-20,






UmetloTca nu B byaywiem anbTepHaTUBDLI
NPUMEeHEeHuo yaoopeHnn?

lYBenn4yeHue ucnonb3oBaHusa 600600BbLIX UK
apyrmnx N- doukcupyrowmx pacteHmn (Hanpumep
Azolla B pucoBHuKax)

_'BHeppeHune N-pukcupyrowimx reHoB B
OONbLLIUHCTBO KYNbLTYP

IAkTnBauusa N-coukcaumm cBo6OOHOXKNBYLLUNX
asoTtdukcaTopoB

1YcuneHue accoumatMBHOU a3oTdukcauum
OONbLKUHCTBA KYyNbTYp

- OepaHu4eHo

- CJZIOXKHas1 3adaya,
8epOsIMHO He CKOPO

- MaJ10 Hade)XObl Osisi
rnpozpecca

- MOXXem 6bImb
ornpeodesieHHbIU
aghgpekm, HO

3HavYumersnbHbIU

agpgpekm

MaJio8epPosimeH



3AMNACbBI OBLLEINO A30OTA B NOYBAX POCCUN

NMnowaab 3anaOCI;IOI(\)l
30OHbI ’ B choe 1 v
MJIH. ra T/ra MIH. T
NMNonapHo-TyHapoBas 181 6.2 1122
INNecotyHppoBasn-CeBepoTaexHas 233 7.1 1654
CpepnHeTaexHas 238 4.3 1023
lOxHOTaeXxHas 237 57 1351
JlecocTtenHas 126 14.2 1789
CtenHas 80 25.9 2064
CyxocTenHas 28 19.2 537
MonynycTbiHHaA 15 5.2 78
opHble obnacTu 576 3000
BCero 1714 12618




HAKOMMNEHUE A30TA B PACTUTEJNIbHON
BUOMACCE HA TEPPUTOPUN POCCUN

TyHAapa
JlecoTyHppoBas-
ceBepoTaexHas
CpepnHeTaexHas
KOXXHOTaexHas
JlecocTenHas
CtenHasn
CyxocTtenHas
NonynycTbiHHaA
F'opHble obnactu

EXxeroaHbIn npupocT

ounoma
c-ca,
T/ra

N,
Krira

N, akkymy-
naums,
MJTH.T

BCEIO




IIpyuMeHeHHe MUHEPAJbHBIX YI00peHuil B MUpe

Ynoopenus Ton

1965 1970 |[1975 |1980 |1985 1990 1995 2000
Bcero 47.0 693 (914 |116.7 |129.6 |137.8 |129.7 |[136.4

36.6 53.2 |69.6 |87.6 |94.4 99.8 94.4 100.0
A3otHbie, N | 19.1 318 (444 (608 |70.4 77.2 78.4 81.6

14.9 244 |33.8 |45.6 |51.3 55.8 57.0 59.8
®ocdopusie, | 15.8 21.1 (25.6 |31.7 |33.5 36.1 30.7 32.6
PO, 12.3 16.2 (195 |23.8 |244 26.1 22.3 23.9
Kanuiinblie, |12.1 164 (214 |[24.2 |25.7 24.7 20.7 22.2
K,O 9.4 126 |163 |18.2 |18.7 17.9 15.1 16.3

[Tpumeuanue: Hax yeptoii - mutH. ToHH; [log yepToii - Kr/ra namHu.




OCHOBHbIe NOTOKU rMobaribHOro 6MoreoXxMMmMYecKoro LuukKrna a3ora

UHTepBan BenuuuH (Tg N)

NMOTOKW

dPukcauma B atmoccepe (MOnHUM) 1-30
Buonorunyeckas ¢pukcaums (Bcero) 45-330
B T.4.: HasemMHas 44-200
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Carbon and Other Biogeochemical Cycles Chapter 6
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Figure 6.1 Simplified schematic of the global carbon cycle. Numbers represent reservoir mass, also called ‘carbon stocks in PgC (1 PgC = 10'® gC) and annual carbon exchange
fluxes (in PgC yr~'). Black numbers and arrows indicate reservoir mass and exchange fluxes estimated for the time prior to the Industrial Era, about 1750 (see Section 6.1.1.1 for
references). Fossil fuel reserves are from GEA (2006) and are consistent with numbers used by IPCC WGIII for future scenarios. The sediment storage is a sum of 150 PgC of the
organic carbon in the mixed layer (Emerson and Hedges, 1988) and 1600 PgC of the deep-sea CaCO, sediments available to neutralize fossil fuel CO, (Archer et al.,, 1998). Red
arrows and numbers indicate annual ‘anthropogenic’ fluxes averaged over the 2000-2009 time period. These fluxes are a perturbation of the carbon cycle during Industrial Era
post 1750. These fluxes (red arrows) are: fossil fuel and cement emissions of CO, (Section 6.3.1), Net land use change (Section 6.3.2), and the Average atmospheric increase of
CO0, in the atmosphere, also called ‘CO, growth rate’ (Section 6.3). The uptake of anthropogenic CO, by the ocean and by terrestrial ecosystems, often called ‘carbon sinks” are
the red arrows part of Net land flux and Net ocean flux. Red numbers in the reservoirs denote cumulative changes of anthropogenic carbon over the Industrial Period 1750-2011
(column 2 in Table 6.1). By convention, a positive cumulative change means that a reservoir has gained carbon since 1750. The cumulative change of anthropogenic carbon in the
terrestrial reservoir is the sum of carbon cumulatively lost through land use change and carbon accumulated since 1750 in other ecosystems (Table 6.1). Note that the mass balance
of the two ocean carbon stocks Surface ocean and Intermediate and deep ocean includes a yearly accumulation of anthropogenic carbon (not shown). Uncertainties are reported
as 90% confidence intervals. Emission estimates and land and ocean sinks (in red) are from Table 6.1 in Section 6.3. The change of gross terrestrial fluxes (red arrows of Gross
photosynthesis and Total respiration and fires) has been estimated from CMIP5 model results (Section 6.4).The change in air—ea exchange fluxes (red arrows of ocean atmosphere
gas exchange) have been estimated from the difference in atmospheric partial pressure of CO, since 1750 (Sarmiento and Gruber, 2006). Individual gross fluxes and their changes
since the beginning of the Industrial Era have typical uncertainties of more than 20%, while their differences (Net /and flux and Net ocean flux in the figure) are determined from
independent measurements with a much higher accuracy (see Section 6.3). Therefore, to achieve an overall balance, the values of the more uncertain gross fluxes have been adjusted
so that their difference matches the Net land flux and Net ocean flux estimates. Fluxes from volcanic eruptions, rock weathering (silicates and carbonates weathering reactions
resulting into a small uptake of atmospheric CO,), export of carbon from soils to rivers, burial of carbon in freshwater lakes and reservoirs and transport of carbon by rivers to the
ocean are all assumed to be pre-industrial fluxes, that is, unchanged during 1750-2011. Some recent studies (Section 6.3) indicate that this assumption is likely not verified, but
global estimates of the Industrial Era perturbation of all these fluxes was not available from peer-reviewed literature. The atmospheric inventories have been calculated using a
conversion factor of 2.12 PgC per ppm (Prather et al., 2012).




6.1.2.1 Carbon Dioxide and the Global Carbon Cycle The second major source of anthropogenic CO, emissions to the

atmosphere is caused by changes in land use (mainly deforestation),
Since the beginning of the Industrial Era, humans have been produc-  which causes globally a net reduction in land carbon storage, although
ing energy by burning of fossil fuels (coal, oil and gas), a process that  recovery from past land use change can cause a net gain in in land
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Figure 6.2 | Schematic of the global cycle ot CH,. Numbers represent annual tluxes in Tg(CH,) yr' estimated for the time period 2000-2009 and CH, reservoirs in Tg (CH,): the
atmosphere and three geological reservoirs (hydrates on land and in the ocean floor and gas reserves) (see Section 6.3.3). Black arrows denote ‘natural’ fluxes, that is, fluxes that
are not directly caused by human activities since 1750, red arrows anthropogenic fluxes, and the light brown arrow denotes a combined natural + anthropogenic flux. Note that
human activities (e.g., land use) may have modified indirectly the global magnitude of the natural fluxes (Section 6.3.3). Ranges represent minimum and maximum values from cited
references as given in Table 6.8 in Section 6.3.3. Gas reserves are from GEA (2006) and are consistent with numbers used by IPCC WG IIl for future scenarios. Hydrate reservoir sizes
are from Archer et al. (2007). The atmospheric inventories have been calculated using a conversion factor of 2.7476 TqCH, per ppb (Prather et al., 2012). The assumed preindustrial
annual mean globally averaged CH, concentration was 722 + 25 ppb taking the average of the Antarctic Law Dome ice core observations (MacFarling-Meure et al.,, 2006) and the
measurements from the GRIP ice core in Greenland (Blunier et al, 1995; see also Table 2.1). The atmospheric inventory in the year 2011 is based on an annual globally averaged
CH, concentration of 1803 + 4 ppb in the year 2011 (see Table 2.1). It is the sum of the atmospheric increase between 1750 and 2011 (in red) and of the pre-industrial inventory
(in black). The average atmospheric increase each year, also called growth rate, is based on a measured concentration increase of 2.2 ppb yr-' during the time period 2000-2009
(Dlugokencky et al,, 2011).
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6.1.3  Connections Between Carbon and the Nitrogen
and Oxygen Cycles

6.1.3.1 Global Nitrogen Cycle Including Nitrous Oxide

The biogeochemical cycles of nitrogen and carbon are tightly coupled

with each other owing to the metabolic needs of organisms for these

two elements. Changes in the availability of one element will influence

not only biological productivity but also availability and requirements

for the other element (Gruber and Galloway, 2008) and in the longer
term, the structure and functioning of ecosystems as well.

Before the Industrial Era, the creation of reactive nitrogen Nr (all nitro-
gen species other than N,) from non-reactive atmospheric N, occurred
primarily through two natural processes: lightning and biological
nitrogen fixation (BNF). BNF is a set of reactions that convert N, to
ammonia in a microbially mediated process. This input of Nr to the
land and ocean biosphere was in balance with the loss of Nr though
denitrification, a process that returns N, back to the atmosphere (Ayres
et al., 1994). This equilibrium has been broken since the beginning of
the Industrial Era. Nr is produced by human activities and delivered to
ecosystems. During the last decades, the production of Nr by humans
has been much greater than the natural production (Figure 6.4a; Sec-
tion 6.3.4.3). There are three main anthropogenic sources of Nr: (1) the
Haber-Bosch industrial process, used to make NH, from N,, for nitrogen
fertilisers and as a feedstock for some industries; (2) the cultivation of
legumes and other crops, which increases BNF; and (3) the combustion
of fossil fuels, which converts atmospheric N, and fossil fuel nitrogen
into nitrogen oxides (NO,) emitted to the atmosphere and re-deposited
at the surface (Figure 6.4a). In addition, there is a small flux from the
mobilization of sequestered Nr from nitrogen-rich sedimentary rocks
(Morford et al., 2011) (not shown in Figure 6.4a).

The amount of anthropogenic Nr converted back to non-reactive N, by
denitrification is much smaller than the amount of Nr produced each
year, that is, about 30 to 60% of the total Nr production, with a large
uncertainty (Galloway et al., 2004; Canfield et al., 2010; Bouwman et
al., 2013). What is more certain is the amount of N,0 emitted to the
atmosphere. Anthropogenic sources of N,0 are about the same size
as natural terrestrial sources (see Section 6.3.4 and Table 6.9 for the
global N,O budget). In addition, emissions of Nr to the atmosphere,
as NH, and NO,, are caused by agriculture and fossil fuel combustion.
A portion of the emitted NH, and NO, is deposited over the conti-
nents, while the rest gets transported by winds and deposited over
the oceans. This atmospheric deposition flux of Nr over the oceans is
comparable to the flux going from soils to rivers and delivered to the
coastal ocean (Galloway et al., 2004; Suntharalingam et al., 2012).
The increase of Nr creation during the Industrial Era, the connections
among its impacts, including on climate and the connections with the
carbon cycle are presented in Box 6.2.

For the global ocean, the best BNF estimate is 160 TgN yr-!, which
is roughly the midpoint of the minimum estimate of 140 TgN yr' of
Deutsch et al. (2007) and the maximum estimate of 177 TgN yr-' (Gro-
szkopf et al., 2012). The probability that this estimate will need an
upward revision in the near future is high because several additional
processes are not yet considered (Voss et al., 2013).



The three most relevant questions regarding the anthro-
pogenic perturbation of the nitrogen cycle with respect to
global change are: (1) What are the interactions with the
carbon cycle, and the effects on carbon sinks (see Sections
6.3.2.6.5 and 6.4.2.1), (2) What are the effects of increased
Nr on the radiative forcing of nitrate aerosols (Chapter 7,
7.3.2) and tropospheric ozone (Chapters 8), (3) What are
the impacts of the excess of Nr on humans and ecosystems
(health, biodiversity, eutrophication, not treated in this
report, but see, for example, EPA, 2011b; Sutton et al., 2011).

Essentially all of the Nr formed by human activity is spread
into the environment, either at the point of creation (i.e.,
fossil fuel combustion) or after it is used in food production
and in industry. Once in the environment, Nr has a number
of negative impacts if not converted back into N,. In addi-
tion to its contributions to climate change and stratospheric
ozone depletion, Nr contributes to the formation of smog;
increases the haziness of the troposphere; contributes to the
acidification of soils and freshwaters; and increases the pro-
ductivity in forests, grasslands, open and coastal waters and
open ocean, which can lead to eutrophication and reduction
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Box 6.2, Figure 1| Anthropogenic reactive nitrogen (Nr) creation rates (in TgN yr')
from fossil fuel burning (orange line), cultivation-induced biological nitrogen fixation
(blue line), Haber—Bosch process (green line) and total creation (red line). Source:
Galloway et al (2003), Galloway et al. (2008). Note that updates are given in Table
6.9. The only one with significant changes in the more recent literature is cultivation-
induced BNF) which Herridge et al. (2008) estimated to be 60 TgN yr'. The data are
only reported since 1850, as no published estimate is available since 1750.



in biodiversity in terrestrial and aquatic ecosystems. In addition, Nr-induced increases in nitrogen oxides, aerosols, tropospheric ozone,
and nitrates in drinking water have negative impacts on human health (Galloway et al., 2008; Davidson et al., 2012). Once the nitrogen
atoms become reactive (e.g., NH,, NO,), any given Nr atom can contribute to all of the impacts noted above in sequence. This is called the
nitrogen cascade (Galloway et al., 2003; Box 6.2, Figure 2). The nitrogen cascade is the sequential transfer of the same Nr atom through
the atmosphere, terrestrial ecosystems, freshwater ecosystems and marine ecosystems that results in multiple effects in each reservoir.
Because of the nitrogen cascade, the creation of any molecule of Nr from N,, at any location, has the potential to affect climate, either
directly or indirectly, as explained in this box This potential exists until the Nr gets converted back to N,.

The most important processes causing direct links between anthropogenic Nr and climate change include (Erisman et al., 2011): (1)
N,O formation during industrial processes (e.g., fertiliser production), combustion, or microbial conversion of substrate containing
nitrogen—notably after fertiliser and manure application to soils. N,0 is a strong greenhouse gas (GHG), (2) emission of anthropogenic
NO, leading to (a) formation of tropospheric O,, (which is the third most important GHG), (b) a decrease of CH, and (c) the formation of
nitrate aerosols. Aerosol formation affects radiative forcing, as nitrogen-containing aerosols have a direct cooling effect in addition to
an indirect cooling effect through cloud formation and (3) NH; emission to the atmosphere which contributes to aerosol formation. The
first process has a warming effect. The second has both a warming (as a GHG) and a cooling (through the formation of the OH radical
in the troposphere which reacts with CH,, and through aerosol formation) effect. The net effect of all three NO,-related contributions is

rnnlinn T‘\ﬂ fhil’f‘ nrnracc hac a rnnlinn nffnrf



Nitrogen
Cascade






>

>
s

ossil fuels and 0.7 (02-1.8

Agriculture 4.1(1.74.8)
Human excreta 02 (0.1-0.3) ,.

Atmospheric 06 03-12)

Oceans 3.8(18-94)

chemistry

Figure 6.4 | Schematic of the global nitrogen cycle. (a) The natural and anthropogenic processes that create reactive nitrogen and the corresponding rates of denitrification that
convert reactive nitrogen back to N,. (b) The flows of the reactive nitrogen species NO, and NH,. (c) The stratospheric sink of N0 is the sum of losses via photolysis and reaction
with O(1D) (oxygen radical in the 1D excited state; Table 6.9). The global magnitude of this sink is adjusted here in order to be equal to the difference between the total sources
and the observed growth rate. This value falls within literature estimates (Volk et al.,, 1997). The atmospheric inventories have been calculated using a conversion factor of 4.79 TgN
(N,0) per ppb (Prather et al., 2012).



Box 6.2, Figure 2 | lllustration of the nitrogen cascade showing the sequential effects that a single atom of nitrogen in its various molecular forms can have in various
reservoirs after it has been converted from nonreactive N, to a reactive form by energy and food production (orange arrows). Once created the reactive nitrogen has
the potential to continue to contribute to impacts until it is converted back to N,. The small black circle indicates that there is the potential for denitrification to occur
within that reservoir. NH; = ammonia; NH, = ammonia plus ammonium; NO;~ = nitrate; NO, = nitrogen oxides; NO, = NO, and other combinations of nitrogen and
oxygen (except N,0); N,O = nitrous oxide. (Adapted with permission from the GEO Yearbook 2003, United Nations Environmental Programme (UNEP), 2004 which
was based on Galloway et al,, 2003.)
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Box 6.2 | Nitrogen Cycle and Climate-Carbon Cycle Feedbacks

Human creation of reactive nitrogen by the Haber—Bosch process (see Sections 6.1.3 and 6.3.4), fossil fuel combustion and agricultural
biological nitrogen fixation (BNF) dominate Nr creation relative to biological nitrogen fixation in natural terrestrial ecosystems. This
dominance impacts on the radiation balance of the Earth (covered by the IPCC; see, e.g., Chapters 7 and 8), and affects human health
and ecosystem health as well (EPA, 2011b; Sutton et al., 2011).

The Nr creation from 1850 to 2005 is shown in Box 6.2 (Figure 1). After mid-1970s, human production of Nr exceeded natural production.
During the 2000s food production (mineral fertilisers, lequmes) accounts for three-quarters of Nr created by humans, with fossil fuel
combustion and industrial uses accounting equally for the remainder (Galloway et al., 2008; Canfield et al., 2010; Sutton et al., 2011).
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