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イオ エウロパ ガニメデ カリスト

岩石 岩石 氷 氷 未分化

イオ～ガニメデは互いに軌道共鳴にある

大きな衛星は
タイタンのみ

（全衛星質量の95%）

氷 未分化
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PERSPECTIVES

Interesting Times for Marine N2O
OCEANS

Louis A. Codispoti

Changes in ocean chemistry could exacerbate 
global warming by raising the atmospheric 
concentration of nitrous oxide, a potent
greenhouse gas.

        A
lthough present in minute concentra-
tions in Earth’s atmosphere, nitrous 
oxide (N

2
O) is a highly potent green-

house gas ( 1). It is also becoming a key factor 
in stratospheric ozone destruction ( 2). For the 
past ~400,000 years, changes in atmospheric 
N

2
O appear to have roughly paralleled changes 

in CO
2
 and to have had modest impacts on cli-

mate ( 1), but this may change. Human activi-
ties may be causing an unprecedented rise in 
the terrestrial N

2
O source ( 2). Marine N

2
O 

production may also rise substantially as a 
result of eutrophication, warming, and ocean 
acidification. Because the marine environ-
ment is a net producer of N

2
O, much of this 

production will be lost to the atmosphere, thus 
further intensifying N

2
O’s climatic impact.

Crucial to this discussion are the relation-
ships between dissolved oxygen levels and 
their variability, and the production of N

2
O. 

Under well-oxygenated conditions, microbes 
produce N

2
O at low rates as a side product 

during the fi rst step of nitrifi cation (NH
4
+
→ 

NO
2

−). At low oxygen concentrations, nitri-
fi ers may also reduce NO

2
− to N

2
O, a pro-

cess referred to as nitrifier denitrification 
( 3). Overall, the fraction of N

2
O produced by 

nitrifi ers relative to NO
2
− increases as oxygen 

concentrations decrease, such that the yield at 
~1% oxygen saturation is ~20 times greater 
than at 100% saturation ( 4).

These relationships favor high N
2
O pro-

duction by nitrification in hypoxic waters 
(O

2
 � 1% and � 30% saturation). Under sub-

oxic conditions (O
2
 � 1% saturation), deni-

trifying bacteria that use oxidized nitrogen to 
support respiration can be net producers or 
net consumers of N

2
O. N

2
O concentrations 

are high at the boundaries and low in the cen-
ter of quasi-stable suboxic zones ( 5). These 
zones account for 0.1 to 0.2% of the ocean 
volume ( 3), but are surrounded by much 
larger volumes of hypoxic waters (~10% of 
the ocean volume). Studies of N

2
O produc-

tion in regions containing suboxic waters 
suggest that these regions are strong net pro-
ducers ( 5,  6).

Generally, then, N
2
O yields are high when 

O
2
 concentrations are low. N

2
O production 

rates should be particularly high in shallow 
suboxic and hypoxic waters, because respira-
tion and biological turnover rates are higher 
near the sunlit waters where phytoplankton 
produce the fuel for respiration.

When denitrifiers switch from oxic to 
nitrogen respiration, they experience a lag 
in their ability to reduce N

2
O to N

2
. Con-

ditions are thus particularly favorable for 
N

2
O production when suboxia occurs close 

University of Maryland Center for Environmental Science, 
Horn Point Laboratory, Cambridge, MD 21613, USA. E-mail: 
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dial ice-rock mixtures may display distinct 
degrees of internal differentiation. Impact-
induced melting and/or intense tidal heating 
of Ganymede, locked in orbital resonances 
with the inner neighboring satellites Io and 
Europa, may have triggered runaway differ-
entiation, but Callisto farther out from Jupiter 
remained unaffected ( 11). Titan’s interior must 
have stayed relatively cold and less dissipative 
to avoid tidal heating and damping of Titan’s 
notable orbital eccentricity ( 12). Prolonged 
accretion times farther away from their prima-

ries and gradual unmixing of ice and rock may 
also play a role for incomplete differentiation 
of icy satellites.  
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Inside Titan. Global gravity Þ eld and shape data suggest that rock and ice are incom-
pletely separated within TitanÕs deep interior, overlain by a water ice/liquid shell that 
may contain a cold water-ammonia ocean (blue), sandwiched between high-pressure 
water ice below (gray) and a ß oating ice/clathrate shell above (white). The three smaller 
images show that the extent of separation of rock from ice would depend on the rock 
density that is predominantly affected by the amount of silicate hydration.
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木星衛星系/土星衛星系の違いと特徴が必然的に生まれる！
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　動径方向に一様な流入flux
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PERSPECTIVES

Interesting Times for Marine N2O
OCEANS

Louis A. Codispoti

Changes in ocean chemistry could exacerbate 
global warming by raising the atmospheric 
concentration of nitrous oxide, a potent
greenhouse gas.

        A
lthough present in minute concentra-
tions in Earth’s atmosphere, nitrous 
oxide (N

2
O) is a highly potent green-

house gas ( 1). It is also becoming a key factor 
in stratospheric ozone destruction ( 2). For the 
past ~400,000 years, changes in atmospheric 
N

2
O appear to have roughly paralleled changes 

in CO
2
 and to have had modest impacts on cli-

mate ( 1), but this may change. Human activi-
ties may be causing an unprecedented rise in 
the terrestrial N

2
O source ( 2). Marine N

2
O 

production may also rise substantially as a 
result of eutrophication, warming, and ocean 
acidification. Because the marine environ-
ment is a net producer of N

2
O, much of this 

production will be lost to the atmosphere, thus 
further intensifying N

2
O’s climatic impact.

Crucial to this discussion are the relation-
ships between dissolved oxygen levels and 
their variability, and the production of N

2
O. 

Under well-oxygenated conditions, microbes 
produce N

2
O at low rates as a side product 

during the fi rst step of nitrifi cation (NH
4
+
→ 

NO
2

−). At low oxygen concentrations, nitri-
fi ers may also reduce NO

2
− to N

2
O, a pro-

cess referred to as nitrifier denitrification 
( 3). Overall, the fraction of N

2
O produced by 

nitrifi ers relative to NO
2
− increases as oxygen 

concentrations decrease, such that the yield at 
~1% oxygen saturation is ~20 times greater 
than at 100% saturation ( 4).

These relationships favor high N
2
O pro-

duction by nitrification in hypoxic waters 
(O

2
 � 1% and � 30% saturation). Under sub-

oxic conditions (O
2
 � 1% saturation), deni-

trifying bacteria that use oxidized nitrogen to 
support respiration can be net producers or 
net consumers of N

2
O. N

2
O concentrations 

are high at the boundaries and low in the cen-
ter of quasi-stable suboxic zones ( 5). These 
zones account for 0.1 to 0.2% of the ocean 
volume ( 3), but are surrounded by much 
larger volumes of hypoxic waters (~10% of 
the ocean volume). Studies of N

2
O produc-

tion in regions containing suboxic waters 
suggest that these regions are strong net pro-
ducers ( 5,  6).

Generally, then, N
2
O yields are high when 

O
2
 concentrations are low. N

2
O production 

rates should be particularly high in shallow 
suboxic and hypoxic waters, because respira-
tion and biological turnover rates are higher 
near the sunlit waters where phytoplankton 
produce the fuel for respiration.

When denitrifiers switch from oxic to 
nitrogen respiration, they experience a lag 
in their ability to reduce N

2
O to N

2
. Con-

ditions are thus particularly favorable for 
N

2
O production when suboxia occurs close 
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dial ice-rock mixtures may display distinct 
degrees of internal differentiation. Impact-
induced melting and/or intense tidal heating 
of Ganymede, locked in orbital resonances 
with the inner neighboring satellites Io and 
Europa, may have triggered runaway differ-
entiation, but Callisto farther out from Jupiter 
remained unaffected ( 11). Titan’s interior must 
have stayed relatively cold and less dissipative 
to avoid tidal heating and damping of Titan’s 
notable orbital eccentricity ( 12). Prolonged 
accretion times farther away from their prima-

ries and gradual unmixing of ice and rock may 
also play a role for incomplete differentiation 
of icy satellites.  
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Inside Titan. Global gravity Þ eld and shape data suggest that rock and ice are incom-
pletely separated within TitanÕs deep interior, overlain by a water ice/liquid shell that 
may contain a cold water-ammonia ocean (blue), sandwiched between high-pressure 
water ice below (gray) and a ß oating ice/clathrate shell above (white). The three smaller 
images show that the extent of separation of rock from ice would depend on the rock 
density that is predominantly affected by the amount of silicate hydration.
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周惑星円盤モデル 衛星系形成モデル

本研究のオリジナルアイデア　木星系・土星系円盤の違い
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衛星系の違いと特徴は必然的に生まれうる！


