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2.2.2 (QHUJ\ OHYHOV DQG DEVRUSWLRQ

" HJWFO NPMFDVMF NBZ CF BU EJĎFSFOU FOFSHZ MFWFMT
 EFQFOEJOH PO UIF FOFSHZ
MFWFMT PDDVQJFE CZ JUT FMFDUSPOT BOE PO XIJDI SPUBUJPO BOE WJCSBUJPO NPEFT
PG UIF NPMFDVMBS CPOET BSF FYDJUFE� " QIPUPO PG GSFRVFODZ ⌫ BOE XBWFMFOHUI
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TJUJPO CFUXFFO JUT FOFSHZ MFWFM BOE BOPUIFS MFWFM BOE UIVT CF BCTPSCFE CZ UIF
NPMFDVMF� .PWJOH FMFDUSPOT UP IJHIFS PSCJUBMT UZQJDBMMZ SFRVJSFT WFSZ FOFSHFUJD
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'JHVSF ���� Solar forcing.
ĉF UPUBM TPMBS SBEJBUJPO EJTUSJCVUFE PWFS UIF FOUJSF &BSUI TVSGBDF JT FRVBM UP UIF JODPNJOH TPMBS
SBEJBUJPO ĚVY QFS VOJU BSFB BU UIF UPQ PG UIF BUNPTQIFSF
 S0 	8�N2

 UJNFT UIF DSPTT�TFDUJPO PG
UIF &BSUI
 ⇡R2

E 	N2

 XIJDI JT TIPXO BT UIF PSBOHF DSPTT�TFDUJPO BSFB
 GPS B UPUBM PG S0⇡R2
E

8� ĉJT SBEJBUJPO JT UIFO EJTUSJCVUFE PWFS UIF FOUJSF &BSUI BSFB EVSJOH POF EBZ EVF UP UIF &BSUI
SPUBUJPO�

�N� ĉF UIFSNBM SBEJBUJPO FNJĨFE CZ &BSUI JT DIBSBDUFSJ[FE CZ XBWFMFOHUIT PG
SPVHIMZ �m�� �N BOE JT UIFSFGPSF SFGFSSFE UP BT MPOHXBWF 	-8
 SBEJBUJPO�

"TTVNJOH UIF &BSUI UP CF JO UIFSNBM FRVJMJCSJVN
 UIF JODPNJOH TIPSUXBWF
SBEJBUJPO GSPN UIF 4VO UIBU JT OPU SFĚFDUFE NVTU CF FRVBM UP 	J�F�
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PVUHPJOH MPOHXBWF SBEJBUJPO 	'JHVSF ���B
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notes 
section 1, greenhouse 

see following two slides
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'JHVSF ����Two models of Earth's energy balance.
	B
 " POF�MBZFS NPEFM JHOPSJOH UIF SBEJBUJWF FĎFDUT PG UIF BUNPTQIFSF� 	C
 " UXP�MBZFS NPEFM
JODMVEJOH UIF HSFFOIPVTF FĎFDU PG UIF BUNPTQIFSF� 4USBJHIU BSSPXT JOEJDBUF SFDFJWFE BOE
SFĚFDUFE 48 SBEJBUJPO� 4PMJE XJHHMZ SFE MJOFT EFOPUF -8 SBEJBUJPO FNJĨFE CZ UIF TVSGBDF BOE
BUNPTQIFSF� UIF EBTIFE XJHHMZ MJOF EFOPUFT UIF QBSU PG UIF TVSGBDF�FNJĨFE -8 SBEJBUJPO OPU
BCTPSCFE CZ UIF BUNPTQIFSF�

2.1.2 7KH JUHHQKRXVH HIIHFW� D WZR�OD\HU PRGHO

8F OPX BEE UIF HSFFOIPVTF SBEJBUJWF FĎFDU PG UIF BUNPTQIFSF
 XIPTF UFN�
QFSBUVSF JT EFOPUFE CZ Ta � 5P CFHJO
 XF USFBU UIF BUNPTQIFSF BT B TJOHMF MBZFS
BOE BTTVNF UIBU JU BCTPSCT IFBU 	MPOHXBWF SBEJBUJPO
 FTDBQJOH GSPN UIF TVSGBDF
BOE UIFO SF�FNJUT JU CPUI VQ BOE EPXO BU B SBUF EFQFOEJOH PO UIF BUNPTQIFSJD
UFNQFSBUVSF 	'JHVSF ���C
� 8F XSJUF TFQBSBUF FOFSHZ CBMBODF FRVBUJPOT GPS UIF
TVSGBDF BOE GPS UIF BUNPTQIFSF� ĉF BUNPTQIFSF JT OPU B QFSGFDU CMBDL CPEZ BOE
UIFSFGPSF POMZ FNJUT B GSBDUJPO ✏ PG UIF SBEJBUJPO PG B CMBDL CPEZ XJUI UIF TBNF
UFNQFSBUVSF� 4JNJMBSMZ
 JU BMTP BCTPSCT B GSBDUJPO ✏ PG UIF -8 SBEJBUJPO GSPN UIF
TVSGBDF�ĉJT GSBDUJPO JT SFGFSSFE UP BT UIF -8 FNJTTJWJUZ
 XIJDI JT TNBMMFS UIBO CVU
DMPTF UP POF� ĉF FNJTTJWJUZ
 BMTP FRVBM UP UIF BCTPSQUJWJUZ 	UIF QBSU PG JODJEFOU
SBEJBUJPO BCTPSCFE CZ B TVSGBDF EJWJEFE CZ UIBU BCTPSCFE CZ B CMBDL CPEZ

 JT B
GVODUJPO PG UIF XBUFS WBQPS BOE $02 DPODFOUSBUJPOT
 BNPOH PUIFS UIJOHT
 BOE
DBO CF TFU GPS QSFJOEVTUSJBM DMJNBUF UP
 TBZ
 ����� ĉVT UIF BUNPTQIFSF FNJUT -8
SBEJBUJPO BU B SBUF PG ✏�T
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mini-quiz surface temperature
an “emissivity” ω which is smaller than but close to one. The emissivity, also equal to the
absorptivity, is a function of the CO2 concentration among other things and implies that
not all the radiation emitted from the ground is absorbed by the atmosphere, but only a
fraction proportional to ω. The energy balances for the surface and atmosphere are now,

S0

4
(1→ ε) + ωϑϖ

4 = ϑT
4

ωϑT
4 = 2ωϑϖ4.

Substitute the second eqn into the first one, ↭↭↭

S0

4
(1→ ε) +

1

2
ωϑT

4 = ϑT
4

so that, using ω = 0.75

T =

(
(S0/4)(1→ ε)

ϑ(1→ ω/2)

)1/4

= T0(1→ ω/2)→1/4 = 289K,

which is reasonably close to the observed global mean surface temperature.

Anthropogenic warming. The mechanism of warming due to the addition of anthro-
pogenic greenhouse gases is somewhat di!erent from the natural greenhouse e!ect discussed
above. As shown in the slides, anthropogenic greenhouse gas raises the emission level (level
of last absorption) so that the black body radiation comes from a colder temperature due
to the decrease in temperature with height (lapse rate). We can calculate the change in
emission height given the lapse rate and anthropogenic radiative forcing as follows.

First, calculate the temperature decrease required to lower the outgoing LW radiation by
”F W/m2. For this purpose, calculate the emission height temperature before the addition
of anthropogenic CO2 using a balance of outgoing long-wave radiation from the emission
height and the incoming solar radiation minus the reflected part, or (S0/4)↑ (1→ε) = ϑT

4.
This leads to T = ((S0/4) ↑ (1 → ε)/ϑ)1/4. Next, as the emission height increases by ”h,
the temperature goes down by ”T . The value of ”T that leads to a ”F W/m2 decrease in
LW is obtained using ϑT

4 →”F = ϑ(T →”T )4, or ”T = ((ϑT 4 →”F )/ϑ)1/4 → T . Finally,
assuming a lapse rate of 6.5 K/km, the change in emission height (m) implied by ”T is
”h = (”T/6.5)↑ 1000. ↭↭↭

For ”F = 4 watts/m2, a typical value for the increase in emission height is ”h = 150 m.

3

1 Energy balance and the greenhouse e!ect

Estimating Earth’s surface temperature based on an energy balance stating that the energy
absorbed from the sun equals that which escapes as heat to outer space. Start with the
relevant physical constants.

• S0 = 1388 watts/m2: top of the atmosphere insolation at the equator.

• ω = 5.66961→ 10→8 W m→2K→4 Stefan-Boltzmann coe!cient

• T globally averaged temperature of Earth

• ε = 0.25 albedo

• ϑ = 0.75 the emissivity of the atmosphere

Incoming radiation equals outgoing radiation,

S0

4
(1↑ ε) = ωT

4

gives

T =

(
(S0/4)(1↑ ε)

ω

)1/4

= 260K ↓ T0.

This is too cold! The reason is that we neglected the e”ect of the atmosphere.
Add the e”ect of the atmosphere, which absorbs all “long-wave” radiation and then

re-emits it at the atmospheric temperature ϖ both up and down.

S0

4
(1↑ ε) + ωϖ

4 = ωT
4

ωT
4 = 2ωϖ4.

Substitute the second eqn in the first one,

S0

4
(1↑ ε) +

1

2
ωT

4 = ωT
4

to find,

T =

(
(S0/4)(1↑ ε)

ω/2

)1/4

= T02
1/4 = 309K,

which is a bit better, although it’s too warm now.
Finally, the atmosphere is not a perfect black body and only absorbs some (most) of the

radiation from the surface, so the Stephan-Boltzmann constant needs to be multiplied by

2

Calculate the global-mean surface temperature T

Given:

where,
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non-radiative heat fluxes that maintain the atmospheric vertical temperature
profile, as will be discussed in section 7.2.
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Figure 2.3: The emission height (dash blue horizontal lines) and the lapse
rate (solid grin) (a) before CO2 increase, (b) immediately after CO2 in-
crease but before temperature adjustment, and (c) after the atmospheric
temperature adjusts. Red dots at bottom of each panel denote the surface
temperature and the emission temperature. Note that after the warming
(panel c), the new emission temperature at the raised emission level is
equal to the original emission temperature at the lower original emission
level, thus balancing the incoming SW radiation again. See text for further
details.

2.3 Greenhouse gasses
2.3.1 Wavelength-dependent black-body radiation

While we have been treating the outgoing radiation so far as a single entity,
it is made of different wavelengths of electromagnetic radiation. The Earth
emits from the surface approximately like a black body with a temperature
of 288K or so (blue curve in Fig. 2.4a), while the sun radiates as a black
body of a much higher temperature (red curve), where both curves follow
Planck’s Law,

B(l ,T ) = 2hc2

l 5
1

e
hc

lkBT �1
. (2.4)

• Level of last absorption: where most of the radiation emitted upward escapes to space without being absorbed again 
• Increasing greenhouse gas ➨ raising the emission level/level of last absorption ➨ Earth radiates from a colder 

temperature ➨ Energy balance is broken: LW < SW ➨ Temperature must adjust

add a continuous atmospheric temperature profile 
The Anthropogenic Greenhouse Effect
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mini-quiz emission level

Calculate the the increase in emission height ∆h that 
compensates for a doubling in CO2, where a doubling leads to a 
∆F = 4 W/m2 increase in radiative forcing. 

Hint: [see notes] First calculate the relevant ∆T and then use a 
lapse rate of 6.5 K/km to calculate ∆h.
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Role of the ocean in delaying warming due to anthropogenic climate change
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The ocean is absorbing all that heat, what would 
have happened otherwise?

Amounts in zettajoules, or sextillions of joules, relative to 1971 levels.

Heat Accumulates in the Oceans: “Since 1955, more than 90 percent of the excess heat retained by 
the Earth as a result of increased greenhouse gases has been absorbed by the oceans, leaving ocean 
scientists … at the National Oceanic and Atmospheric Administration feeling that 90 percent of the 

climate change story is being ignored.”
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The warming you might have expected by now

The “equivalent CO2 mixing ratio”, including other greenhouse gasses, is about 500 ppm 
(CO2 alone: ~420 ppm).
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The warming you might have expected by now

The “equivalent CO2 mixing ratio”, including other greenhouse gasses, is about 500 ppm 
(CO2 alone: ~420 ppm).

At a doubled CO2 (560 ppm), the added LW radiation trapped by the atmosphere is
ΔF = 4 W/m2

It turns out the radiative forcing and temperature depend logarithmically on CO2:        
ΔT ∝ ΔF ∝ log(CO2/280)

Assuming logarithmic dependence , and a climate sensitivity of 
3 °C, we might expect a warming of:     

ΔT = 3 log2(CO2/280)
ΔT = 3 log2(500/280) = 2.5 ∘C

➨ Significantly more than as has been observed (1.5 °C)! 

What’s going on?
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Figure 9.6 | Ocean heat content (OHC) and its changes with time. (b–g) 
Maps of OHC across different time periods, in different layers. Maps show 
the observed (Ishii et al., 2017) trends of OHC for (b) 0–700 m for the 
period 1971–2014, and (e) 0–2000 m for the period 2005–2017.

Ocean warming

(IPCC AR6, 2022)

warming rate (W/m2) 
further into deeper 
ocean, 0–2000 m

upper ocean warming 
rate (W/m2) 0–700 m
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Ocean, Cryosphere and Sea Level Change Chapter 9

9

The rate of ocean warming varies regionally, with some regions having 
experienced slight cooling (Figure 9.6). The SROCC (Bindoff  et  al., 
2019) assessed that ocean warming in the 0–700 m depth is 
globally widespread, with slower than global average warming in 
the subpolar North Atlantic. The SROCC (Meredith et al., 2019) also 
estimated that the Southern Ocean accounted for around 75% of 
global ocean heat uptake during 1870–1995 and that 35–43% of the 
upper 2000 m global ocean warming occurred in the Southern Ocean 
over 1970–2017 (45–62% for 2005–2017). The SROCC noted that this 
interhemispheric asymmetry might (at least partially) be explained by 
high concentrations of aerosols in the Northern Hemisphere. Here, 
we confirm these assessments, bring new evidence attributing these 
regional trends, and discuss the role of decadal ocean circulation 

variability in redistributing heat, driving interhemispheric asymmetry 
of the recent rate of ocean warming (Rathore et al., 2020; L. Wang 
et al., 2021). Since SROCC, one new study shows that the subpolar 
North Atlantic ‘warming hole’ observed since the 1980s has emerged 
from internal climate variability and can be attributed to greenhouse 
gas emissions (Chemke et al., 2020). A new analysis of a  suite of 
climate models (Hobbs et  al., 2021) confirms SROCC assessment, 
based on one paper (Swart et al., 2018), attributing the observed 
Southern Ocean warming to anthropogenic forcing. Given the large 
fraction of global ocean warming in the Southern Ocean and the 
sparse observations there before 2005, there is limited evidence that 
global OHC increase since 1971 might have been underestimated 
(Cheng and Zhu, 2014; Durack et al., 2014). Cross-Chapter Box 9.1 
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Figure 9.6 | Ocean heat content (OHC) and its changes with time. (a) Time series of global OHC anomaly relative to a 2005–2014 climatology in the upper 2000 m 
of the ocean. Shown are observations (Ishii et al., 2017; Baggenstos et al., 2019; Shackleton et al., 2020), model-observation hybrids (Cheng et al., 2019; Zanna et al., 2019), 
and multi-model means from the Coupled Model Intercomparison Project Phase 6 (CMIP6) historical (29 models) and Shared Socio-economic Pathway (SSP) scenarios (label 
subscripts indicate number of models per SSP). (b–g) Maps of OHC across different time periods, in different layers, and from different datasets/experiments. Maps show the 
CMIP6 ensemble bias and observed (Ishii et al., 2017) trends of OHC for (b, c) 0–700 m for the period 1971–2014, and (e, f) 0–2000 m for the period 2005–2017. CMIP6 
ensemble mean maps show projected rate of change 2015–2100 for (d) SSP5-8.5 and (g) SSP1-2.6 scenarios. Also shown are the projected change in 0–700 m OHC for 
(d) SSP1-2.6 and (g) SSP5-8.5 in the CMIP6 ensembles, for the period 2091–2100 versus 2005–2014. No overlay indicates regions with high model agreement, where ≥80% of 
models agree on the sign of change. Diagonal lines indicate regions with low model agreement, where <80% of models agree on the sign of change (see Cross-Chapter 
Box Atlas.1 for more information). Further details on data sources and processing are available in the chapter data table (Table 9.SM.9).
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Transient climate sensitivity
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�52⇥ D �'2⇥�5now

�'now � �2now
: (3.2)

Thepresent surfacewarming (�5now) and current heat flux into the deep ocean
(�2now) appearing on the RHS can be estimated from present-day observa-
tions, while the radiative forcings at present and for a doubling of CO2 (�'now,
�'⇥2) canbe estimated reliably fromradiationmodels.Thus, theRHS is known,
and this can be used to estimate the desired equilibrium climate sensitivity on
the LHS without relying on complex and somewhat uncertain climate models
(see this chapter’s workshop). The result is, not surprisingly, in the same range
predicted by these models.

äóâóã Transient climate sensitivity

The deeper ocean absorbs some of the heat due to the excess radiative forc-
ing, and its large heat capacity means that it warms up very slowly. Because the
relatively cool deep ocean continuously mixes with the more rapidly warming
surface ocean, it slows down the surface warming.This means that the currently
observed surface warming, for example, reflects only part of the potential warm-
ing given the present greenhouse gas concentration; this section attempts to
explain and quantify this effect.

Consider the response of the surface temperature (including the upper
ocean) and the deeper ocean temperature to an abrupt doubling of the CO2

concentration.The following equations describe the temperature evolution gov-
erned by the heat budget (per unit area) of the lower atmosphere and upper
ocean, whose temperature perturbation due to the increase in greenhouse gases
is denoted �5surface, and of the deeper ocean, whose temperature perturbation
is denoted �5deep,

$surface
E�5surface

EU
D �'2⇥ � �-8�5surface � �

�
�5surface � �5deep

�

$deep
E�5deep

EU
D �

�
�5surface � �5deep

�
: (3.3)

The first equation is the perturbation heat budget per unit area for the atmo-
sphere and upper ocean due to the increase in greenhouse gases; the second,
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for the deeper ocean. $surface and $deep are the heat capacities per unit area
of the combined atmosphere and ocean surface and of the deep ocean, corre-
spondingly. The left-hand side of both equations is therefore the rate of change
of the heat content of the atmosphere / surface ocean and of the deep ocean,
per unit area.The RHS represents heat fluxes responsible for this rate of change.
The term �

�
�5surface � �5deep

�
represents the slow heat exchange between

the deep ocean and the upper ocean, which was represented by �2 in equation
(3.1).The parameter � is in units of heat capacity per unit area over a timescale,
( J K�1 m�2) s�1, where the (long) timescale is that of the slow heat exchange
between the deep and surface ocean. Note that this term has opposite signs in
the two budget equations, so that in a warming scenario it represents a source
of energy for the deep ocean and a sink for the surface.The first equation gener-
alizes the equilibrium balance assumed previously in equation (3.1) with two
differences: we now take into account the time rate of change of the surface
temperature (on the LHS), and we consider the response to an BCSVQU CO2

doubling, hence the use of �'2⇥ in equation (3.3) rather than �'now.
As for parameter values, for a CO2 doubling, detailed calculations show that

the radiative forcing is �'2⇥ D 4 W/m2, and if the equilibrium climate sen-
sitivity is assumed to be 3 °C, then �-8 D .4 W/m2)/(3 °C). $surface, which
represents the combined heat capacity of the atmosphere and upper 50 m of
the ocean, may be approximated as $surface ⇡ ⇢XDQ 50 K; and the heat capac-
ity of the deeper ocean is given by $deep D ⇢XDQ), where) is the ocean depth,
DQ D 4005 J K�1 kg�1 is the specific heat capacity of seawater (heat required to
raise the temperature of 1 kg of seawater by 1 K, in J K�1 kg�1), and ⇢X D 1024
kgm�3 is the density of seawater. The parameter � is set to one, and the second
equation in (3.3) implies that the timescale over which the temperature of the
deep ocean is modified by the mixing term is �=$deep, or about 500 yr.

In a steady state, when the LHSof equation (3.3) vanishes, the second equa-
tion gives �5surface D �5deep. This indicates that the deep ocean and surface
oceanwarmed to the same degree and are now in equilibrium.Thefirst equation
then gives �5surface D �'2⇥=�-8 , as in section 3.1.1. Thus, the ocean depth
and heat capacity do not enter the steady state solution and do not affect the
equilibrium response to radiative forcing. However, in the short term, the ocean
heat capacity can make a big difference, as demonstrated by Figure 3.3. The
upper panel shows that in the case of a shallow ocean (where the deeper ocean
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tion gives �5surface D �5deep. This indicates that the deep ocean and surface
oceanwarmed to the same degree and are now in equilibrium.Thefirst equation
then gives �5surface D �'2⇥=�-8 , as in section 3.1.1. Thus, the ocean depth
and heat capacity do not enter the steady state solution and do not affect the
equilibrium response to radiative forcing. However, in the short term, the ocean
heat capacity can make a big difference, as demonstrated by Figure 3.3. The
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The heat budgets of the upper ocean and the deep ocean:

where

Steady shows the “equilibrium climate sensitivity”
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diffusion. Seasonal temperature variations can therefore penetrate about ameter
into the land surface, while diurnal variations, having a much shorter timescale,
penetrate only less than 10 cm. As a result, only the uppermost part of the land
surface contributes to the effective heat capacity of theEarth surface, and its con-
tribution to the storage of excess heat due to radiative forcing is significantly less
than that of the ocean.

Climate models estimate that the increase in outgoing top-of-the-atmos-
phere (TOA) radiative cooling due to a surface warming �5 is, to a good
approximation, linearly proportional to this warming and may therefore be
written as �-8�5. This linearity is further explained in equation (3.5). The
parameter �-8 (Wm�2 K�1) is not well known, because different climatemod-
els produce different values. In addition, part of the radiative forcing denoted
�2 (W/m2) is transported to the deeper ocean. The statement of heat balance
of the lower atmosphere and upper ocean at the current time (now) is therefore
that the heat flux into thedeeper ocean is equal to the radiative forcing�'minus
the radiative cooling,

�2now D �'now � �-8�5now: (3.1)

Consider a doubling (2⇥) of the CO2 concentration, leading to a radiative forc-
ing of �'2⇥. After the climate system has had time to warm and equilibrate to
the new radiative forcing, the ocean absorbs no additional net heat (it is in a new,
warmer, steady state and the net heat flux into the oceanmust therefore vanish),
and we have 0 D �'2⇥ � �-8�52⇥. Our objective is to use observational con-
straints to calculate the anticipated final equilibrium warming for double CO2,
�52⇥. From the above, we have

�52⇥ D �'2⇥
�-8

as well as

�-8 D �'now � �2now

�5now
;

which may be combined to give an equilibrium warming of
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but it takes a long time to get there, due to the large heat capacity 
of the ocean.

Radiative forcing      Outgoing LW Radiation      transport into the deep ocean
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the LHS without relying on complex and somewhat uncertain climate models
(see this chapter’s workshop). The result is, not surprisingly, in the same range
predicted by these models.
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The deeper ocean absorbs some of the heat due to the excess radiative forc-
ing, and its large heat capacity means that it warms up very slowly. Because the
relatively cool deep ocean continuously mixes with the more rapidly warming
surface ocean, it slows down the surface warming.This means that the currently
observed surface warming, for example, reflects only part of the potential warm-
ing given the present greenhouse gas concentration; this section attempts to
explain and quantify this effect.

Consider the response of the surface temperature (including the upper
ocean) and the deeper ocean temperature to an abrupt doubling of the CO2

concentration.The following equations describe the temperature evolution gov-
erned by the heat budget (per unit area) of the lower atmosphere and upper
ocean, whose temperature perturbation due to the increase in greenhouse gases
is denoted �5surface, and of the deeper ocean, whose temperature perturbation
is denoted �5deep,
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The first equation is the perturbation heat budget per unit area for the atmo-
sphere and upper ocean due to the increase in greenhouse gases; the second,
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equilibrium response to radiative forcing. However, in the short term, the ocean
heat capacity can make a big difference, as demonstrated by Figure 3.3. The
upper panel shows that in the case of a shallow ocean (where the deeper ocean
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for the deeper ocean. $surface and $deep are the heat capacities per unit area
of the combined atmosphere and ocean surface and of the deep ocean, corre-
spondingly. The left-hand side of both equations is therefore the rate of change
of the heat content of the atmosphere / surface ocean and of the deep ocean,
per unit area.The RHS represents heat fluxes responsible for this rate of change.
The term �

�
�5surface � �5deep

�
represents the slow heat exchange between

the deep ocean and the upper ocean, which was represented by �2 in equation
(3.1).The parameter � is in units of heat capacity per unit area over a timescale,
( J K�1 m�2) s�1, where the (long) timescale is that of the slow heat exchange
between the deep and surface ocean. Note that this term has opposite signs in
the two budget equations, so that in a warming scenario it represents a source
of energy for the deep ocean and a sink for the surface.The first equation gener-
alizes the equilibrium balance assumed previously in equation (3.1) with two
differences: we now take into account the time rate of change of the surface
temperature (on the LHS), and we consider the response to an BCSVQU CO2

doubling, hence the use of �'2⇥ in equation (3.3) rather than �'now.
As for parameter values, for a CO2 doubling, detailed calculations show that

the radiative forcing is �'2⇥ D 4 W/m2, and if the equilibrium climate sen-
sitivity is assumed to be 3 °C, then �-8 D .4 W/m2)/(3 °C). $surface, which
represents the combined heat capacity of the atmosphere and upper 50 m of
the ocean, may be approximated as $surface ⇡ ⇢XDQ 50 K; and the heat capac-
ity of the deeper ocean is given by $deep D ⇢XDQ), where) is the ocean depth,
DQ D 4005 J K�1 kg�1 is the specific heat capacity of seawater (heat required to
raise the temperature of 1 kg of seawater by 1 K, in J K�1 kg�1), and ⇢X D 1024
kgm�3 is the density of seawater. The parameter � is set to one, and the second
equation in (3.3) implies that the timescale over which the temperature of the
deep ocean is modified by the mixing term is �=$deep, or about 500 yr.

In a steady state, when the LHSof equation (3.3) vanishes, the second equa-
tion gives �5surface D �5deep. This indicates that the deep ocean and surface
oceanwarmed to the same degree and are now in equilibrium.Thefirst equation
then gives �5surface D �'2⇥=�-8 , as in section 3.1.1. Thus, the ocean depth
and heat capacity do not enter the steady state solution and do not affect the
equilibrium response to radiative forcing. However, in the short term, the ocean
heat capacity can make a big difference, as demonstrated by Figure 3.3. The
upper panel shows that in the case of a shallow ocean (where the deeper ocean
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diffusion. Seasonal temperature variations can therefore penetrate about ameter
into the land surface, while diurnal variations, having a much shorter timescale,
penetrate only less than 10 cm. As a result, only the uppermost part of the land
surface contributes to the effective heat capacity of theEarth surface, and its con-
tribution to the storage of excess heat due to radiative forcing is significantly less
than that of the ocean.

Climate models estimate that the increase in outgoing top-of-the-atmos-
phere (TOA) radiative cooling due to a surface warming �5 is, to a good
approximation, linearly proportional to this warming and may therefore be
written as �-8�5. This linearity is further explained in equation (3.5). The
parameter �-8 (Wm�2 K�1) is not well known, because different climatemod-
els produce different values. In addition, part of the radiative forcing denoted
�2 (W/m2) is transported to the deeper ocean. The statement of heat balance
of the lower atmosphere and upper ocean at the current time (now) is therefore
that the heat flux into thedeeper ocean is equal to the radiative forcing�'minus
the radiative cooling,

�2now D �'now � �-8�5now: (3.1)

Consider a doubling (2⇥) of the CO2 concentration, leading to a radiative forc-
ing of �'2⇥. After the climate system has had time to warm and equilibrate to
the new radiative forcing, the ocean absorbs no additional net heat (it is in a new,
warmer, steady state and the net heat flux into the oceanmust therefore vanish),
and we have 0 D �'2⇥ � �-8�52⇥. Our objective is to use observational con-
straints to calculate the anticipated final equilibrium warming for double CO2,
�52⇥. From the above, we have

�52⇥ D �'2⇥
�-8

as well as

�-8 D �'now � �2now

�5now
;

which may be combined to give an equilibrium warming of
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but it takes a long time to get there, due to the large heat capacity 
of the ocean.
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Transient climate sensitivity

-1---
0---

+1---

�52⇥ D �'2⇥�5now

�'now � �2now
: (3.2)

Thepresent surfacewarming (�5now) and current heat flux into the deep ocean
(�2now) appearing on the RHS can be estimated from present-day observa-
tions, while the radiative forcings at present and for a doubling of CO2 (�'now,
�'⇥2) canbe estimated reliably fromradiationmodels.Thus, theRHS is known,
and this can be used to estimate the desired equilibrium climate sensitivity on
the LHS without relying on complex and somewhat uncertain climate models
(see this chapter’s workshop). The result is, not surprisingly, in the same range
predicted by these models.

äóâóã Transient climate sensitivity

The deeper ocean absorbs some of the heat due to the excess radiative forc-
ing, and its large heat capacity means that it warms up very slowly. Because the
relatively cool deep ocean continuously mixes with the more rapidly warming
surface ocean, it slows down the surface warming.This means that the currently
observed surface warming, for example, reflects only part of the potential warm-
ing given the present greenhouse gas concentration; this section attempts to
explain and quantify this effect.

Consider the response of the surface temperature (including the upper
ocean) and the deeper ocean temperature to an abrupt doubling of the CO2

concentration.The following equations describe the temperature evolution gov-
erned by the heat budget (per unit area) of the lower atmosphere and upper
ocean, whose temperature perturbation due to the increase in greenhouse gases
is denoted �5surface, and of the deeper ocean, whose temperature perturbation
is denoted �5deep,

$surface
E�5surface

EU
D �'2⇥ � �-8�5surface � �

�
�5surface � �5deep

�

$deep
E�5deep

EU
D �

�
�5surface � �5deep

�
: (3.3)

The first equation is the perturbation heat budget per unit area for the atmo-
sphere and upper ocean due to the increase in greenhouse gases; the second,
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for the deeper ocean. $surface and $deep are the heat capacities per unit area
of the combined atmosphere and ocean surface and of the deep ocean, corre-
spondingly. The left-hand side of both equations is therefore the rate of change
of the heat content of the atmosphere / surface ocean and of the deep ocean,
per unit area.The RHS represents heat fluxes responsible for this rate of change.
The term �

�
�5surface � �5deep

�
represents the slow heat exchange between

the deep ocean and the upper ocean, which was represented by �2 in equation
(3.1).The parameter � is in units of heat capacity per unit area over a timescale,
( J K�1 m�2) s�1, where the (long) timescale is that of the slow heat exchange
between the deep and surface ocean. Note that this term has opposite signs in
the two budget equations, so that in a warming scenario it represents a source
of energy for the deep ocean and a sink for the surface.The first equation gener-
alizes the equilibrium balance assumed previously in equation (3.1) with two
differences: we now take into account the time rate of change of the surface
temperature (on the LHS), and we consider the response to an BCSVQU CO2

doubling, hence the use of �'2⇥ in equation (3.3) rather than �'now.
As for parameter values, for a CO2 doubling, detailed calculations show that

the radiative forcing is �'2⇥ D 4 W/m2, and if the equilibrium climate sen-
sitivity is assumed to be 3 °C, then �-8 D .4 W/m2)/(3 °C). $surface, which
represents the combined heat capacity of the atmosphere and upper 50 m of
the ocean, may be approximated as $surface ⇡ ⇢XDQ 50 K; and the heat capac-
ity of the deeper ocean is given by $deep D ⇢XDQ), where) is the ocean depth,
DQ D 4005 J K�1 kg�1 is the specific heat capacity of seawater (heat required to
raise the temperature of 1 kg of seawater by 1 K, in J K�1 kg�1), and ⇢X D 1024
kgm�3 is the density of seawater. The parameter � is set to one, and the second
equation in (3.3) implies that the timescale over which the temperature of the
deep ocean is modified by the mixing term is �=$deep, or about 500 yr.

In a steady state, when the LHSof equation (3.3) vanishes, the second equa-
tion gives �5surface D �5deep. This indicates that the deep ocean and surface
oceanwarmed to the same degree and are now in equilibrium.Thefirst equation
then gives �5surface D �'2⇥=�-8 , as in section 3.1.1. Thus, the ocean depth
and heat capacity do not enter the steady state solution and do not affect the
equilibrium response to radiative forcing. However, in the short term, the ocean
heat capacity can make a big difference, as demonstrated by Figure 3.3. The
upper panel shows that in the case of a shallow ocean (where the deeper ocean
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for the deeper ocean. $surface and $deep are the heat capacities per unit area
of the combined atmosphere and ocean surface and of the deep ocean, corre-
spondingly. The left-hand side of both equations is therefore the rate of change
of the heat content of the atmosphere / surface ocean and of the deep ocean,
per unit area.The RHS represents heat fluxes responsible for this rate of change.
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the deep ocean and the upper ocean, which was represented by �2 in equation
(3.1).The parameter � is in units of heat capacity per unit area over a timescale,
( J K�1 m�2) s�1, where the (long) timescale is that of the slow heat exchange
between the deep and surface ocean. Note that this term has opposite signs in
the two budget equations, so that in a warming scenario it represents a source
of energy for the deep ocean and a sink for the surface.The first equation gener-
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temperature (on the LHS), and we consider the response to an BCSVQU CO2

doubling, hence the use of �'2⇥ in equation (3.3) rather than �'now.
As for parameter values, for a CO2 doubling, detailed calculations show that

the radiative forcing is �'2⇥ D 4 W/m2, and if the equilibrium climate sen-
sitivity is assumed to be 3 °C, then �-8 D .4 W/m2)/(3 °C). $surface, which
represents the combined heat capacity of the atmosphere and upper 50 m of
the ocean, may be approximated as $surface ⇡ ⇢XDQ 50 K; and the heat capac-
ity of the deeper ocean is given by $deep D ⇢XDQ), where) is the ocean depth,
DQ D 4005 J K�1 kg�1 is the specific heat capacity of seawater (heat required to
raise the temperature of 1 kg of seawater by 1 K, in J K�1 kg�1), and ⇢X D 1024
kgm�3 is the density of seawater. The parameter � is set to one, and the second
equation in (3.3) implies that the timescale over which the temperature of the
deep ocean is modified by the mixing term is �=$deep, or about 500 yr.

In a steady state, when the LHSof equation (3.3) vanishes, the second equa-
tion gives �5surface D �5deep. This indicates that the deep ocean and surface
oceanwarmed to the same degree and are now in equilibrium.Thefirst equation
then gives �5surface D �'2⇥=�-8 , as in section 3.1.1. Thus, the ocean depth
and heat capacity do not enter the steady state solution and do not affect the
equilibrium response to radiative forcing. However, in the short term, the ocean
heat capacity can make a big difference, as demonstrated by Figure 3.3. The
upper panel shows that in the case of a shallow ocean (where the deeper ocean
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diffusion. Seasonal temperature variations can therefore penetrate about ameter
into the land surface, while diurnal variations, having a much shorter timescale,
penetrate only less than 10 cm. As a result, only the uppermost part of the land
surface contributes to the effective heat capacity of theEarth surface, and its con-
tribution to the storage of excess heat due to radiative forcing is significantly less
than that of the ocean.

Climate models estimate that the increase in outgoing top-of-the-atmos-
phere (TOA) radiative cooling due to a surface warming �5 is, to a good
approximation, linearly proportional to this warming and may therefore be
written as �-8�5. This linearity is further explained in equation (3.5). The
parameter �-8 (Wm�2 K�1) is not well known, because different climatemod-
els produce different values. In addition, part of the radiative forcing denoted
�2 (W/m2) is transported to the deeper ocean. The statement of heat balance
of the lower atmosphere and upper ocean at the current time (now) is therefore
that the heat flux into thedeeper ocean is equal to the radiative forcing�'minus
the radiative cooling,

�2now D �'now � �-8�5now: (3.1)

Consider a doubling (2⇥) of the CO2 concentration, leading to a radiative forc-
ing of �'2⇥. After the climate system has had time to warm and equilibrate to
the new radiative forcing, the ocean absorbs no additional net heat (it is in a new,
warmer, steady state and the net heat flux into the oceanmust therefore vanish),
and we have 0 D �'2⇥ � �-8�52⇥. Our objective is to use observational con-
straints to calculate the anticipated final equilibrium warming for double CO2,
�52⇥. From the above, we have

�52⇥ D �'2⇥
�-8

as well as

�-8 D �'now � �2now

�5now
;

which may be combined to give an equilibrium warming of
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but it takes a long time to get there, due to the large heat capacity 
of the ocean.
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Transient climate sensitivity: role of ocean depth

Figure 3.3: Transient climate sensitivity. 
The temperature anomalies of the upper ocean and of the deep ocean, as a function of time in a scenario of instantaneous CO2 doubling. (a) An 
artificial case assuming the subsurface ocean is only 40 m deep. (b) A more realistic scenario, assuming an ocean depth of 4000 m and showing only 
the first 200 yr of adjustment to an abrupt doubling of CO2. (c) Same scenario as in (b), and showing the full period of adjustment. 
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Notes 

section 2, sea level
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mini-quiz sea level

Calculate the increase in sea level ∆d if: 
d0 = 500 m,  
∆T = 3°,  
T0 = 16°,  
ρ(16°C,35 ppt) = 1025.75 kg/m3, 
ρ(19°C,35 ppt) = 1025.022 kg/m3
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section 3, abyssal recipes
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mini-quiz abyssal recipes

In this case, the fluxes at the top and bottom of the parcel are

Fupwelling(z →!z) = cpωTw(z →!z)!x!y

Fupwelling(z +!z) = cpωTw(z +!z)!x!y,

where w(z→!z) is the upwelling velocity at the bottom of the parcel being considered. The
net flux is,

Fupwelling(z →!z)→ Fupwelling(z +!z) = →cpω
ε(wT )

εz
!x!y2!z

writing the final heat budget equation (1) using the terms we have developed, dropping the
cpω!x!y2!z factor that appears in all terms, leads to,

εT

εt
+

ε(wT )

εz
= ϑ

ε
2
T

εz2
.

Next, in a steady state, the first term on the left vanishes, and assuming for simplicity that
the vertical velocity is constant, we find

w
εT

εz
= ϑ

ε
2
T

εz2
. (2)

The solution is exponential, T = T0 + ae
bz, and substituting it into the equation, we find ↭↭↭

T = T0 + ae
w
ω z
,

where b = w/ϑ. Substituting typical numbers, ϑ = 10→4 m2
/s, w = 10→7 m/s, so that

ϑ/w = 1 km. The balance represented by (2) is described schematically in the following
figure,

7
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assume the solution is exponential,

substitute it into the equation to find T(z) and in particular the exponential decay scale.

Starting from:
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measuring salinity: conductivity, temperature, depth (CTD) and sampling bottles

https://www.wm.edu/news/stories/2009/study-shows-vims-professors-on-cutting-edge-001.php

https://earthobservatory.nasa.gov/blogs/fromthefield/tag/spurs-2/page/4/
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The mediterranean outflow high salinity, high temperature “tongue”
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Climate Control Requires a Dam 
at the Strait of Gibraltar 
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R. G. Johnson 

If the Mediterranean Sea continues to in-
crease in salinity, shifting climatic patterns 
throughout the world may cause high-lati-
tude areas in Canada to glaciate within the 
next century. The Mediterranean is starved of 
freshwater by human activities: most of the 
annual flow of the Nile River is now used for 
irrigation and no longer enters the sea. The 
sea surface evaporation losses are also in-
creasing as the surface warms due to rising 
CO2 concentrations in the atmosphere. Con-
sequently, the Mediterranean hydrologic defi-
cit is steadily increasing. The deficit is the 
difference between the larger amount of 
water lost by evaporation and the smaller 
amount received from rainfall and river in-
puts. The difference is made up by a two-way 
exchange of water with the Atlantic at Gibral-
tar. Barring a significant change in regional 
atmospheric circulation, these two human 
modifications of the environment will cause 
the salinity of the Mediterranean to increase 
for some time as fossil fuels are consumed. 

The higher salinity will lead to a larger vol-
ume of the Mediterranean outflow at Gibral-
tar, which will modify high-latitude 
oceanic-atmospheric circulation and, in ef-
fect, initiate new glaciation. This hypothesis 
arises from a recent study of climate condi-
tions and inferred circulation changes that 
probably triggered the last glaciation 
[Johnson, 1997]. The hypothesis will be 
tested in coming decades. If it is validated by 
the onset of ice-sheet growth in Canada and 
cooling in northern Europe, a partial dam at 
the Strait of Gibraltar could be constructed to 
limit the outflow and reverse the climate dete-
rioration, thus holding off the next ice age. 

Dept. of Geology and Geophysics, Newton 
Horace Winchell School of Earth Sciences, 
University of Minnesota, 108 Pillsbury Hall, 
310 Pillsbury Drive, SE, Minneapolis, MN 
55455-0219 

Initiation of the Last Glaciat ion 

Although it is commonly thought that the 
last ice age began in Canada when diminish-
ing Milankovitch summer insolation cooled 
the climate, circulation changes that in-
creased moisture advection to ice sheets 
were probably more important. Frequent 
storms moving into Baffin Island and other ar-
eas in the presently arid Canadian subarctic 
more likely caused the ice age. Evidence sup-
porting this scenario shows a warming of the 
northwestern Labrador Sea and Baffin Bay at 
the beginning of the last glaciation and warm 
5 1 8 0 values and larger quantities of pollen in 
ice at the base of cores from remnant glaciers 
on Devon and Ellesmere Islands [Koerneret 
al., 1988]. The increased precipitation and 
summer cloudiness probably triggered ice 
sheet growth. This view is consistent with gen-
eral circulation model experiments which, 
lacking such details of circulation, find it diffi-
cult to simulate new ice sheets by cooling at 
115,000 yr B.P. when July insolation at high 
latitudes was 7% lower than today. 

Moreover, in Barbados and New Guinea, 
stratigraphy of corals with reliable ages dated 
by thermal ionization mass spectrometry sug-
gests that new ice sheet growth began not 
later than 120,000 yr B.P., when insolation at 
60°N was similar to today's values [Johnson, 
1997]. 

It has been known for some time that the 
Labrador Sea was warmer at the start of the 
last glaciation. A strong northward current of 
Mediterranean outflow water upwelling off 
Ireland and Scotland [Reid, 1979] now ap-
pears to have been the cause of this warmth. 
The upwelling water is 4-5°C colder than 
North Atlantic Drift water moving north from 
the Gulf Stream, and diverts the warm Drift 
water westward into the Labrador Sea. The sa-
line and initially warm Mediterranean out-
flow is about 0.8 x 106 m 3 s"1 [Bryden and 

Kinder, 1991]. Leaving Gibraltar, the water 
sinks and mixes with very cold water of the 
lower thermocline [Price et al, 1993], moves 
northward, and enters the northern gyre. As 
the water approaches the shallow banks 
north and west of Ireland (Figure 1), it upwells. 

The cold core of the outflow water mixture 
probably reaches the surface; it has a veloc-
ity as much as 0.01 m s"1 greater than sur-
rounding North Atlantic Drift water [Greatbatch 
andXu, 1993]. Although mixing with North 
Atlantic Drift water doubtless occurs, Reid's 
[1979] temperature and salinity data suggest 
that much of the cold outflow water passes 
on into the Nordic Seas. 

The upwelling apparently behaves like a 
fluidic switch that warmed the Labrador Sea 
and caused Canadian ice sheet growth while 
cooling the Nordic Seas and northern 
Europe. In this conceptual model of glacial 
initiation, the switching is controlled by the 
hydrologic deficit of the Mediterranean and 
the resulting outflow. Thus the hydrologic 
deficit is a critical link in a chain of circula-
tion and climatic factors (Figure 2) that be-
gan with low insolation, weak African 
monsoons, and drought in the headwaters of 
the Nile and culminated with new ice-sheet 
growth in Baffin Island and other regions in 
northern Canada. 

Strong Milankovitch insolation in north-
ern subtropics causes strong African mon-
soons, and strong insolation correlates well 
with high-volume discharges of the Nile. This 
is inferred from the records of sapropelic sedi-
ments caused by surface water stratification 
in the eastern Mediterranean. The most re-
cent sapropel was formed about 8500 yr B.P. 
with insolation near a strong maximum and 
at a time of well-documented, high-volume 
Nile discharges [Yan andPetit-Maire, 1994] 
implying a weak outflow. When the last ice 
age began 120,000 years ago, however, the in-
solation at all latitudes was nearly the same 
as today, implying a similar and much 
smaller Nile flow and a larger hydrologic defi-
cit and outflow. That today's climate may be 
close to the threshold for new glaciation may 
indeed be the case. Large plateau areas of 
Baffin Island are now covered with semiper-
manent snow fields that expanded during the 
historic Little Ice Age 150-350 years ago 
when cool summers and extremely severe 
winters were frequent in northern Europe. 
The cause of this cold fluctuation is not 
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Fig. 1. Principal currents involved in the chain of proposed factors connecting the Mediterranean 
Sea and Canada. Approaching the Scotland-Faeroe sill, the North Atlantic Drift (heavy black ar-
rows) that would otherwise enter the Norwegian Sea due to the coriolis effect is diverted west-
ward by upwelling of more rapidly flowing Mediterranean outflow water (patterned arrows) from 
the lower thermocline. The diversion warms the Labrador Sea, enhances the Labrador Low, 
weakens the Iceland Low, and increases advection of moisture into the Baffin area, thus trigger-
ing new ice sheet growth. Smaller arrows indicate the cold Canadian Current. Adapted from 
Johnson [1997]. 

known, but it implies that a significant bias to-
ward conditions favoring glaciation might 
well initiate new ice sheet growth. 

Modern Ice-Age Initiation 

If all the Nile flow entered the Mediterra-
nean, the hydrologic deficit would be ap-
proximately 31,000 m 3 s"1, estimated from 
Mediterranean outflow and inflow volumes 
and salinities at Gibraltar [Bryden and Kinder, 
1991; Price et al., 1993], river discharges, and 
an assumed steady state. A larger hydrologic 
deficit due to the loss of Nile River discharge 
is the main difference between today and 
120,000 years B.P. in the chain of factors in 
Figure 2. 

O 1 

Ninety percent of the 2700 m s average 
Nile flow is now diverted for irrigation and 
lost by evaporation. Most of the diversion has 
been accomplished in modern times and has 
increased the Mediterranean hydrologic defi-
cit by about 8%, with half of this increase due 
to the Aswan High Dam. This dam was com-
pleted in 1968 and is a major source of Egyp-

tian power [Gasser andEl-Gamal, 1994]. It im-
pounds the annual Nile flood water from the 
monsoons in Lake Nasser for power produc-
tion and irrigation, thus preventing the floods 
from reaching the Mediterranean. The 

O 1 

planned additional diversion of 300 m s 
from Lake Nasser at Abu Simbel will bring 
the deficit increase up to 9%. The mixing 
time for an ideally mixed Mediterranean 
Sea (that is, the time needed to attain 63% 
of a new higher steady-state salinity after an 
abrupt reduction in fresh water input) is 
about 100 years. Consequently, most of the 
effect on northern North Atlantic circulation 
caused by the 9% increase in the deficit will 
be realized by the end of the next century as 
the salinity rises and the Mediterranean out-
flow increases. 

If proportionality assumptions hold, 14% 
more warmer surface water could enter the 
Labrador Sea [Johnson, 1997] with a corre-
sponding substitution of cold water entering 
the Nordic Seas. This increase may initiate 
new glaciation for two reasons: the last ice 
age was probably triggered by an inferred hy-

drologic deficit equal to or less than that of to-
day, and Canadian glacial nucleation areas 
are now perilously close to the threshold for 
new ice-sheet growth, as indicated by his-
toric expansion of snow fields on Baffin Is-
land. Severe cooling in northern Europe and 
new expansion of Baffin snow fields may oc-
cur within the next few decades. 

CO2 warming would probably trigger a 
new ice age by increasing Mediterranean 
evaporation losses, independently of Nile dis-
charge. If CO2 warming increases the sea sur-
face temperature by 2°C, as predicted when 
atmospheric CO2 doubles in the next 70 years 
[Manabe et al., 1994], the increase in the hy-
drologic deficit of 14%, as estimated from the 
ratio of future/present vapor pressures at the 
sea surfaces, would exceed the effect of Nile 
loss. The combined CO2 warming and Nile 
loss might increase the hydrologic deficit to 
23%. New ice sheet growth and a much 
colder Europe would then become ex-
tremely likely, and CO2 concentrations will 
continue to rise. 

Initiation of new ice sheet growth is of 
great concern because the strong positive 
feedback of enhanced albedo and heavier 
cloud cover, much like the effectiveness of 
cloudiness over the Greenland Ice Sheet to-
day, might lock in the ice-age growth mode de-
spite CO2 warming. The ultimate consequence 
might be a combination of two extremes. The 
strong CO2 warming of lower-latitude land 
and sea surfaces would nourish—by ever 
stronger moisture advection—rapid expan-
sion of ice sheets in Canada and Eurasia. 

A Gibraltar Dam 

The diversion of North Atlantic Drift water 
as a function of the Mediterranean outflow is 
difficult to measure accurately because of 
the complex and fluctuating currents within 
the northern gyre. Quantitative verification of 
the fluidic switch model is therefore difficult. 
Nevertheless, if the conceptual model is ap-
proximately correct, a new ice age can be 
avoided if a partial dam is constructed on the 
sill across the strait 40 km west of Gibraltar 
(Figure 3a). By limiting the Mediterranean 
outflow to, for example, 20% of today's flow 
rate, the higher-velocity component of flow 
approaching the Scotland-Faeroe sill would 
be removed, upwelling would diminish, 
warm surface water now diverted to Labra-
dor would enter the Nordic Seas, Canada 
would remain dry, and Europe's climate 
would remain mild and stable. 

The reduced outflow would also reduce 
the risk of large-scale flooding of world coast-
lines if the West Antarctic Ice Sheet melts as 
global temperatures rise, leading to a sea 
level rise of 6 m [Mercer, 1978]. Antarctic sea 
ice is a strong factor in cooling the Antarctic 
climate [Weyl, 1968] and stabilizing Antarc-
tic ice sheets. The sea-ice extent, however, 
depends on the higher salinity in the mid-
depth Southern Ocean, which enhances 

This page may be freely copied. 

Eos, Vol. 78, No. 27, July 8, 1997 

Milankovitch insolation 
at 25°N decreases 

i 
African monsoons 
weaken, Nile discharge 
diminishes 

Mediterranean hydrologic 
deficit increases 

Mediterranean salinity 
rises, Outflow at 
Gibraltar increases 

Outflow water upwelling 
off Scotland increases 

J. 
Warm surface water 
diverted to Labrador 
Sea, cold upwelling 
water enters Nordic Seas 

i 
Warmer Labrador Sea, 
greater advection of 
moisture into Canada 

Candian ice-sheet growth 
begins as Nordic Seas 
and Europe cool 

Fig. 2. Block diagram of the chain of factors in 
the conceptual model for initiation of the last 
ice age. 

deep convection and heat transfer to the sur-
face. About 25% of the excess mid-depth salt 
is supplied by the Mediterranean outflow 
and is exported via the deep Western Bound-
ary Current. For a few hundred years after 
completion of the Gibraltar dam and before 
Mediterranean salinity reaches a new ap-
proximate steady state, this source of salt 
would be greatly reduced. This would tend 
to maintain sea-ice coverage as CO2 warming 
progresses, and prevent or delay melting of 
the West Antarctic Ice Sheet and world 
coastal flooding. 

The construction of the Gibraltar Dam 
may be both politically and technically feasi-
ble, but the scale of the dam is large, and con-
struction would require an unprecedented 

Fig. 3. a) Location of the proposed dam on the sill across the Strait of Gibraltar. The counterflow 
exchange of salt is greatly minimized by separating most of the surface inflow from the deeper 
Mediterranean outflow water entering the Atlantic. Bathymetry is in meters. Adapted from Bryden 
and Kinder [1991]. b) Profile of the suggested large-rock dam structure on the transect of a). As-
sumed angle of repose is 30°. Maximum depth on the sill is 284 m. Bridges over inflow openings 
(not shown) would enable transport of material to the extending faces. A bridge over the central 
outflow opening would complete the link between Spain and Africa. Flow modeling to attain an 
80% limitation of Mediterranean outflow water in the future steady state could significantly 
change the opening dimension. 

effort probably over many decades. The pro-
file of a suggested dam configuration is 
shown in Figure 3b. The maximum underwa-
ter height is twice that of the Great Pyramid of 
Egypt. If the dam has a 70-m-wide top, and if 
a rock material is used with a 30° angle of re-
pose, the required volume would be 1.27 km3, 
or about 420 times that of the Great Pyramid. 

To minimize the eventual increase in Medi-
terranean salinity to a few parts per mil caused 
by the more restricted exchange with the Atlan-
tic, the present counterflow entrainment of salt 
from the outflow into the inflow could be 
greatly reduced by confining the outflow to a 
narrow opening, possibly 1 km wide or less, 
with most of the inflow consisting of shallow 
water entering at a distance. A detailed hydro-
dynamic model of the flow field would be re-
quired to determine the width of the opening 
needed to maintain the specified flow restric-
tion when the ultimate Mediterranean salinity 
and density is attained. Such a model is one of 
many research tasks needed in the planning of 
the dam. 

The type of construction that the dam 
would require remains to be determined, but 
the large-rock barrier is a possibility and it 
would be a rust-proof and geologically per-
manent structure. Dam design and construc-
tion methods would need to be developed to 
avoid underwater debris flows of dam mate-
rial while the dam is being built, and after-
ward under seismic stresses. 

The Dec i s ion 

The cost of the dam would be minor com-
pared to the benefits of a mild climate in 
northern Europe and Asia and the preven-
tion of widespread new ice sheets in Canada. 
However, the cost and the magnitude of the 
task and the associated uncertainties would 
probably generate controversy that might de-
lay a decision to build the dam until the 
threatened climate deterioration becomes a 
reality in Canada and Europe. Would the 
dam construction then be too late ? Probably 
not, because the redirection of warm North 
Atlantic Drift into the Nordic Seas would du-
plicate the strong meridional North Atlantic 
circulation of 8000 years ago, when the out-
flow was smaller, the Labrador Sea was cold, 
and deglaciation was rapidly removing the 
Laurentide Ice Sheet. However, until the dam 
is completed and more warmer North Atlantic 
Drift water is again allowed to enter the Nordic 
Seas, cold climatic fluctuations in Europe are 
likely to become increasingly severe. 

If a decision to build the dam is delayed, a 
more worrisome concern is the scarcity of pe-
troleum supplies that will probably develop 
in the next century. This could lead to politi-
cal or military conflicts that would increase 
the difficulty of organizing the broad interna-
tional effort needed to carry out the project. 
The sooner the decision is made, the easier it 
will be to plan and complete the dam. The 
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Cooling the North Atlantic by shutting 
down AMOC using a dam at the Strait 
of Gibraltar 🙄
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5 Density and the equation of state

Density is a function of both temperature and salinity, and at a constant pressure this may
be approximately expressed as,

⇢(T, S) = ⇢0 (1� ↵(T � T0) + �(S � S0)) .

↵ is a strong function of temperature, varying (at surface pressure, p = 0) from 254e-7 at
T = �2�C to 3413e-7 at T = 31�. That’s a factor of more than 10 in the e↵ect of temperature
on density. . . � = 1

⇢0

@⇢

@S
is pretty much constant, with @⇢/@S around 0.8 for all temperatures.

The range of densities in ocean is ⇢ = 1024 to 1045 kg/m3, and it is therefore convenient
to use: � = ⇢� 1000.

A more accurate approximation needs to include nonlinearities (e.g., Mamaev 1964;
Friedrich and Levitus 1972),

⇢(T, S) = ⇢0

�
1� ↵(T � T0) + �(S � S0) + �(T � T0)

2 + �(T � T0)(S � S0)
�
.

In addition, all coe�cients (↵, �, �, �) are a function of pressure. The nonlinearities and
di↵erent pressure dependence of the temperature and salinity coe�cients lead to interesting
phenomena:
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• Consider �✓, density of a parcel brought adiabatically to the surface (typical range of
24-26). Note that deep North Atlantic ocean regions that seem to be unstably stratified
at depth based on �✓, are in fact stably stratified. The seeming unstable stratification
is due to the nonlinearity involved in pressure dependence of the equation of state (see
density_demo.m). To address this, it is customary to use instead �4, the density of a
parcel brought adiabatically to a depth of 4 km, as a better measure of deep stability
and stratification.

9

Water Sample Table

Sample
Temperature

(°C)
Salinity
(PSU)

Density
(gm/cm^3)

A

B

C
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