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Planetary Energy Balance

Climate Sensitivity
How Many Degrees of Warming
per Watt/m2 of Heating?

Energy In = Energy Out

Please read Chapter 7

S (1 − α )π R 2 = 4π R 2σ T 4

in Archer Textbook

T ≈ −18o C
But the observed Ts is about 15° C

Earth’s Climate
as a “Black Box”
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Response, and Sensitivity
TS

15 °C

Surface
Temperature
Out

Atmospheric Science

ΔF

+1
W m-2
Forcing
(change in
absorbed
sunshine)

Climate
System

ΔTS
? °C
Response:
(Change in
Surface
Temperature)

1

ATS 150

Global Climate Change

Climate Feedback, & Sensitivity

“Let’s do the math …”

Response:
(Change in Surface
Temperature)

Forcing
(change in sunshine)

Climate Forcing,
Response, and Sensitivity

S0 (1− α )π r 2 = 4 π r 2σ T 4
S0 (1− α ) = 4σ T 4
S (1− α )
F= 0
=σT 4
4
Solve for ΔF that produces a given ΔT

Climate Feedback Processes
• Positive Feedbacks
(amplify changes)

Baseline Climate
Sensitivity
“Let’s do the math …”

F=

S0 (1− α )
=σT 4
4

dF
= 4σ T 3 = 4σ (255K )3 = 3.8W m −2 K −1
dT
1
0.266 K
ΔT =
ΔF =
ΔF
−2 −1
3.8W m K
W m −2
A 1 W m-2 change in absorbed sunshine produces
about a 0.27 °C change in Earth’s temperature

Ice Albedo Feedback
Positive feedback

– Water vapor
Δ high cloud
Δ Lapse
ΔF

Δ low cloud
ΔTS

Δ albedo

Scott Denning

– Ice-albedo
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Δvapor

– High clouds

• Negative feedbacks
(damp changes)

• Radiative forcing melts snow and ice

– Lapse rate

• Darker surface absorbs more radiation

– Low clouds

• Amplifies warming or cooling

Atmospheric Science
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Water Vapor Feedback
Positive feedback

• Radiative forcing warms surface
• Warmer surface evaporates more water
• Warmer air can “hold more water”

Positive OR negative feedback!

• Increased water vapor (GHG) absorbs
more outgoing radiation, amplifying
warming

Cloud Feedbacks

Lapse Rate Feedback

• Greenhouse effect depends on emission to space from
higher (colder) levels of the atmosphere
• If radiative forcing produces increased vertical mixing
by convection, then more heat is mixed to higher levels
• Warm air aloft emits more radiation to space,
compensating for original forcing

Estimating Total
Climate Sensitivity

1. Paleoclimate analogs: how much has
climate changed in the past when
forcing of known strength was applied?
–
–

• Additional water vapor makes more clouds
• Low clouds cool, but high clouds warm
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Positive OR negative feedback!
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Advantage: all feedbacks included
Disadvantage: hard to know exactly how
much forcing & global temperature response

2. Calculation from physical principles
including feedback processes
(complex global climate models)
–
–

Advantage: Physical insight
Disadvantage: “All models are wrong …”
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Learning from the Past

Ice Age World

1. Geologic past
(100’s of millions of years)
2. Deglaciation analog
(18,000 years ago to
preindustrial time)
3. Last Millennium analog
(Medieval Warm Period to
Little Ice Age)
4. Modern Climate Record
(20th Century changes)
The further back we go, the less data we have to work with.
Using modern data, we have only brief transients to study.

LGM Climate Forcing

CO2 and the Ice Ages
• Over the past 420,000
years atmospheric CO2
has varied between 180
and 280 ppm, beating in
time with the last four
glacial cycles

High albedo
Low CO2
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Scott Denning

CSU

Atmospheric Science

4

ATS 150

Global Climate Change

Climate Feedback, & Sensitivity

Our Variable Star

Cycle of Solar Variability

Climate forcing
= ΔS(1-α)/4
~ 2 W m-2 x 0.7 / 4
= 0.35 W m-2
11-year magnetic cycle

BOOM!

active sun 0.15% brighter

Volcanic Aerosol

• Volcanoes release
huge amounts of
SO2 gas and heat
• SO2 oxidizes to
SO4 particles
(“aerosol”) and
penetrates to
stratosphere

Mt. Pinatubo, 1991
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• SO4 aerosol
scatters solar
radiation back to
space
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Particles

“Aerosol”
Particles in
Troposphere
from air
pollution

Enhance Cloud Albedo

Reconstructed Climate
Forcing Since 1000 AD

• Cloud droplets
condense on
tiny particles
• Makes more/
smaller cloud
drops

1816

• Ship tracks off
west coast

1991

Tropospheric Aerosol

0.5

Pinatubo

1.0 W m-2

Tambora
“year w/out
a summer”

• Clouds are
brighter
(higher albedo )
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REPORTS
Because the concentration of water vapor
mass decreases roughly exponentially with
height, changes in the total column water vapor
are dominated by the response of water vapor in
the lower troposphere. Yet, water vapor in the
upper troposphere has a disproportionately
large effect on the outgoing LW radiation (34)
and, consequently, on climate sensitivity (5).
Therefore, we also examine the response of the
upper tropospheric water vapor between 300
and 500 hPa. Because retrievals of upper tropospheric water vapor are less reliable than
those for the total column, we include both
NVAP (25) and TIROS (Television Infrared
Observation Satellite) Operational Vertical
Sounder (TOVS) products (26, 35) in our comparison (Fig. 2, bottom).
Both sets of observations indicate a drying
of the upper troposphere after the Mount Pinatubo eruption, although TOVS suggests a
somewhat larger drying than does NVAP. The
model simulations show similar reductions during the first half of the record, where the cooling is greatest. After mid-1993, the NVAP
anomalies rapidly return to pre-eruption levels,
whereas the model simulations and the TOVS
retrievals show a more gradual return. However, given the difficulty in retrieving such small
concentrations of water vapor, it is unclear
whether this discrepancy reflects a deficiency in
the model or in the inversion algorithms used
by NVAP.
This uncertainty can be avoided by comparing the model simulations directly with the

satellite-observed radiances, thereby eliminating errors associated with the retrieval process
(36). Figure 3 compares the satellite-observed
equivalent blackbody temperatures at 6.7 !m
(T6.7) from the TOVS instrument (37) with
those computed offline from the model’s temperature and moisture profiles (38). Under clear
skies, the 6.7-!m channel is primarily sensitive
to changes in relative humidity averaged over a
deep layer of the upper troposphere (roughly
200 to 500 hPa) (39). Thus, if the water vapor
mass in the upper troposphere decreases by
conserving relative humidity as the atmosphere
cools, only a small perturbation to T6.7 would
be expected.
Figure 3 confirms that both the observations
and model simulations yield only a modest reduction in T6.7. In fact, the model-simulated
anomalies are nearly identical to those obtained
if one repeats the calculation of T6.7 under the
assumption of a constant relative humidity
change in the model’s water vapor field [shown
as a green curve in Fig. 3 (40)]. In contrast,
consider the anomalies in T6.7 that would result
if there was no decrease in water vapor mass in
the model’s upper troposphere [shown as a red
curve in Fig. 3 (41)]. In this case, the T6.7 would
decrease by "0.8 K, more than twice what was
observed, due to a reduction in Planck emission
(cooling) without a compensating reduction in
atmospheric opacity (drying). Thus, without a
nearly constant-relative-humidity drying of the
upper troposphere, the model would be unable
to reproduce the observed record of T6.7.

The above simulations show that the model atmosphere dries in response to the radiatively induced cooling in agreement with the
observations. But to what extent does this
drying amplify the cooling? To answer this
question, we repeat our experiments using a
configuration of the model in which water
vapor feedback has been artificially suppressed by removing the LW component of
the feedback loop (26, 42). Once again, three
pairs of integrations are performed, where
each pair consists of a control simulation and
a Mount Pinatubo simulation using the same
aerosol forcing as before.
Figure 4 compares the Mount Pinatubo–
induced cooling from both the “standard”
(i.e., with water vapor feedback) and “no
water vapor feedback” configurations of the
model. In contrast to the standard model, the
model without water vapor feedback is unable to reproduce the observed cooling. Over
the period of June 1991 to December 1995,
the standard model predicts an average global
cooling of 0.31 K, which compares favorably
with the observed cooling of 0.30 K [0.33 #
0.03K, with ENSO signal removed (43)].
Without water vapor feedback, the modelpredicted cooling is only 0.19 K. Thus, feedback from water vapor amplifies the magnitude of global cooling by "60%, which is in
good agreement with the amplification predicted by climate models in response to a
doubling of CO2 (3) and with that derived
from idealized calculations using a constant
relative humidity approximation (5).
To reproduce the observed temperature
record after the eruption of Mount Pinatubo,
the model requires a strong positive feedback, equivalent in magnitude to that predicted for water vapor. Although it is possible
that other processes, such as clouds, could act
in place of water vapor to provide the strong
positive feedback necessary to amplify the
cooling, the observational evidence clearly
indicates a reduction in water vapor that is
consistent with the model predictions.
This study highlights the role of water vapor
feedback in amplifying the global cooling after
the eruption of Mount Pinatubo. We note, however, that Mount Pinatubo does not provide a
perfect proxy for global warming, because the
nature of the external radiative forcing obviously differs between the two. Nevertheless, the
results described here provide key evidence of
the reliability of water vapor feedback predicted
by current climate models in response to a
global perturbation in the radiative energy balance. Given the importance of water vapor
feedback in determining climate sensitivity,
such confirmation is essential to the use of these
models for global warming projections.

The Past 2000 Years

Fig. 3. Comparison of
the observed (black)
and
GCM-simulated
(blue) changes in global-mean (90°N–90°S)
6.7 !m brightness
temperature (T6.7). The
observed anomalies are
computed with respect
to a 1979 to 1990
base climatology and
expressed relative to their pre-eruption ( January to May 1991) value. The GCM-simulated anomalies are
computed as the ensemble-mean difference (Pinatubo – control) from the three pairs of GCM
simulations. The green curve depicts the GCM-simulated T6.7 computed under the assumption of a
constant relative humidity change. The red curve depicts the GCM-simulated T6.7 computed under
-2 the
assumption of a constant, seasonally varying water vapor mixing ratio (i.e., no drying of the upper
troposphere). The thick lines depict the 7-month running mean of each time series.

Second Millennium Analog
• Cooling from Medieval
Warm Period to
Little Ice Age ~ 0.8 K

0.8 K

• Solar forcing ~ 1.0 W m-2
(somewhat complicated
by volcanic forcing)

Total climate
sensitivity
(including feedback)
0.8 K per (W m-2)

Volcanic Analog

• Cooling following eruption of
Mount Pinatubo in 1991 ~ 0.5 K
• Volcanic forcing ~ 0.7 W m

Fig. 4. Comparison of
the satellite-observed
(black) and modelpredicted change in
global-mean (90°N–
90°S) lower tropospheric temperature
for the standard GCM
(blue) and the GCM
without water vapor
feedback (red). The observations are identical
to those shown in Fig.
2. For clarity, we present only the ensemble-mean difference from each model of the three experiment
pairs (Pinatubo – control). All curves are 7-month running means.
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Climate Sensitivity
to enhanced CO2
• Many lines of evidence suggest about
0.8 °C of warming per (W m-2)
• Remember each doubling of CO2
adds 3.7 Watts per square meter
• So expect about
(3.7 W m-2) x (0.8 °C (W m-2)-1)
= 3 °C per doubling of CO2
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Climate Sensitivity

Dozens of
studies
using many
different
methods
agree that
climate
sensitivity is
about 3 C
per doubling
of CO2

GHG Radiative Forcing
• Note
different
scales

Distributions and ranges for climate sensitivity from different lines of evidence. The circle indicates the most
likely value. The thin colored bars indicate very likely value (more than 90% probability). The thicker
colored bars indicate likely values (more than 66% probability). Dashed lines indicate no robust constraint
on an upper bound. The IPCC likely range (2 to 4.5°C) and most likely value (3°C) are indicated by the
vertical grey bar and black line, respectively (Source: Knutti & Hegerl, Nature, 2008)

• Modern
changes
comparable
to
postglacial,
but much
faster!

Since Last Ice Age
IPCC
Holocene
“Optimum”

Modern
Record
Little
Ice Age
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