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Cross-chapter Box 2.3, Figure 1 | Changes in assessed historical surface temperature 
changes since AR5. (b) Time series of the average of assessed AR5 series (orange, faint prior to 
1880 when only HadCRUT4 was available) and AR6 assessed series (blue) and their differences 
(offset) including an illustration of the two trend fitting metrics used in AR5 and AR6. Further 
details on data sources and processing are available in the chapter data table (Table 2.SM.1). 

Global-mean surface warming

(IPCC AR6, 2022)

≈ 1.2 ∘C

322

Chapter 2 Changing State of the Climate System

2

Cross-Chapter Box 2.3 (continued)

climate response to cumulative emissions of CO2 (TCRE) translates into remaining carbon budgets about 70 [40–140] GtCO2 larger 
compared to SR1.5 on a like-for-like basis. Meanwhile, on the same like-for-like basis, updates to historical observational products 
would reduce remaining carbon budgets reported in AR5 SYR based on WGIII scenario projections by about 180 [120 to 370] GtCO2. 
Box 5.2 provides a further overview of updates to estimates of the remaining carbon budget since AR5. 

(a) Change in assessed historical global surface temperature estimates since AR5 

(b) Assessed global surface temperature anomalies
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Cross-chapter Box 2.3, Figure 1 | Changes in assessed historical surface temperature changes since AR5. (a) Summary of the impact of various steps 
from AR5 assessment warming-to-date number for 1880–2012 using a linear trend fit to the AR6 assessment based upon the difference between 1850–1900 and 
2011–2020. Whiskers provide 90% (very likely) ranges. AR6 assessment in addition denotes additional warming since the period around 1750 (Cross-Chapter Box 
1.2). (b) Time series of the average of assessed AR5 series (orange, faint prior to 1880 when only HadCRUT4 was available) and AR6 assessed series (blue) and their 
differences (offset) including an illustration of the two trend fitting metrics used in AR5 and AR6. Further details on data sources and processing are available in the 
chapter data table (Table 2.SM.1).
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would reduce remaining carbon budgets reported in AR5 SYR based on WGIII scenario projections by about 180 [120 to 370] GtCO2. 
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Cross-chapter Box 2.3, Figure 1 | Changes in assessed historical surface temperature changes since AR5. (a) Summary of the impact of various steps 
from AR5 assessment warming-to-date number for 1880–2012 using a linear trend fit to the AR6 assessment based upon the difference between 1850–1900 and 
2011–2020. Whiskers provide 90% (very likely) ranges. AR6 assessment in addition denotes additional warming since the period around 1750 (Cross-Chapter Box 
1.2). (b) Time series of the average of assessed AR5 series (orange, faint prior to 1880 when only HadCRUT4 was available) and AR6 assessed series (blue) and their 
differences (offset) including an illustration of the two trend fitting metrics used in AR5 and AR6. Further details on data sources and processing are available in the 
chapter data table (Table 2.SM.1).
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Main issues for today
•                                                    Polar amplification
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Figure 3.2: Polar amplification.
Warming over the 21st century as a func-
tion of latitude, based on the RCP8.5 scenario
(Figure 2.1) in a climate model.

Figure 3.2 shows that the projected warming according to the RCP8.5 sce-
nario is much larger in the Arctic than inmid-latitudes and that high latitudes in
general are expected to warmmore than low latitudes.This is referred to as QPMBS
BNQMJėDBUJPO, and threemechanisms for this robust observation are discussed in
section 3.2.

The warming over the past century is characterized by a couple of peri-
ods of weak warming or even weakly cooling trends, sometimes referred to as
“IJBUVTFT”. While the specific mechanisms for these periods of weaker warming
trends are still hotly debated, they are an unavoidable result of combining natu-
ral climate variability with a warming trend, as discussed in section 3.3. Finally, a
robust signature of CO2-induced climate change is a cooling of the stratosphere
(the atmospheric layer from 10 to 50 km above the surface), while the tropo-
sphere, the lower 10 km of the atmosphere, is warming. In section 3.4 we extend
the two-layer atmospheric energy balance discussed previously to a three-layer
atmospheric energy balance model to explain this.
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general are expected to warmmore than low latitudes.This is referred to as QPMBS
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“IJBUVTFT”. While the specific mechanisms for these periods of weaker warming
trends are still hotly debated, they are an unavoidable result of combining natu-
ral climate variability with a warming trend, as discussed in section 3.3. Finally, a
robust signature of CO2-induced climate change is a cooling of the stratosphere
(the atmospheric layer from 10 to 50 km above the surface), while the tropo-
sphere, the lower 10 km of the atmosphere, is warming. In section 3.4 we extend
the two-layer atmospheric energy balance discussed previously to a three-layer
atmospheric energy balance model to explain this.
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The combined response of the negative lapse rate feedback at low lati-
tudes and positive lapse rate feedback at high latitudes leads to enhanced Arctic
warming and reduced tropical warming, contributing to polar amplification.

äóä ``HIATUS'' PERIODS
Theglobally averaged surface temperature recordover thepast century and ahalf
shows a period of what seems to be temporary cooling (1940–1970 or so) and
another period of seemingly paused warming (1998–2013). There is a signifi-
cant body of research work looking at the mechanisms behind the temperature
trends of these periods, especially the latter one. Yet it is useful to remember that
natural climate variability leads to oscillations in the globally averaged temper-
ature, and when these oscillations are superimposed on a warming trend, the
two combine to give what seem to be “hiatus” periods. This is demonstrated in
Figure 3.7, where the right panel shows the observed record for the surface tem-
perature with the two “hiatus” periods marked by horizontal bars, and the left
panel shows the globally averaged temperature in a control run (driven with a
fixed preindustrial CO2 concentration) of a climatemodel (green) and the same
time series with an added linear trend (red).The control run record plus a linear
trend produces what seem to be “hiatus” periods, supporting the idea that such

Figure 3.7: ``Hiatus'' periods.
(a) Globally averaged surface temperature anomaly from a control (CO2 fixed at preindustrial
concentration) run of a climate model (green), and the same temperature record with a lin-
ear trend added (red). (b) The instrumental record of globally averaged surface temperature
anomaly. Both panels show “hiatus” periods marked by gray horizontal bars.
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• Equilibrium climate sensitivity: total warming for double CO2 vs 
Delaying effect of ocean heat capacity (transient sensitivity)

• Stratospheric cooling
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seems to be hiatus periods, supporting the idea that such periods are to be
expected in a global warming scenario.

Figure 3.7: (a) Globally averaged surface temperature anomaly from a
control (fixed CO2) run of a climate model (green), and the same tempera-
ture with a linear trend added (red). (b) The instrumental record of surface
temperature anomaly. Both panels show “hiatus” periods marked by gray
horizontal bars.

3.5 Stratospheric cooling

Figure 3.8: Left: the zonally averaged atmospheric temperature response
during the 21st century to the RPC8.5 scenario, showing a tropospheric
warming and stratospheric cooling (GFDL model). Right: mid-latitude
(30N–50N) zonally averaged temperature profiles for an RCP8.5 projection
at the beginning and end of the 21st century.
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Figure 2.11 | Earth’s surface temperature history with key findings annotated within each panel. (a) GMST over the Holocene divided into three time scales: 
(i) 12 kyr–1 kyr in 100-year time steps; (ii) 1000–1900 CE, 10-year smooth; and (iii) 1900–2020 CE (from panel (c)). Median of the multi-method reconstruction (bold 
lines), with 5th and 95th percentiles of the ensemble members (thin lines). Vertical bars are the assessed medium confidence ranges of GMST for the Last Interglacial and 
mid-Holocene (Section 2.3.1.1). The last decade value and very likely range arises from Section 2.3.1.1.3. (b) Spatially resolved trends (°C per decade) for HadCRUTv5 over 
(upper map) 1900–1980, and (lower map) 1981–2020. Significance is assessed following AR(1) adjustment after Santer et al. (2008), ‘×’ marks denote non-significant trends. 
(c) Temperature from instrumental data for 1850–2020, including (upper panel) multi-product mean annual time series assessed in Section 2.3.1.1.3 for temperature over the 
oceans (blue line) and temperature over the land (red line) and indicating the warming to the most recent 10 years; and annually (middle panel) and decadally (bottom panel) 
resolved averages for the GMST datasets assessed in Section 2.3.1.1.3. The grey shading in each panel shows the uncertainty associated with the HadCRUT5 estimate (Morice 
et al., 2021). All temperatures relative to the 1850–1900 reference period. Further details on data sources and processing are available in the chapter data table (Table 2.SM.1). 

Figure 2.11 | Earth’s surface temperature 
history with key findings annotated within 
each panel. (c) Temperature from instrumental 
data for 1850–2020, including (upper panel) 
multi-product mean annual time series for 
temperature over the oceans (blue line) and over 
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The grey shading shows the uncertainty 
associated with the HadCRUT5 estimate (Morice 
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Workshop 1 results
c=plt.contourf(longitude, latitude, warming_sat_map_data,levels=mylevels,cmap='bwr')
# draw the colorbar
clb=plt.colorbar(c, shrink=0.85, pad=0.02)
# add title/ labels:
plt.xlabel('Longitude')
plt.ylabel('Latitude')
clb.set_label('Temperature anomaly (K)')
plt.title('Temperature increase for RCP 8.5')
plt.show()

1c) Polar amplification: Plot the zonally-averaged warming vs latitude for the RCP8.5 scenario.
[14]: # calcuate zonal mean warming:

zonal_mean_rcp85_warming=np.mean(warming_sat_map_data,axis=1)
zonal_mean_rcp85_warming_latitude=latitude
# save ploting data for introduction section figure:
np.save("Output/zonal_mean_rcp85_warming.npy"

,np.asarray(zonal_mean_rcp85_warming))
np.save("Output/zonal_mean_rcp85_warming_latitude.npy"

,np.asarray(zonal_mean_rcp85_warming_latitude))

# plot:
fig=plt.figure(figsize=(3,4),dpi=300)
plt.plot(zonal_mean_rcp85_warming,zonal_mean_rcp85_warming_latitude

,color="b",label="RCP8.5")
plt.xlabel('Warming (°C)')
plt.ylabel('Latitude')
plt.ylim(-90,90)
plt.yticks(np.arange(-90,120,30))
#plt.title('warming for RCP 8.5')
plt.grid(lw=0.25)
plt.legend(loc="center right")
plt.tight_layout()
plt.show()
fig.savefig("Output/temperature-averaged_TS_RCP8.5_vs_latitude.pdf")

2) Hiatus:
2a) Plot the global-mean, annual-mean control-run temperature variability with and without
an a added linear trend of 1C/century.

[15]: # --------------------------------------------------------------
# plot a monthly time series of global mean SATs from the control
# dataset of the GFDL model with and without added linear trend,
# to demonstrate how "hiatuses" arise from variability plus a
# warming trend.
# Yonathan Vardi 2019-07-12
# --------------------------------------------------------------

fig = plt.figure(figsize=(7,3),dpi=300)

sat_control_series = sat_control_series_GFDL
# The time axis for control time series:
control_years = np.arange(1, 1+len(sat_control_series))
# generate a linear trend based on the range
control_linear = control_years*.01
# combine the trend and the series
series_with_trend = control_linear + sat_control_series

# --------------------------------------------------------------
# plot the control and control plus linear trend:
# --------------------------------------------------------------
hiatus_values=[[0.3,0.3],[0.85, 0.85]]

fig=plt.figure(figsize=(6,4),dpi=300)
plt.plot(historic[0,:], historic[1,:], "k",label="Observed")
plt.plot(rcp26[0,:], rcp26[1,:], "b",label="RCP2.6")
plt.plot(rcp45[0,:], rcp45[1,:], "g",label="RCP4.5")
plt.plot(rcp85[0,:], rcp85[1,:], "r",label="RCP8.5")
plt.grid(lw=0.25)

# labels and titles:
plt.xlim(500,2100)
plt.ylabel("Temperature anomaly (°C)")
plt.xlabel("Year")
#plt.title("paleo record plus RCP scenarios")
plt.legend()
plt.xticks(np.arange(500,2300,200))
plt.tight_layout()
plt.show()
fig.savefig("Output/temperature-averaged_TS_since_500AD_and_RCP.pdf")
print("plotted from year %g to year %g" %␣↪(hockeystick_annual_temperature_anomaly_timeseries[0,0],2100))

plotted from year 501 to year 2100

1b) Spatial distribution of warming: Contour the temperature at the beginning of the 21st
century, end, and the change over the 21st century, according to the RCP8.5 scenario.

[13]: # loading data from file
warming_sat_map_data = rcp85_last_5yr_sat_map-rcp85_first_5yr_sat_map
# and the plot axes:
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Figure 2.11 | Earth’s surface temperature history with key findings annotated within each panel. (a) GMST over the Holocene divided into three time scales: 
(i) 12 kyr–1 kyr in 100-year time steps; (ii) 1000–1900 CE, 10-year smooth; and (iii) 1900–2020 CE (from panel (c)). Median of the multi-method reconstruction (bold 
lines), with 5th and 95th percentiles of the ensemble members (thin lines). Vertical bars are the assessed medium confidence ranges of GMST for the Last Interglacial and 
mid-Holocene (Section 2.3.1.1). The last decade value and very likely range arises from Section 2.3.1.1.3. (b) Spatially resolved trends (°C per decade) for HadCRUTv5 over 
(upper map) 1900–1980, and (lower map) 1981–2020. Significance is assessed following AR(1) adjustment after Santer et al. (2008), ‘×’ marks denote non-significant trends. 
(c) Temperature from instrumental data for 1850–2020, including (upper panel) multi-product mean annual time series assessed in Section 2.3.1.1.3 for temperature over the 
oceans (blue line) and temperature over the land (red line) and indicating the warming to the most recent 10 years; and annually (middle panel) and decadally (bottom panel) 
resolved averages for the GMST datasets assessed in Section 2.3.1.1.3. The grey shading in each panel shows the uncertainty associated with the HadCRUT5 estimate (Morice 
et al., 2021). All temperatures relative to the 1850–1900 reference period. Further details on data sources and processing are available in the chapter data table (Table 2.SM.1). 

Figure 2.11 | Earth’s surface temperature history with 
key findings annotated within each panel. (b) Spatially 
resolved trends (°C per decade) for HadCRUTv5 over 
(upper map) 1900–1980, and (lower map) 1981–2020. 
Significance is assessed following AR(1) adjustment after 
Santer et al. (2008), ‘×’ marks denote non-significant 
trends. 

Surface warming trends (°C/decade) 1900–1980 & 1980–2020

(IPCC AR6, 2022)

uncertainty…

polar amplification…
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Global warming hiatus

https://en.wikipedia.org/wiki/
Global_temperature_record 

https://en.wikipedia.org/wiki/Global_temperature_record
https://en.wikipedia.org/wiki/Global_temperature_record
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Global warming hiatus

https://en.wikipedia.org/wiki/
Global_temperature_record 

“Hiatuses”

https://en.wikipedia.org/wiki/Global_temperature_record
https://en.wikipedia.org/wiki/Global_temperature_record
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CLIMATE CHANGE  *  Published November 5, 2015 * Last Update January 12, 2017 

Is the government tinkering with 
global warming data? 

The hottest topic in climate research is the observation that global average surface 
temperature, as well as satellite observations of temperatures in the atmosphere, 
has shown little or no warming during the 21st century. 
https://www.foxnews.com/opinion/is-the-government-tinkering-with-global-warming-data

https://www.foxnews.com/category/us/environment/climate-change
https://www.foxnews.com/opinion/is-the-government-tinkering-with-global-warming-data
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workshop 2a (leave b for HW) 
global warming “hiatus” periods
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workshop 2 results

Figure 3.7: ``Hiatus'' 
periods. (a) Globally 
averaged surface 
temperature anomaly 
from a control (CO2 fixed 
at preindustrial concentration) run of a climate model (green), and the same 
temperature record with a linear trend added (red). (b) The instrumental record of 
globally averaged surface temperature anomaly. Both panels show “hiatus” periods 
marked by gray horizontal bars. 
-1---
0---

+1---

The combined response of the negative lapse rate feedback at low lati-
tudes and positive lapse rate feedback at high latitudes leads to enhanced Arctic
warming and reduced tropical warming, contributing to polar amplification.

äóä ``HIATUS'' PERIODS
Theglobally averaged surface temperature recordover thepast century and ahalf
shows a period of what seems to be temporary cooling (1940–1970 or so) and
another period of seemingly paused warming (1998–2013). There is a signifi-
cant body of research work looking at the mechanisms behind the temperature
trends of these periods, especially the latter one. Yet it is useful to remember that
natural climate variability leads to oscillations in the globally averaged temper-
ature, and when these oscillations are superimposed on a warming trend, the
two combine to give what seem to be “hiatus” periods. This is demonstrated in
Figure 3.7, where the right panel shows the observed record for the surface tem-
perature with the two “hiatus” periods marked by horizontal bars, and the left
panel shows the globally averaged temperature in a control run (driven with a
fixed preindustrial CO2 concentration) of a climatemodel (green) and the same
time series with an added linear trend (red).The control run record plus a linear
trend produces what seem to be “hiatus” periods, supporting the idea that such

Figure 3.7: ``Hiatus'' periods.
(a) Globally averaged surface temperature anomaly from a control (CO2 fixed at preindustrial
concentration) run of a climate model (green), and the same temperature record with a lin-
ear trend added (red). (b) The instrumental record of globally averaged surface temperature
anomaly. Both panels show “hiatus” periods marked by gray horizontal bars.
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The ocean is absorbing all that heat, what would 
have happened otherwise? 

(Equilibrium vs transient climate sensitivity)
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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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have happened otherwise?

Marine Species Are at Risk
Warmer temperatures are threatening some 
marine animal and plant species, like these 
bleached coral on the Great Barrier Reef. 
Scientists also predict that some birds, like 
the black-legged kittiwakes in Norway, may 
soon die off in warmer waters.

Habitats Are Changing
The warmer conditions have allowed some 
jellyfish, like the comb jellyfish, pictured 
above, in Narragansett Bay, to have longer 
seasons. Others have expanded their territory. 
In some cases, United States fisheries have 
shifted north to cooler waters.
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As the planet has warmed, the oceans have provided a critical buffer. They have slowed the 
effects of climate change by absorbing 93 percent of the heat trapped by the greenhouse 
gases humans pump into the atmosphere. 
“If the ocean wasn’t absorbing as much heat, the surface of the land would heat up much 
faster than it is right now …  In fact, the ocean is saving us from massive warming right 
now.” 

2/3/19, 8)42 PMOcean Warming Is Accelerating Faster Than Thought, New Research Finds - The New York Times

Page 1 of 7https://www.nytimes.com/2019/01/10/climate/ocean-warming-climate-change.html

By Kendra Pierre-Louis

Jan. 10, 2019

Want climate news in your inbox? Sign up here for Climate Fwd:, our email newsletter.

Scientists say the world’s oceans are warming far more quickly than previously

thought, a finding with dire implications for climate change because almost all the

excess heat absorbed by the planet ends up stored in their waters.

A new analysis, published Thursday in the journal Science, found that the oceans are

heating up 40 percent faster on average than a United Nations panel estimated five

years ago. The researchers also concluded that ocean temperatures have broken

records for several straight years.

“2018 is going to be the warmest year on record for the Earth’s oceans,” said Zeke

Hausfather, an energy systems analyst at the independent climate research group

Berkeley Earth and an author of the study. “As 2017 was the warmest year, and 2016

was the warmest year.”

As the planet has warmed, the oceans have provided a critical buffer. They have

slowed the effects of climate change by absorbing 93 percent of the heat trapped by

the greenhouse gases humans pump into the atmosphere.

Ocean Warming Is Accelerating Faster
Than Thought, New Research Finds

The ocean is absorbing all that heat, what would 
have happened otherwise?
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Ocean Warming Is Accelerating Faster
Than Thought, New Research Finds

The ocean is absorbing all that heat, what would 
have happened otherwise?

Too strong 
language…?

But the surging water temperatures are already killing off 
marine ecosystems, raising sea levels and making hurricanes 
more destructive. 
“The actual ability of the warm oceans to produce food is 
much lower, so that means they’re going to be more quickly 
approaching food insecurity,” 
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notes section 3.1.1 
Equilibrium climate sensitivity
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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. 

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

➨ Significantly more than as has been observed (1.5 °C)!  
What’s going on? 

-1---
0---

+1---

äóâ CLIMATE SENSITIVITY AND THE ROLE OF THE OCEAN
Suppose the expected long-term surface warming after the climate system equi-
librated with a doubling of CO2 (or more precisely, a doubling of the CO2-
equivalentmixing ratio; see section 2.2.5),with all feedbacks taken into account,
is 3 °C, roughly in the middle of the IPCC range. Given that we expect warming
to be logarithmic in CO2 concentration, we write the expected surface warm-
ing as a function of the CO2 concentration as �5 D 3 HQ;2.CO2=280/. For
a recently achieved equivalent CO2 mixing ratio of 500 ppm, one therefore
expects a warming of �5 D 3 HQ;2.500=280/ D 2:5 °C, more than twice as
much as has been observed.This section discusses and explains this seeming dis-
crepancy in terms of the concept of USBOTJFOU climate sensitivity, after discussing
first the related concept of FRVJMJCSJVN climate sensitivity.

äóâóâ Equilibrium climate sensitivity

Consider first how we may estimate the eventual warming of the climate sys-
tem, after it had equilibrated in response to a doubling of theCO2 concentration,
using present-day observations. The increase in greenhouse gas concentrations
implies an additional downward heat flux from the atmosphere toward the sur-
face, which leads to a warming of the lower atmosphere and upper ocean (say
upper 50 m), by an amount �5. We term this additional heat flux SBEJBUJWF GPSD�
JOH (measured inW/m2, defined in section 2.2.4), denote it �', and refer to the
warming of the surface atmosphere and upper ocean as surface warming. The
heat capacity of an object is the amount of heat ( J) required to raise its tem-
perature by one K and its units are therefore J/K. Note that the heat capacity
of the atmosphere is of the same order of magnitude as the heat capacity of the
upper 10 m of the ocean. The ocean, which is able to (slowly) mix heat down to
great depths of up to 4000 m, therefore dominates heat budget changes due to
an increase in greenhouse gas concentration. It is estimated that the oceans so
far have absorbed about 90% of the excess heat due to increased greenhouse gas
concentrations. This excess heat is defined to be the radiative forcing integrated
over time. As we will see, this does not mean that the ocean SFEVDFT the eventual
warming, but it can certainly EFMBZ it.While the land covering a third of theEarth
surface is massive, of course, heat penetrates into soil or rocks only by very slow
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Equilibrium climate sensitivity

----1

---0

---+1

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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�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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The excess heat budget of the upper ocean at 
present:

And at equilibrium after doubling of CO2:

From which we deduce:

Leading to our final result for the equilibrium doubling in terms 
of observed quantities

Bottom line: roughly 3 °C, consistent with everything else

In words: excess heat flux into ocean=radiative forcing−TOA OLR
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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.
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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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Observations:  Ocean Chapter 3

FAQ 3.1 (continued)

FAQ 3.1, Figure 1 |  Ocean heat uptake pathways. The ocean is stratified, with the coldest, densest water in the deep ocean (upper panels: use map at top for orienta-
tion). Cold Antarctic Bottom Water (dark blue) sinks around Antarctica then spreads northward along the ocean floor into the central Pacific (upper left panel: red arrows 
fading to white indicate stronger warming of the bottom water most recently in contact with the ocean surface) and western Atlantic oceans (upper right panel), as well 
as the Indian Ocean (not shown). Less cold, hence lighter, North Atlantic Deep Water (lighter blue) sinks in the northern North Atlantic Ocean (upper right panel: red 
and blue arrow in the deep water indicates decadal warming and cooling), then spreads south above the Antarctic Bottom Water. Similarly, in the upper ocean (lower 
left panel shows Pacific Ocean detail, lower right panel the Atlantic), cool Intermediate Waters (cyan) sink in sub-polar regions (red arrows fading to white indicating 
warming with time), before spreading toward the equator under warmer Subtropical Waters (green), which in turn sink (red arrows fading to white indicate stronger 
warming of the intermediate and subtropical waters most recently in contact with the surface) and spread toward the equator under tropical waters, the warmest and 
lightest (orange) in all three oceans. Excess heat or cold entering at the ocean surface (top curvy red arrows) also mixes slowly downward (sub-surface wavy red arrows).
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3.3.2 Global to Basin-Scale Trends

The salinity of near-surface waters is changing on global and basin 
scales, with an increase in the more evaporative regions and a decrease 
in the precipitation-dominant regions in almost all ocean basins. 

3.3.2.1 Sea Surface Salinity

Multi-decadal trends in sea surface salinity have been documented in 
studies published since AR4 (Boyer et al., 2007; Hosoda et al., 2009; 
Roemmich and Gilson, 2009; Durack and Wijffels, 2010), confirm-
ing the trends reported in AR4 based mainly on Boyer et al. (2005). 
The spatial pattern of surface salinity change is similar to the distri-
bution of surface salinity itself: salinity tends to increase in regions 
of high mean salinity, where evaporation exceeds precipitation, and 
tends to decrease in regions of low mean salinity, where precipitation 

 dominates (Figure 3.4). For example, salinity generally increased in the 
surface salinity maxima formed in the evaporation-dominated subtrop-
ical gyres. The surface salinity minima at subpolar latitudes and the 
intertropical convergence zones have generally freshened. Interbasin 
salinity differences are also enhanced: the relatively salty Atlantic has 
become more saline on average, while the relatively fresh Pacific has 
become fresher (Figures 3.5 and 3.9). No well-defined trend is found 
in the subpolar North Atlantic , which is dominated by decadal varia-
bility from atmospheric modes like the North Atlantic Oscillation (NAO, 
Box 2.5). The 50-year salinity trends in Figure 3.4c, both positive and 
negative, are statistically significant at the 99% level over 43.8% of 
the global ocean surface (Durack and Wijffels, 2010); trends were less 
significant over the remainder of the surface. The patterns of salinity 
change in the complementary Hosoda et al. (2009) study of differences 
between the periods 1960–1989 and 2003–2007 (Figure 3.4d), using a 
different methodology, have a point-to-point correlation of 0.64 with 

FAQ 3.1, Figure 1 | Ocean heat uptake pathways. The ocean is stratified, with the coldest, densest water 
in the deep ocean (upper panels: use map at top for orientation). Cold Antarctic Bottom Water (dark 
blue) sinks around Antarctica then spreads northward along the ocean floor into the central Pacific (upper 
left panel: red arrows fading to white indicate stronger warming of the bottom water most recently in 
contact with the ocean surface) and western Atlantic oceans (upper right panel), as well as the Indian 
Ocean (not shown). Less cold, hence lighter, North Atlantic Deep Water (lighter blue) sinks in the 
northern North Atlantic Ocean (upper right panel: red and blue arrow in the deep water indicates decadal 
warming and cooling), then spreads south above the Antarctic Bottom Water. Similarly, in the upper 
ocean (lower left panel shows Pacific Ocean detail, lower right panel the Atlantic), cool Intermediate 
Waters (cyan) sink in sub-polar regions (red arrows fading to white indicating warming with time), 
before spreading toward the equator under warmer Subtropical Waters (green), which in turn sink (red 
arrows fading to white indicate stronger warming of the intermediate and subtropical waters most 
recently in contact with the surface) and spread toward the equator under tropical waters, the warmest 
and lightest (orange) in all three oceans. Excess heat or cold entering at the ocean surface (top curvy red 
arrows) also mixes slowly downward (sub-surface wavy red arrows). 

(IPCC AR5, 2013)

Ocean heat uptake pathways
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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,

36 j CHAPTER 3

----1

---0

---+1

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.
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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The heat budgets of the upper ocean and the deep ocean:

where

Steady solution is consistent with equilibrium climate sensitivity 
from before
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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



Global Warming Science 101, Temperature, Eli Tziperman

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
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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.
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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�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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( 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.
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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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Figure 1 | Arctic amplification in CMIP5 models. a, Zonal mean surface
temperature change for the last 30 years of the CMIP5 4×CO2 experiment
compared with the last 30 years of the control run. Box and whisker plots
show the median (lines), 25th to 75th percentiles (boxes) and full spread
(whiskers) of temperature change averaged over the tropics (30◦ S–30◦N)
and the Arctic (60◦N–90◦N). b, Bars show the intermodel mean warming
for different seasons. Intermodel mean warming is 11.2 K in the Arctic
and 4.3 K in the tropics. Arctic warming is strongest in winter
(15.9 K) and weakest in summer (6.5 K). March–May, MAM;
September–November, SON.

Based on a conventional decomposition of feedbacks using TOA
fluxes (Fig. 2a), the largest contributor to Arctic amplification is
the lapse-rate feedback, followed by the surface albedo and Planck
feedbacks. Although in absolute terms, the surface albedo feedback
contributes slightly more to Arctic warming, the lapse-rate feedback
additionally reduces tropical warming and thereforemakes a greater
contribution to Arctic amplification, as can be inferred from the
distance to the 1:1 line. The water vapour feedback and CO2

radiative forcing both lead to greater warming in the tropics,
opposing Arctic amplification23,24.

Instead of considering warming and moistening of the atmo-
sphere as separate feedback mechanisms, they can be understood as
one feedback caused by warming at constant relative humidity, plus
a small feedback accounting for changes in relative humidity 25. This
feedback decomposition assigns only a slightly larger contribution
toArctic amplification to the alternative lapse-rate feedback (Arctic:
+3.8 K, tropics:−2.2 K) than to the surface albedo feedback (Arctic:
+5.7 K), whereas the effect of the alternative Planck feedback on
Arctic amplification is close to zero. In the fixed relative humidity
framework, the contributions of the temperature–moisture and

the surface albedo feedback to Arctic amplification are thus of
roughly equal importance.

Arctic warming is stronger in winter (December–February,
DJF) than summer (June–August, JJA; Fig. 1b). The strong winter
warming has been linked to the release of heat stored in the
ocean and to increases in downwelling longwave radiation26, but
a quantitative understanding of the seasonal cycle of individual
feedback mechanisms is lacking. From a TOA perspective, the
surface albedo and water vapour feedbacks contribute to stronger
summerwarming but are outweighed by seasonal heat storage in the
ocean and the lapse-rate feedback (Fig. 2b). Seasonal heat storage
in the ocean, including latent heat of melting sea ice, mitigates
about two-thirds of the summertime effect of surface albedo change.
Heat from the ocean is released to the atmosphere in winter,
which in combination with the positive lapse-rate feedback causes
the well-known pattern of winter-amplified Arctic warming. In
summer, when atmospheric stability is much weaker than in winter,
the Arctic lapse-rate feedback is actually slightly negative.

Surface temperature change can be readily understood through
TOA fluxes if the troposphere is essentially well-mixed and changes
in the tropospheric temperature profile follow simple physical
principles, such as the steepening of the moist adiabat in a warmer
climate 24. These assumptions do not hold in the Arctic, where
a positive lapse-rate feedback represents a decoupling between
surface and troposphere. The TOA-based feedback decomposition
is thus internally consistent, but somewhat unsatisfying from a
physical point of view, because the Arctic lapse-rate feedback
reflects the breakdown of an assumption of vertical coupling rather
than a specific physical mechanism. By analysing feedbacks at the
surface in addition to the TOA, we can further understand what
causes the surface amplification of Arctic warming reflected in the
lapse-rate feedback (Fig. 2c).

At the surface, the temperature feedback can be decomposed into
a negative surface warming feedback (longwave radiation emitted
from the surface) and a positive atmospheric warming feedback
corresponding to the downwelling longwave radiation received by
the surface. The largest contribution to Arctic amplification arises
from the surface temperature feedback and is due to the smaller
increase in longwave emissions per unit of warming at colder
temperatures. This nonlinear dependence of blackbody emissions
on temperature plays a greater role from a surface than a TOA
perspective because the meridional temperature gradient at the
surface is larger than that in the troposphere. The atmospheric
temperature feedback contributes to Arctic amplification because

Figure 2 | Warming contributions of individual feedback mechanisms. a, Arctic versus tropical warming from a TOA perspective. b, Arctic winter versus
summer warming. c, Arctic versus tropical warming from a surface perspective. For a,c, feedbacks above the 1:1 line contribute to Arctic amplification,
whereas feedbacks below the line oppose Arctic amplification. Grey is the residual error of the decomposition. ‘Ocean’ includes the effect of ocean
transport changes and ocean heat uptake.

182 NATURE GEOSCIENCE | VOL 7 | MARCH 2014 | www.nature.com/naturegeoscience

© 2014 Macmillan Publishers Limited. All rights reserved

Figure 1 | Arctic amplification in CMIP5 models. a, Zonal mean surface temperature 
change for the last 30 years of the CMIP5 4 × CO2 experiment compared with the last 30 
years of the control run. Box and whisker plots show the median (lines), 25th to 75th 
percentiles (boxes) and full spread (whiskers) of temperature change averaged over the 
tropics (30°S–30°N) and the Arctic (60°N–90°N). b, Bars show the intermodel mean 
warming for different seasons. Intermodel mean warming is 11.2 K in the Arctic and 4.3 K in 
the tropics. Arctic warming is strongest in winter (15.9 K) and weakest in summer (6.5 K). 
March–May, MAM; September–November, SON. 
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Figure 1 | Arctic amplification in CMIP5 models. a, Zonal mean surface
temperature change for the last 30 years of the CMIP5 4×CO2 experiment
compared with the last 30 years of the control run. Box and whisker plots
show the median (lines), 25th to 75th percentiles (boxes) and full spread
(whiskers) of temperature change averaged over the tropics (30◦ S–30◦N)
and the Arctic (60◦N–90◦N). b, Bars show the intermodel mean warming
for different seasons. Intermodel mean warming is 11.2 K in the Arctic
and 4.3 K in the tropics. Arctic warming is strongest in winter
(15.9 K) and weakest in summer (6.5 K). March–May, MAM;
September–November, SON.

Based on a conventional decomposition of feedbacks using TOA
fluxes (Fig. 2a), the largest contributor to Arctic amplification is
the lapse-rate feedback, followed by the surface albedo and Planck
feedbacks. Although in absolute terms, the surface albedo feedback
contributes slightly more to Arctic warming, the lapse-rate feedback
additionally reduces tropical warming and thereforemakes a greater
contribution to Arctic amplification, as can be inferred from the
distance to the 1:1 line. The water vapour feedback and CO2

radiative forcing both lead to greater warming in the tropics,
opposing Arctic amplification23,24.

Instead of considering warming and moistening of the atmo-
sphere as separate feedback mechanisms, they can be understood as
one feedback caused by warming at constant relative humidity, plus
a small feedback accounting for changes in relative humidity 25. This
feedback decomposition assigns only a slightly larger contribution
toArctic amplification to the alternative lapse-rate feedback (Arctic:
+3.8 K, tropics:−2.2 K) than to the surface albedo feedback (Arctic:
+5.7 K), whereas the effect of the alternative Planck feedback on
Arctic amplification is close to zero. In the fixed relative humidity
framework, the contributions of the temperature–moisture and

the surface albedo feedback to Arctic amplification are thus of
roughly equal importance.

Arctic warming is stronger in winter (December–February,
DJF) than summer (June–August, JJA; Fig. 1b). The strong winter
warming has been linked to the release of heat stored in the
ocean and to increases in downwelling longwave radiation26, but
a quantitative understanding of the seasonal cycle of individual
feedback mechanisms is lacking. From a TOA perspective, the
surface albedo and water vapour feedbacks contribute to stronger
summerwarming but are outweighed by seasonal heat storage in the
ocean and the lapse-rate feedback (Fig. 2b). Seasonal heat storage
in the ocean, including latent heat of melting sea ice, mitigates
about two-thirds of the summertime effect of surface albedo change.
Heat from the ocean is released to the atmosphere in winter,
which in combination with the positive lapse-rate feedback causes
the well-known pattern of winter-amplified Arctic warming. In
summer, when atmospheric stability is much weaker than in winter,
the Arctic lapse-rate feedback is actually slightly negative.

Surface temperature change can be readily understood through
TOA fluxes if the troposphere is essentially well-mixed and changes
in the tropospheric temperature profile follow simple physical
principles, such as the steepening of the moist adiabat in a warmer
climate 24. These assumptions do not hold in the Arctic, where
a positive lapse-rate feedback represents a decoupling between
surface and troposphere. The TOA-based feedback decomposition
is thus internally consistent, but somewhat unsatisfying from a
physical point of view, because the Arctic lapse-rate feedback
reflects the breakdown of an assumption of vertical coupling rather
than a specific physical mechanism. By analysing feedbacks at the
surface in addition to the TOA, we can further understand what
causes the surface amplification of Arctic warming reflected in the
lapse-rate feedback (Fig. 2c).

At the surface, the temperature feedback can be decomposed into
a negative surface warming feedback (longwave radiation emitted
from the surface) and a positive atmospheric warming feedback
corresponding to the downwelling longwave radiation received by
the surface. The largest contribution to Arctic amplification arises
from the surface temperature feedback and is due to the smaller
increase in longwave emissions per unit of warming at colder
temperatures. This nonlinear dependence of blackbody emissions
on temperature plays a greater role from a surface than a TOA
perspective because the meridional temperature gradient at the
surface is larger than that in the troposphere. The atmospheric
temperature feedback contributes to Arctic amplification because

Figure 2 | Warming contributions of individual feedback mechanisms. a, Arctic versus tropical warming from a TOA perspective. b, Arctic winter versus
summer warming. c, Arctic versus tropical warming from a surface perspective. For a,c, feedbacks above the 1:1 line contribute to Arctic amplification,
whereas feedbacks below the line oppose Arctic amplification. Grey is the residual error of the decomposition. ‘Ocean’ includes the effect of ocean
transport changes and ocean heat uptake.
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Figure 1 | Arctic amplification in CMIP5 models. a, Zonal mean surface temperature 
change for the last 30 years of the CMIP5 4 × CO2 experiment compared with the last 30 
years of the control run. Box and whisker plots show the median (lines), 25th to 75th 
percentiles (boxes) and full spread (whiskers) of temperature change averaged over the 
tropics (30°S–30°N) and the Arctic (60°N–90°N). b, Bars show the intermodel mean 
warming for different seasons. Intermodel mean warming is 11.2 K in the Arctic and 4.3 K in 
the tropics. Arctic warming is strongest in winter (15.9 K) and weakest in summer (6.5 K). 
March–May, MAM; September–November, SON. 
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Figure 3 | Intermodel spread of Arctic warming contributions of feedbacks versus total Arctic warming in individual models. Lines are linear regressions
of feedback contributions against total Arctic warming. Filled circles on the black vertical line represent the ensemble mean. The right-hand side shows the
spread of Arctic warming contributions in the analysed models. Boxes show the median, 25th and 75th percentiles, and whiskers show the full
ensemble spread.

the near-surface atmosphere warms more in the Arctic than the
tropics. Previous studies decomposing Arctic feedbacks from a
surface perspective 10 used a methodology that implicitly includes
the spatial structure of the temperature feedback and therefore
did not identify the key role of the surface temperature feedback’s
structure for Arctic amplification.

In the annual mean, cloud feedback opposes Arctic amplification
from a TOA perspective, but makes a small contribution to Arctic
amplification from a surface perspective. Within the lowest 1–2 km
of the Arctic atmosphere, cloud-top temperatures are often similar
to surface temperatures 27. Under these circumstances, low-level
clouds hardly affect TOA longwave fluxes because the clouds
radiate upwards at roughly the same temperature as the surface, but
increase downward longwave radiation and thus warm the surface
at the expense of the atmosphere. An increase or thickening of
such clouds in a warming climate as predicted by models hardly
affects cloud feedback from a TOA perspective, but causes a positive
cloud feedback at the surface. Likewise, the water vapour feedback
contributes more to summer than winter warming from a TOA
perspective, but has a stronger contribution to surface warming in
winter than in summer (not shown)22.

Besides quantifying the different contributions to Arctic ampli-
fication in the ensemble mean, it is valuable to understand why
models differ in their degree of Arctic amplification6. Our analysis
shows that intermodel spread in Arctic warming is dominated
by the spread in local feedback mechanisms, not meridional
transport changes (Fig. 3). Changes in atmospheric heat transport
dampen intermodel spread because they are more positive in
models with little Arctic warming. This is consistent with results
from an energy balance model used to reconstruct warming and
transport changes in the Coupled Model Intercomparison Project
Phase 3 (CMIP3; ref. 28). In the ensemble mean, atmospheric heat
transport does contribute to Arctic amplification by enhancing Arc-
tic and reducing tropical warming (Fig. 2a). Contrary to physical
intuition, poleward atmospheric energy transport does not scale
with themeridional temperature gradient within individual models,
but increases in most models despite a reduction in the Equator-
to-pole temperature gradient. Increasing latent energy transports
overcompensating the decrease of dry static energy transport have

been shown to cause such behaviour of climate models 18,29. Changes
in ocean transport and ocean heat uptake are not correlated with
total Arctic warming across different models.

To develop confidence in model projections of future Arctic
warming, it is necessary to quantitatively understand the role of
different physical mechanisms for Arctic amplification. Contrary
to a widespread assumption, temperature feedbacks are the most
important contributors to Arctic amplification in contemporary
climate models. The surface albedo feedback is the second main
contributor, whereas other suggested drivers of Arctic amplification
either play minor roles or even oppose Arctic amplification in
the ensemble mean.

Methods
Previous studies analysing the role of different feedbacks for Arctic amplification
have often diagnosed feedbacks based on TOA and surface fluxes routinely included
in climate model output 9,15,26. These methods provide a precise assessment of
longwave and shortwave flux changes, but cannot quantify the temperature
changes associated to individual feedback mechanisms. Here, we use and extend
the radiative kernel technique 22 to overcome this limitation.

A radiative kernel ki is the change in TOA radiation !Ri caused by a small
change in the climate variable xi , for example a one per cent change in surface
albedo (dxi): ki=dR/dxi . The TOA flux change caused by one feedback in a
climate change experiment can be estimated as !Ri=ki ·!xi , where !xi is for
instance the surface albedo change between the control and perturbed climate. We
use this established technique to compute the flux change caused by each feedback
and extend the method to convert flux changes into temperature responses
associated with each feedback.

The warming response to a TOA flux imbalance is decomposed into three
components: a global mean Planck feedback, the local deviation from the global
mean Planck feedback and the effect of the lapse-rate feedback, that is, deviations
from vertically uniform warming, on surface temperature change:

!T=
∑

i

(
!Ri

(
dT
dR + dT

dR

′
+ dT

dR

LR
))

The warming contribution, for example of the surface albedo feedback, is:

!Ta=!Ra

(
dT
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)

and the contribution of the Planck feedback’s deviation from its global mean is:
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Figure 1 | Arctic amplification in CMIP5 models. a, Zonal mean surface
temperature change for the last 30 years of the CMIP5 4×CO2 experiment
compared with the last 30 years of the control run. Box and whisker plots
show the median (lines), 25th to 75th percentiles (boxes) and full spread
(whiskers) of temperature change averaged over the tropics (30◦ S–30◦N)
and the Arctic (60◦N–90◦N). b, Bars show the intermodel mean warming
for different seasons. Intermodel mean warming is 11.2 K in the Arctic
and 4.3 K in the tropics. Arctic warming is strongest in winter
(15.9 K) and weakest in summer (6.5 K). March–May, MAM;
September–November, SON.

Based on a conventional decomposition of feedbacks using TOA
fluxes (Fig. 2a), the largest contributor to Arctic amplification is
the lapse-rate feedback, followed by the surface albedo and Planck
feedbacks. Although in absolute terms, the surface albedo feedback
contributes slightly more to Arctic warming, the lapse-rate feedback
additionally reduces tropical warming and thereforemakes a greater
contribution to Arctic amplification, as can be inferred from the
distance to the 1:1 line. The water vapour feedback and CO2

radiative forcing both lead to greater warming in the tropics,
opposing Arctic amplification23,24.

Instead of considering warming and moistening of the atmo-
sphere as separate feedback mechanisms, they can be understood as
one feedback caused by warming at constant relative humidity, plus
a small feedback accounting for changes in relative humidity 25. This
feedback decomposition assigns only a slightly larger contribution
toArctic amplification to the alternative lapse-rate feedback (Arctic:
+3.8 K, tropics:−2.2 K) than to the surface albedo feedback (Arctic:
+5.7 K), whereas the effect of the alternative Planck feedback on
Arctic amplification is close to zero. In the fixed relative humidity
framework, the contributions of the temperature–moisture and

the surface albedo feedback to Arctic amplification are thus of
roughly equal importance.

Arctic warming is stronger in winter (December–February,
DJF) than summer (June–August, JJA; Fig. 1b). The strong winter
warming has been linked to the release of heat stored in the
ocean and to increases in downwelling longwave radiation26, but
a quantitative understanding of the seasonal cycle of individual
feedback mechanisms is lacking. From a TOA perspective, the
surface albedo and water vapour feedbacks contribute to stronger
summerwarming but are outweighed by seasonal heat storage in the
ocean and the lapse-rate feedback (Fig. 2b). Seasonal heat storage
in the ocean, including latent heat of melting sea ice, mitigates
about two-thirds of the summertime effect of surface albedo change.
Heat from the ocean is released to the atmosphere in winter,
which in combination with the positive lapse-rate feedback causes
the well-known pattern of winter-amplified Arctic warming. In
summer, when atmospheric stability is much weaker than in winter,
the Arctic lapse-rate feedback is actually slightly negative.

Surface temperature change can be readily understood through
TOA fluxes if the troposphere is essentially well-mixed and changes
in the tropospheric temperature profile follow simple physical
principles, such as the steepening of the moist adiabat in a warmer
climate 24. These assumptions do not hold in the Arctic, where
a positive lapse-rate feedback represents a decoupling between
surface and troposphere. The TOA-based feedback decomposition
is thus internally consistent, but somewhat unsatisfying from a
physical point of view, because the Arctic lapse-rate feedback
reflects the breakdown of an assumption of vertical coupling rather
than a specific physical mechanism. By analysing feedbacks at the
surface in addition to the TOA, we can further understand what
causes the surface amplification of Arctic warming reflected in the
lapse-rate feedback (Fig. 2c).

At the surface, the temperature feedback can be decomposed into
a negative surface warming feedback (longwave radiation emitted
from the surface) and a positive atmospheric warming feedback
corresponding to the downwelling longwave radiation received by
the surface. The largest contribution to Arctic amplification arises
from the surface temperature feedback and is due to the smaller
increase in longwave emissions per unit of warming at colder
temperatures. This nonlinear dependence of blackbody emissions
on temperature plays a greater role from a surface than a TOA
perspective because the meridional temperature gradient at the
surface is larger than that in the troposphere. The atmospheric
temperature feedback contributes to Arctic amplification because

Figure 2 | Warming contributions of individual feedback mechanisms. a, Arctic versus tropical warming from a TOA perspective. b, Arctic winter versus
summer warming. c, Arctic versus tropical warming from a surface perspective. For a,c, feedbacks above the 1:1 line contribute to Arctic amplification,
whereas feedbacks below the line oppose Arctic amplification. Grey is the residual error of the decomposition. ‘Ocean’ includes the effect of ocean
transport changes and ocean heat uptake.
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Figure 1 | Arctic amplification in CMIP5 models. a, Zonal mean surface temperature 
change for the last 30 years of the CMIP5 4 × CO2 experiment compared with the last 30 
years of the control run. Box and whisker plots show the median (lines), 25th to 75th 
percentiles (boxes) and full spread (whiskers) of temperature change averaged over the 
tropics (30°S–30°N) and the Arctic (60°N–90°N). b, Bars show the intermodel mean 
warming for different seasons. Intermodel mean warming is 11.2 K in the Arctic and 4.3 K in 
the tropics. Arctic warming is strongest in winter (15.9 K) and weakest in summer (6.5 K). 
March–May, MAM; September–November, SON. 
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Figure 3 | Intermodel spread of Arctic warming contributions of feedbacks versus total Arctic warming in individual models. Lines are linear regressions
of feedback contributions against total Arctic warming. Filled circles on the black vertical line represent the ensemble mean. The right-hand side shows the
spread of Arctic warming contributions in the analysed models. Boxes show the median, 25th and 75th percentiles, and whiskers show the full
ensemble spread.

the near-surface atmosphere warms more in the Arctic than the
tropics. Previous studies decomposing Arctic feedbacks from a
surface perspective 10 used a methodology that implicitly includes
the spatial structure of the temperature feedback and therefore
did not identify the key role of the surface temperature feedback’s
structure for Arctic amplification.

In the annual mean, cloud feedback opposes Arctic amplification
from a TOA perspective, but makes a small contribution to Arctic
amplification from a surface perspective. Within the lowest 1–2 km
of the Arctic atmosphere, cloud-top temperatures are often similar
to surface temperatures 27. Under these circumstances, low-level
clouds hardly affect TOA longwave fluxes because the clouds
radiate upwards at roughly the same temperature as the surface, but
increase downward longwave radiation and thus warm the surface
at the expense of the atmosphere. An increase or thickening of
such clouds in a warming climate as predicted by models hardly
affects cloud feedback from a TOA perspective, but causes a positive
cloud feedback at the surface. Likewise, the water vapour feedback
contributes more to summer than winter warming from a TOA
perspective, but has a stronger contribution to surface warming in
winter than in summer (not shown)22.

Besides quantifying the different contributions to Arctic ampli-
fication in the ensemble mean, it is valuable to understand why
models differ in their degree of Arctic amplification6. Our analysis
shows that intermodel spread in Arctic warming is dominated
by the spread in local feedback mechanisms, not meridional
transport changes (Fig. 3). Changes in atmospheric heat transport
dampen intermodel spread because they are more positive in
models with little Arctic warming. This is consistent with results
from an energy balance model used to reconstruct warming and
transport changes in the Coupled Model Intercomparison Project
Phase 3 (CMIP3; ref. 28). In the ensemble mean, atmospheric heat
transport does contribute to Arctic amplification by enhancing Arc-
tic and reducing tropical warming (Fig. 2a). Contrary to physical
intuition, poleward atmospheric energy transport does not scale
with themeridional temperature gradient within individual models,
but increases in most models despite a reduction in the Equator-
to-pole temperature gradient. Increasing latent energy transports
overcompensating the decrease of dry static energy transport have

been shown to cause such behaviour of climate models 18,29. Changes
in ocean transport and ocean heat uptake are not correlated with
total Arctic warming across different models.

To develop confidence in model projections of future Arctic
warming, it is necessary to quantitatively understand the role of
different physical mechanisms for Arctic amplification. Contrary
to a widespread assumption, temperature feedbacks are the most
important contributors to Arctic amplification in contemporary
climate models. The surface albedo feedback is the second main
contributor, whereas other suggested drivers of Arctic amplification
either play minor roles or even oppose Arctic amplification in
the ensemble mean.

Methods
Previous studies analysing the role of different feedbacks for Arctic amplification
have often diagnosed feedbacks based on TOA and surface fluxes routinely included
in climate model output 9,15,26. These methods provide a precise assessment of
longwave and shortwave flux changes, but cannot quantify the temperature
changes associated to individual feedback mechanisms. Here, we use and extend
the radiative kernel technique 22 to overcome this limitation.

A radiative kernel ki is the change in TOA radiation !Ri caused by a small
change in the climate variable xi , for example a one per cent change in surface
albedo (dxi): ki=dR/dxi . The TOA flux change caused by one feedback in a
climate change experiment can be estimated as !Ri=ki ·!xi , where !xi is for
instance the surface albedo change between the control and perturbed climate. We
use this established technique to compute the flux change caused by each feedback
and extend the method to convert flux changes into temperature responses
associated with each feedback.

The warming response to a TOA flux imbalance is decomposed into three
components: a global mean Planck feedback, the local deviation from the global
mean Planck feedback and the effect of the lapse-rate feedback, that is, deviations
from vertically uniform warming, on surface temperature change:

!T=
∑
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The warming contribution, for example of the surface albedo feedback, is:
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and the contribution of the Planck feedback’s deviation from its global mean is:
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Figure 3.2: Polar amplification.
Warming over the 21st century as a func-
tion of latitude, based on the RCP8.5 scenario
(Figure 2.1) in a climate model.

Figure 3.2 shows that the projected warming according to the RCP8.5 sce-
nario is much larger in the Arctic than inmid-latitudes and that high latitudes in
general are expected to warmmore than low latitudes.This is referred to as QPMBS
BNQMJėDBUJPO, and threemechanisms for this robust observation are discussed in
section 3.2.

The warming over the past century is characterized by a couple of peri-
ods of weak warming or even weakly cooling trends, sometimes referred to as
“IJBUVTFT”. While the specific mechanisms for these periods of weaker warming
trends are still hotly debated, they are an unavoidable result of combining natu-
ral climate variability with a warming trend, as discussed in section 3.3. Finally, a
robust signature of CO2-induced climate change is a cooling of the stratosphere
(the atmospheric layer from 10 to 50 km above the surface), while the tropo-
sphere, the lower 10 km of the atmosphere, is warming. In section 3.4 we extend
the two-layer atmospheric energy balance discussed previously to a three-layer
atmospheric energy balance model to explain this.

TEMPERATURE j 33

Figure 3.2: Polar amplification. 
Warming over the 21st century vs 
latitude, RCP8.5 scenario. 

Consider a  radiative forcing. Calculate the resulting 
warming  assuming a Planck balance, :  

➨   

➨       ➨   (3.5)

ΔF
ΔT F0 = ϵσT4

0

F0 + ΔF = ϵσ × (T0 + ΔT )4 ≈ ϵσ × (T4
0 +

d(T4)
dT

ΔT )

ΔF ≈ ϵ4σT3
0ΔT ΔT ≈ ΔF/(ϵ4σT3

0)



Global Warming Science 101, Temperature, Eli Tziperman

Arctic amplification & the Planck feedback

----1

---0

---+1

Figure 3.2: Polar amplification.
Warming over the 21st century as a func-
tion of latitude, based on the RCP8.5 scenario
(Figure 2.1) in a climate model.

Figure 3.2 shows that the projected warming according to the RCP8.5 sce-
nario is much larger in the Arctic than inmid-latitudes and that high latitudes in
general are expected to warmmore than low latitudes.This is referred to as QPMBS
BNQMJėDBUJPO, and threemechanisms for this robust observation are discussed in
section 3.2.

The warming over the past century is characterized by a couple of peri-
ods of weak warming or even weakly cooling trends, sometimes referred to as
“IJBUVTFT”. While the specific mechanisms for these periods of weaker warming
trends are still hotly debated, they are an unavoidable result of combining natu-
ral climate variability with a warming trend, as discussed in section 3.3. Finally, a
robust signature of CO2-induced climate change is a cooling of the stratosphere
(the atmospheric layer from 10 to 50 km above the surface), while the tropo-
sphere, the lower 10 km of the atmosphere, is warming. In section 3.4 we extend
the two-layer atmospheric energy balance discussed previously to a three-layer
atmospheric energy balance model to explain this.

TEMPERATURE j 33

Figure 3.2: Polar amplification. 
Warming over the 21st century vs 
latitude, RCP8.5 scenario. 

Consider a  radiative forcing. Calculate the resulting 
warming  assuming a Planck balance, :  

➨   

➨       ➨   (3.5)

ΔF
ΔT F0 = ϵσT4

0

F0 + ΔF = ϵσ × (T0 + ΔT )4 ≈ ϵσ × (T4
0 +

d(T4)
dT

ΔT )

ΔF ≈ ϵ4σT3
0ΔT ΔT ≈ ΔF/(ϵ4σT3

0)

-1---
0---

+1---

Figure 3.4:The Planck feedback.
The warming expected due to an increase in
radiative forcing of 4 W/m2 based on equation
(3.5) with ✏ D 1.

as large an increase �5 than if 5 D 300 K (27 °C), letting the longwave emis-
sivity be ✏ D 1 for simplicity. Thus, the same radiative forcing leads to a larger
temperature response if the base temperature is colder.This1MBODL GFFECBDL con-
tributes to Arctic amplification. Equation (3.4)may be simplified and linearized
using the fact that .�5/=5 ⌧ 1, so that higher powers of this ratio may be
neglected. Expanding .5 C �5/4 D54.1 C .�5/=5/4 and dropping all terms
with powers of .�5/=5 higher than one, we find �' ⇡ 4✏�53�5, or

�5 ⇡ �'=.4✏�53/: (3.5)

This expressionmakes it even clearer that the temperature response�5 to radia-
tive forcing �' is stronger at low temperatures 5, as shown in Figure 3.4. The
above discussion treated the radiative forcing�' as constant in latitude in order
to isolate the effects of the Planck feedback on polar amplification, although in
reality it may be latitude-dependent as well.

The tropical lapse rate feedback

Theatmospheric lapse rate, E5=E[, where5 is the atmospheric temperature and
[ the altitude in meters, represents the rate of cooling with altitude and varies
between about �5 and �9:8 K/km. The lapse rate itself, as well as its change
due to warming, depends on the surface temperature and on the atmospheric
moisture, among other factors. This dependence leads to a different change to
the lapse rate as a result of surface warming in the tropics versus high latitudes, a
difference that contributes to polar amplification.
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Figure 3.2: Polar amplification.
Warming over the 21st century as a func-
tion of latitude, based on the RCP8.5 scenario
(Figure 2.1) in a climate model.

Figure 3.2 shows that the projected warming according to the RCP8.5 sce-
nario is much larger in the Arctic than inmid-latitudes and that high latitudes in
general are expected to warmmore than low latitudes.This is referred to as QPMBS
BNQMJėDBUJPO, and threemechanisms for this robust observation are discussed in
section 3.2.

The warming over the past century is characterized by a couple of peri-
ods of weak warming or even weakly cooling trends, sometimes referred to as
“IJBUVTFT”. While the specific mechanisms for these periods of weaker warming
trends are still hotly debated, they are an unavoidable result of combining natu-
ral climate variability with a warming trend, as discussed in section 3.3. Finally, a
robust signature of CO2-induced climate change is a cooling of the stratosphere
(the atmospheric layer from 10 to 50 km above the surface), while the tropo-
sphere, the lower 10 km of the atmosphere, is warming. In section 3.4 we extend
the two-layer atmospheric energy balance discussed previously to a three-layer
atmospheric energy balance model to explain this.
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The warming expected due to an increase in
radiative forcing of 4 W/m2 based on equation
(3.5) with ✏ D 1.

as large an increase �5 than if 5 D 300 K (27 °C), letting the longwave emis-
sivity be ✏ D 1 for simplicity. Thus, the same radiative forcing leads to a larger
temperature response if the base temperature is colder.This1MBODL GFFECBDL con-
tributes to Arctic amplification. Equation (3.4)may be simplified and linearized
using the fact that .�5/=5 ⌧ 1, so that higher powers of this ratio may be
neglected. Expanding .5 C �5/4 D54.1 C .�5/=5/4 and dropping all terms
with powers of .�5/=5 higher than one, we find �' ⇡ 4✏�53�5, or

�5 ⇡ �'=.4✏�53/: (3.5)

This expressionmakes it even clearer that the temperature response�5 to radia-
tive forcing �' is stronger at low temperatures 5, as shown in Figure 3.4. The
above discussion treated the radiative forcing�' as constant in latitude in order
to isolate the effects of the Planck feedback on polar amplification, although in
reality it may be latitude-dependent as well.

The tropical lapse rate feedback

Theatmospheric lapse rate, E5=E[, where5 is the atmospheric temperature and
[ the altitude in meters, represents the rate of cooling with altitude and varies
between about �5 and �9:8 K/km. The lapse rate itself, as well as its change
due to warming, depends on the surface temperature and on the atmospheric
moisture, among other factors. This dependence leads to a different change to
the lapse rate as a result of surface warming in the tropics versus high latitudes, a
difference that contributes to polar amplification.
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Figure 3.6:Tropical lapse rate feedback.
(a) Temperature profiles of two surface air parcels starting with a relative humidity of 100%
and two different surface temperatures and rising adiabatically in the atmosphere. (b) The
difference in temperature between the two profiles, showing the enhanced upper atmosphere
warming of the parcel that starts with a slightly warmer surface temperature.

The weakening (in absolute value) of the tropical lapse rate with surface
warming that is behind this negative feedback can be calculated using energy
conservation for moist air parcels (further discussed in chapter 7) and can be
qualitatively understood as follows. Consider two air parcels at the surface, one
initially warmer than the other, and assume for simplicity that both are at sat-
uration with respect to water vapor (having a relative humidity of 100%). Due
to the Clausius-Clapeyron relation (Box 2.1), the warmer parcel contains more
moisture initially. As the parcel rises and encounters lower pressures, it expands
and therefore cools adiabatically. The cooling leads to condensation and there-
fore to latent heat release. The parcel that started out warmer and moister will,
as a result, experience more latent heat release and therefore more heating as it
rises. This heating means a smaller rate of cooling as the parcel rises, and thus a
less negative lapse rate. This implies that a warmer surface temperature leads to
an even largerwarming aloft. Figure 3.6 shows two such temperature profiles and
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Figure 3.6: Tropical lapse rate 
feedback. 
(a) Temperature profiles of two surface 
air parcels starting with a relative 
humidity of 100% and two different 
surface temperatures and rising 
adiabatically in the atmosphere. (b) 
The difference in temperature between 
the two profiles, showing the enhanced 
upper atmosphere warming of the 
parcel that starts with a slightly 
warmer surface temperature. 
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Figure 3.5: Schematics of the Arctic (a) and tropical (b) lapse rate feedbacks.
Solid blue (red) lines show the temperature profiles before (after) warming. Dashed blue (red)
lines show the emission level before (after) the warming (see section 2.1.3). The green double
arrows show the warmings at the surface and at the emission level.

Starting with the tropics, consider a parcel of moist air adiabatically rising
(that is, the air parcel rises without exchanging mass or heat with its environ-
ment) with some specified surface temperature and moisture content. As the
parcel rises, it encounters lower atmospheric pressure, expands and cools, and
as a result experiences some condensation as well. Its temperature profile with
height is known as themoist adiabatic profile, and its rate of cooling with height
is the moist adiabatic lapse rate. A warming of the surface temperature (say, due
to an increase in greenhouse gas concentration) changes themoist adiabatic tem-
perature profile such that there is an even larger warming at high altitudes, as
explained below. This reduction in the difference between the high altitude and
surface temperatures implies that the tropical lapse rate becomes less negative
with a warming of the surface temperature.

Given that the tropical atmospheric temperature as a function of altitude
tends to follow the moist adiabatic profile, we expect that in a warmer climate,
as the surface warms in the tropics, the higher troposphere there will warm
even more. The stronger high-altitude warming leads to stronger radiative cool-
ing from the upper troposphere to outer space via outgoing longwave radiation
thanwould have been expected given themagnitude of the surfacewarming (see
schematicFigure3.5b).This implies that the change in tropical lapse rate is a neg-
ative feedback: the surfacewarms, and the increased cooling to outer spacemore
than compensates for this warming, thus reducing the tropical surface warming.
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Figure 3.5: Schematics of the Arctic (a) and tropical (b) lapse rate feedbacks. 
Solid blue (red) lines show the temperature profiles before (after) warming. Dashed blue (red) lines 
show the emission level before (after) the warming (see section 2.1.3). The green double arrows show 
the warmings at the surface and at the emission level. 
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Figure 3.5: Schematics of the Arctic (a) and tropical (b) lapse rate feedbacks.
Solid blue (red) lines show the temperature profiles before (after) warming. Dashed blue (red)
lines show the emission level before (after) the warming (see section 2.1.3). The green double
arrows show the warmings at the surface and at the emission level.

Starting with the tropics, consider a parcel of moist air adiabatically rising
(that is, the air parcel rises without exchanging mass or heat with its environ-
ment) with some specified surface temperature and moisture content. As the
parcel rises, it encounters lower atmospheric pressure, expands and cools, and
as a result experiences some condensation as well. Its temperature profile with
height is known as themoist adiabatic profile, and its rate of cooling with height
is the moist adiabatic lapse rate. A warming of the surface temperature (say, due
to an increase in greenhouse gas concentration) changes themoist adiabatic tem-
perature profile such that there is an even larger warming at high altitudes, as
explained below. This reduction in the difference between the high altitude and
surface temperatures implies that the tropical lapse rate becomes less negative
with a warming of the surface temperature.

Given that the tropical atmospheric temperature as a function of altitude
tends to follow the moist adiabatic profile, we expect that in a warmer climate,
as the surface warms in the tropics, the higher troposphere there will warm
even more. The stronger high-altitude warming leads to stronger radiative cool-
ing from the upper troposphere to outer space via outgoing longwave radiation
thanwould have been expected given themagnitude of the surfacewarming (see
schematicFigure3.5b).This implies that the change in tropical lapse rate is a neg-
ative feedback: the surfacewarms, and the increased cooling to outer spacemore
than compensates for this warming, thus reducing the tropical surface warming.
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Figure 3.5: Schematics of the Arctic (a) and tropical (b) lapse rate feedbacks.
Solid blue (red) lines show the temperature profiles before (after) warming. Dashed blue (red)
lines show the emission level before (after) the warming (see section 2.1.3). The green double
arrows show the warmings at the surface and at the emission level.

Starting with the tropics, consider a parcel of moist air adiabatically rising
(that is, the air parcel rises without exchanging mass or heat with its environ-
ment) with some specified surface temperature and moisture content. As the
parcel rises, it encounters lower atmospheric pressure, expands and cools, and
as a result experiences some condensation as well. Its temperature profile with
height is known as themoist adiabatic profile, and its rate of cooling with height
is the moist adiabatic lapse rate. A warming of the surface temperature (say, due
to an increase in greenhouse gas concentration) changes themoist adiabatic tem-
perature profile such that there is an even larger warming at high altitudes, as
explained below. This reduction in the difference between the high altitude and
surface temperatures implies that the tropical lapse rate becomes less negative
with a warming of the surface temperature.

Given that the tropical atmospheric temperature as a function of altitude
tends to follow the moist adiabatic profile, we expect that in a warmer climate,
as the surface warms in the tropics, the higher troposphere there will warm
even more. The stronger high-altitude warming leads to stronger radiative cool-
ing from the upper troposphere to outer space via outgoing longwave radiation
thanwould have been expected given themagnitude of the surfacewarming (see
schematicFigure3.5b).This implies that the change in tropical lapse rate is a neg-
ative feedback: the surfacewarms, and the increased cooling to outer spacemore
than compensates for this warming, thus reducing the tropical surface warming.
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The polar amplification induced by this “lapse-rate feedback” 
is of a similar magnitude to that of the albedo feedback!

          TOA warming 
needed to balance ∆CO2

present: 
Increased CO2: 

Arctic amplification & lapse-rate “feedback”

Suppose the warming at the TOA (say at the emission height) is the same in 
the tropics and the Arctic, determined by an average greenhouse-gas-
induced radiative forcing and change in emission height. 

➨ The warming at the surface will be larger in Arctic ➨ Arctic amplification.
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Figure 3.5: Schematics of the Arctic (a) and tropical (b) lapse rate feedbacks.
Solid blue (red) lines show the temperature profiles before (after) warming. Dashed blue (red)
lines show the emission level before (after) the warming (see section 2.1.3). The green double
arrows show the warmings at the surface and at the emission level.
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(that is, the air parcel rises without exchanging mass or heat with its environ-
ment) with some specified surface temperature and moisture content. As the
parcel rises, it encounters lower atmospheric pressure, expands and cools, and
as a result experiences some condensation as well. Its temperature profile with
height is known as themoist adiabatic profile, and its rate of cooling with height
is the moist adiabatic lapse rate. A warming of the surface temperature (say, due
to an increase in greenhouse gas concentration) changes themoist adiabatic tem-
perature profile such that there is an even larger warming at high altitudes, as
explained below. This reduction in the difference between the high altitude and
surface temperatures implies that the tropical lapse rate becomes less negative
with a warming of the surface temperature.
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as the surface warms in the tropics, the higher troposphere there will warm
even more. The stronger high-altitude warming leads to stronger radiative cool-
ing from the upper troposphere to outer space via outgoing longwave radiation
thanwould have been expected given themagnitude of the surfacewarming (see
schematicFigure3.5b).This implies that the change in tropical lapse rate is a neg-
ative feedback: the surfacewarms, and the increased cooling to outer spacemore
than compensates for this warming, thus reducing the tropical surface warming.
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Figure 2.12 | Temperature 
trends in the upper air. (a) 
Zonal cross-section of 
temperature anomaly trends 
(2007–2016 baseline) for 2002–
2019 in the upper troposphere and 
lower stratosphere region. 
Tropopause marked by grey line. 
(b, c) Trends in temperature at various atmospheric heights for 1980–2019 and 2002–
2019 for 70°N–70°S. (d, e) as for (b, c) but for the tropical (20°N–20°S) region.

The troposphere is warming, the stratosphere is cooling
(IPCC AR6, 2022)
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removed (Zou and Qian, 2016). The results obtained by McLandress 
et al. (2015) for 1980–2012, Randel et al. (2016) for 1979–2015, and 
Maycock et al. (2018) for 1979–2016 are broadly consistent with this.

A rise in the tropopause height of 40 to 120 m per decade between 
1981 and 2015 was determined from both radiosonde and reanalysis 
datasets (Xian and Homeyer, 2019). Local studies (e.g., Tang et al., 2017; 
X. Chen et al., 2019) found stronger trends in some regions near the 
subtropical jet linked to tropical expansion (Section 2.3.1.4.1). Whilst 
Seidel and Randel (2006) found that the tropopause height was more 
closely coupled with temperatures in the  stratosphere than those 
in the troposphere, it is not yet clear whether the rate of increase 

in  tropopause height has experienced a similar recent slowdown 
to that of the cooling of the lower stratosphere, as short-period 
trends are typically inconclusive due to significant natural variability 
(Scherllin-Pirscher et al., 2021). RO data (Gao et al., 2015) indicate 
little change in tropopause height over the short period from 2006 
to 2014, but a warming below the tropopause is observed over 2002 
to 2019 (Figure 2.12). 

In summary, the troposphere has warmed since the mid-20th century. 
There is medium confidence that temperatures in the tropical upper 
troposphere have warmed faster than those at the surface since 2001, 
but low confidence in changes prior to 2001. It is virtually certain 
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Figure 2.12 | Temperature trends in the upper air. (a) Zonal cross-section of temperature anomaly trends (2007–2016 baseline) for 2002–2019 in the upper troposphere 
and lower stratosphere region. The climatological tropopause altitude is marked by a grey line. Significance is not indicated due to the short period over which trends are shown, 
and because the assessment findings associated to this figure relate to difference between trends at different heights, not the absolute trends. (b, c) Trends in temperature at 
various atmospheric heights for 1980–2019 and 2002–2019 for the near-global (70°N–70°S) domain. (d, e) as for (b, c) but for the tropical (20°N–20°S) region. Further details 
on data sources and processing are available in the chapter data table (Table 2.SM.1).
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The distinguishing element of the stratosphere is its warming as func-
tion of altitude, as opposed to the cooling as function of altitude in the
troposphere (right panel of Fig. 3.8). This is a result of absorption of SW
radiation by the ozone layer in the stratosphere. Thus, unlike the tropo-
sphere whose main source of radiative heating is LW from the surface,
the stratosphere is also heated by absorbed SW radiation, and this leads
to its very different response to the increase in CO2 concentration. The
left panel of Fig. 3.9 shows the zonally averaged warming in an RCP8.5
scenario during the 20th century as function of height and latitude, showing
that while the troposphere warms, the stratosphere cools significantly. To
understand the response of the stratosphere, we add a third layer to our
two-level energy balance model from section 2.2.2, such that Ts is the
surface temperature, Ttro the tropospheric temperature, and Tstr the newly
added stratospheric temperature, as shown in the schematic Fig. 3.9.
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Figure 3.9: An energy balance model including a stratospheric layer used
to explain the stratospheric cooling in a global warming scenario.

We assume that a fraction bstr of the SW solar radiation is absorbed
by the stratosphere. The energy balances of the surface, troposphere and
stratosphere, can then be written with the energy source on the LHS and
sink on the RHS as,

(1�bstr)
1
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S0 + etrosT 4
tro +(1� etro)estrsT 4

str = sT 4
s
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s + etroestrsT 4
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In these equations, each term represents a heat flux in W/m2, and all
temperatures are in Kelvin. The terms involving 1

4S0 represent incoming

3-layer energy balance model

Tropospheric warming,  
stratospheric cooling,  
projected for RCP8.5
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periods are to be expected in a global warming scenario. Furthermore, observa-
tions show there was no “hiatus” in the warming of the oceans over 1998–2013.
Given that 90% of the excess heat trapped in the climate system due to the
increase in greenhouse gas concentration ends up in the subsurface ocean, the
“hiatus” in surface warming makes a little dent in the overall warming trend in
the climate system.

äóå STRATOSPHERIC COOLING
The distinguishing element of the stratosphere is its warming as a function of
altitude, as opposed to the cooling as a function of altitude in the troposphere
(Figure 3.8a). This is a result of absorption of SW radiation by the ozone layer
in the stratosphere. Thus, unlike the troposphere, whose main source of radia-
tive heating is LW radiation from the surface, the stratosphere is also heated by
absorbed SW radiation. This leads to the very different stratospheric response
to an increase in CO2 concentration. Figures 3.8a,b show the zonally averaged
temperature change (°C) in an RCP8.5 scenario during the 21st century as
a function of height (a) and height and latitude (b), showing that while the
troposphere warms, the stratosphere cools significantly.

Figure 3.8: Stratospheric cooling.
(a) Mid-latitude (30°N–50°N) zonally averaged temperature profiles for an RCP8.5 projection
at the beginning and end of the 21st century. (b)The zonally averaged atmospheric temperature
response during the 21st century to the RCP8.5 scenario, showing a tropospheric warming and
a stratospheric cooling.
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Figure 3.8: Stratospheric cooling. 
(a) Mid-latitude (30°N–50°N) zonally averaged temperature profiles for an RCP8.5 projection at the beginning and end of the 21st century. (b) The zonally 
averaged atmospheric temperature response during the 21st century to the RCP8.5 scenario, showing a tropospheric warming and a stratospheric cooling. 



Global Warming Science 101, Temperature, Eli TzipermanStratospheric cooling

3.5 Stratospheric cooling 39

The distinguishing element of the stratosphere is its warming as func-
tion of altitude, as opposed to the cooling as function of altitude in the
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radiation by the ozone layer in the stratosphere. Thus, unlike the tropo-
sphere whose main source of radiative heating is LW from the surface,
the stratosphere is also heated by absorbed SW radiation, and this leads
to its very different response to the increase in CO2 concentration. The
left panel of Fig. 3.9 shows the zonally averaged warming in an RCP8.5
scenario during the 20th century as function of height and latitude, showing
that while the troposphere warms, the stratosphere cools significantly. To
understand the response of the stratosphere, we add a third layer to our
two-level energy balance model from section 2.2.2, such that Ts is the
surface temperature, Ttro the tropospheric temperature, and Tstr the newly
added stratospheric temperature, as shown in the schematic Fig. 3.9.
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Figure 3.9: An energy balance model including a stratospheric layer used
to explain the stratospheric cooling in a global warming scenario.

We assume that a fraction bstr of the SW solar radiation is absorbed
by the stratosphere. The energy balances of the surface, troposphere and
stratosphere, can then be written with the energy source on the LHS and
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SW solar radiation, as explained in section 2.2.1, etro is the tropospheric
emissivity and estr that for the stratosphere. The different terms may
be interpreted using the schematic arrows in Fig. 3.9. For example, the
solid red arrow shows the LW radiation from the surface at a rate of
sT 4

s . When it encounters absorption in the troposphere, where the red
arrow changes from solid to dash, and a heat flux etrosT 4

s is deposited
there. Then, the remainder surface emission flux, (1� etro)sT 4

s continues
upward as represented by the dash red arrow. The line changes again in
the stratosphere from dash to dotted, corresponding to the deposition of
a heat flux estr (1� etro)sT 4

s there as well. To solve these equations, we
note that they can be written as an easily-solved linear set of equations for
the temperatures raised to the fourth power,
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As a crude, qualitative numerical example, consider bstr = 0.05 (the
stratosphere, in the range of 1–100 mb, absorbs about 5–15W/m2 depending
on latitude and season), etro = 0.55, estr = 0.1, and, for an increase in CO2,
let etro = 0.6, estr = 0.15. The solutions before the increase in CO2 is
Ts = 300.9K, Ttro = 256.4K, and Tstr = 259.1K. The solution with the
emissivity values representing the increased CO2 concentration is Ts =
304.8K, Ttro = 260.8K and Tstr = 253.0K, showing the warming of the
surface and the troposphere, and the stratospheric cooling, as expected.

To understand the reason for this cooling, consider first the 2-level
energy balance model of eqns (2.2) in section 2.2.2. As CO2 concentration
increases, the tropospheric emissivity (denoted e there) increases, increas-
ing both the source and sink terms in the tropospheric heat budget (e drops
out of that equation, appearing on both sides). For the surface equation, the
increased atmospheric emissivity increases the heat source of downwelling
LW, and thus leads to surface warming. The atmosphere then responds to
the increase in emission from the surface and warms up as well. Adding
a stratospheric layer as the third equation in (3.6) does not qualitatively
change this response of the troposphere and surface (first two equations).
However, for the stratosphere, because of the presence of the SW absorp-
tion heating term (bstr

1
4S0), the stratospheric emissivity estr does not drop

out of the third equation in (3.6). The LW cooling on the RHS is balanced
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change this response of the troposphere and surface (first two equations).
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Solve by writing as a matrix equation for  (Thanks Xiaoting!):T4
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The distinguishing element of the stratosphere is its warming as func-
tion of altitude, as opposed to the cooling as function of altitude in the
troposphere (right panel of Fig. 3.8). This is a result of absorption of SW
radiation by the ozone layer in the stratosphere. Thus, unlike the tropo-
sphere whose main source of radiative heating is LW from the surface,
the stratosphere is also heated by absorbed SW radiation, and this leads
to its very different response to the increase in CO2 concentration. The
left panel of Fig. 3.9 shows the zonally averaged warming in an RCP8.5
scenario during the 20th century as function of height and latitude, showing
that while the troposphere warms, the stratosphere cools significantly. To
understand the response of the stratosphere, we add a third layer to our
two-level energy balance model from section 2.2.2, such that Ts is the
surface temperature, Ttro the tropospheric temperature, and Tstr the newly
added stratospheric temperature, as shown in the schematic Fig. 3.9.
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Figure 3.9: An energy balance model including a stratospheric layer used
to explain the stratospheric cooling in a global warming scenario.

We assume that a fraction bstr of the SW solar radiation is absorbed
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CO2 increase 
➨ Sink on RHS increases due to stratospheric 
emissivity  change.  

But the source terms on LHS only partially increase, 
due to the presence of SW source term  
➨ Stratospheric cooling
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The End


