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Arctic amplification

• There is a large spread in the degree of Arctic
Amplification predicted by large-scale climate models

1140 D. M. Smith et al.: PAMIP contribution to CMIP6

ing? How and why does the atmospheric response to Arctic
sea ice depend on the model background state? What have
been the roles of local sea ice and remote sea surface temper-
ature in polar amplification, and the response to sea ice, over
the recent period since 1979? How does the response to sea
ice evolve on decadal and longer timescales?

A key goal of PAMIP is to determine the real-world sit-
uation using imperfect climate models. Although the exper-
iments proposed here form a coordinated set, we anticipate
a large spread across models. However, this spread will be
exploited by seeking “emergent constraints” in which model
uncertainty may be reduced by using an observable quantity
that physically explains the intermodel spread. In summary,
PAMIP will improve our understanding of the physical pro-
cesses that drive polar amplification and its global climate
impacts, thereby reducing the uncertainties in future projec-
tions and predictions of climate change and variability.

1 Introduction

Polar amplification refers to the phenomenon in which zon-
ally averaged surface temperature changes in response to cli-
mate forcings are larger at high latitudes than the global aver-
age. Polar amplification, especially in the Arctic, is a robust
feature of global climate model simulations of recent decades
(Bindoff et al., 2013) and future projections driven by anthro-
pogenic emissions of carbon dioxide (Fig. 1, Collins et al.,
2013). Polar amplification over both poles is also seen in sim-
ulations of paleo-climate periods driven by solar or natural
carbon cycle perturbations (Masson-Delmotte et al., 2013).

Observations over recent decades (Fig. 2) suggest that
Arctic amplification is already occurring: recent tempera-
ture trends in the Arctic are about twice the global average
(Serreze et al., 2009; Screen and Simmonds, 2010; Cow-
tan and Way, 2013), and Arctic sea ice extent has declined
at an average rate of around 4 % decade�1 annually and
more than 10 % decade�1 during the summer (Vaughan et al.,
2013). Climate model simulations of the Arctic are broadly
consistent with the observations (Fig. 2). However, there
is a large intermodel spread in temperature trends (Bind-
off et al., 2013), the observed rate of sea ice loss is larger
than most model simulations (Stroeve et al., 2012), and the
driving mechanisms are not well understood (discussed fur-
ther below). Antarctic amplification has not yet been ob-
served (Fig. 2). Indeed, Antarctic sea ice extent has increased
slightly over recent decades (Vaughan et al., 2013) in contrast
to most model simulations (Bindoff et al., 2013), and under-
standing recent trends represents a key challenge (Turner and
Comiso 2017). Nevertheless, Antarctic amplification is ex-
pected in the future in response to further increases in green-
house gases but is likely to be delayed relative to the Arctic
due to strong heat uptake in the Southern Ocean (Collins et
al., 2013; Armour et al., 2016). There is mounting evidence

Figure 1. Polar amplification in projections of future climate
change. Temperature change patterns are derived from 31 CMIP5
model projections driven by RCP8.5, scaled to 1 �C of global mean
surface temperature change. The patterns have been calculated by
computing 20-year averages at the end of the 21st (2080–2099)
and 20th (1981–2000) centuries, taking their difference and nor-
malising it, grid point by grid point, by the global average tempera-
ture change. Averaging across models is performed before normal-
isation, as recommended by Hind et al. (2016). The colour scale
represents degrees Celsius per 1 �C of global average temperature
change. Zonal means of the geographical patterns are shown for
each individual model (red) and for the multi-model ensemble mean
(black).

that polar amplification will affect the global climate system
by altering the atmosphere and ocean circulations, but the
precise details and physical mechanisms are poorly under-
stood (discussed further below).

The Polar Amplification Model Intercomparison Project
(PAMIP) will investigate the causes and global consequences
of polar amplification, through creation and analysis of an
unprecedented set of coordinated multi-model experiments
and strengthened international collaboration. The broad sci-
entific objectives aim to

– provide new multi-model estimates of the global climate
response to Arctic and Antarctic sea ice changes;

– determine the robustness of the responses between dif-
ferent models and the physical reasons for differences;

– improve our physical understanding of the mechanisms
causing polar amplification and its global impacts; and

– harness increased process understanding and new multi-
model ensembles to constrain projections of future cli-
mate change in the polar regions and associated global
climate impacts.

PAMIP will directly contribute to the World Climate Re-
search Programme (WCRP) Grand Challenges on Near-
term Climate Prediction, Melting Ice and Global Conse-
quences, and Weather and Climate Extremes, and addresses
all three of the sixth Coupled Model Intercomparison Project
(CMIP6; Eyring et al., 2016) scientific questions:

Geosci. Model Dev., 12, 1139–1164, 2019 www.geosci-model-dev.net/12/1139/2019/

Smith et al. (2019)
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Role of cloud feedback

Stronger Arctic warming in CMIP6 than CMIP5 is mainly
contributed by more-positive albedo and less-negative cloud
feedbacks. Less-negative Arctic cloud feedbacks in CMIP6
result from less-negative shortwave low cloud amount and
scattering feedbacks, likely due to updated treatment of
supercooled liquid fraction in mixed phase clouds (Zelinka
et al., 2020). The lapse-rate feedback, Planck response, and
moist AHT changes also contribute to stronger Arctic
warming in CMIP6, while increased ocean heat uptake and
equatorward dry AHT more strongly oppose Arctic warming
in CMIP6. Normalizing Arctic warming contributions by the
global-mean warming yields contributions which sum to the total
Arctic amplification in CMIP5 and CMIP6 (Supplementary
Figure S3A, vertical axis): less-negative cloud and more-
positive albedo feedbacks support greater Arctic amplification
in CMIP6, while most other contributions support weaker Arctic
amplification in CMIP6 due to normalizing by the larger global-
mean warming in CMIP6 than CMIP5. This results in a similar
degree of Arctic amplification in CMIP5 and CMIP6 (Figure 4B).

Consistent with Goosse et al. (2018), the largest contributor to
stronger warming in the Arctic than Antarctic is the lapse-rate
feedback for both CMIP5 and CMIP6 (Figure 4D). In fact, all
factors except for CO2 forcing and moist AHT changes support
greater warming in the Arctic than Antarctic, with an additionally
large contribution from the albedo feedback in CMIP5 and
CMIP6. This feedback asymmetry between the poles is
supported by the elevation of the Antarctic ice sheet
(Salzmann, 2017), which primarily weakens the Antarctic
lapse-rate feedback through reducing the average strength of
mean-state inversions (Hahn et al., 2020). We note that the
Planck feedback (in W m−2 K−1) is slightly less negative in the
Antarctic than Arctic, likely due to colder and drier initial
conditions, but that the Planck warming contribution is larger
in the Arctic due to a larger Arctic ΔT resulting in a larger
contribution λ’pΔT in Eq. 2. This illustrates one limitation of
the warming contribution framework: a warming contribution
from one feedback is influenced by all other feedbacks through
their influence on ΔT .

FIGURE 4 | (A) Annual- and zonal-mean near-surface warming (˚C) averaged over 31 years centered on year-100 after CO2 quadrupling for the CMIP6 (solid
orange line) and CMIP5 (dashed orange line) multimodel means. The dark orange shading shows the 25th to 75th percentiles, and the light orange shading shows the full
intermodel spread for CMIP6. (B) As in (A), but with zonal-mean near-surface warming normalized by global-mean near-surface warming within each model. (C,D)
Contributions of each feedback and atmospheric forcing to warming (˚C) centered around year-100 of abrupt CO2 quadrupling in CMIP6 (filled circles) and CMIP5
(hollow circles) for (C) the tropics relative to the Arctic and (D) the Arctic relative to the Antarctic. Warming contributions are shown for the lapse-rate (LR), surface albedo
(A), water-vapor (WV), and cloud (C) feedbacks, the variation in the Planck response from its global-mean value (P’), effective radiative forcing (CO2), change in moist and
dry AHT convergence (ΔAHTm; ΔAHTd) and ocean heat uptake (Ocean), and residual term (Res). Dashed grey line shows a 1-to-1 slope through the lapse-rate feedback
warming contribution.

Frontiers in Earth Science | www.frontiersin.org August 2021 | Volume 9 | Article 7100368

Hahn et al. Polar Amplification in CMIP6 Models

Hahn et al. (2021)

• A less negative cloud
feedback and more
positive albedo
feedback cause more
Arctic warming in CMIP6
models compared to
CMIP5 models
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Cloud feedback

CO2 increase

Cloud 
properties 

change

Earth’s 
energy 
budget 
changes

Surface 
temperature 
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The cloud feedback:

• Changes in cloud
properties in response to
global warming

• Can be quantified from
the perspective of the
top of the atmosphere or
surface
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Cloud radiative kernels

impacted by changes in the vertical distribution. Con-
versely, the SW cloud radiative kernel is negative for all
cloud types, indicating that increases in cloud fraction
result in increases in SW reflection to space and vice
versa. The impact of cloud fraction changes on SW
fluxes is much greater for thick clouds but does not de-
pend strongly on CTP. The small dependence on CTP
exhibited in the SW cloud radiative kernels is most likely
due to the decreasing attenuation of SW radiation by
above-cloud gaseous absorption with decreasing CTP.

Generally, a shift in the cloud distribution to-
ward higher and thinner categories results in a positive

(warming) impact on net TOA fluxes. However, note
that the largest positive net flux sensitivity is for in-
creases in high cloud fraction for t between 1.3 and 3.6
(see also Fig. 13b of Ackerman et al. 1988). A shift in the
distribution toward lower and thicker clouds makes the
net TOA fluxes more negative because of increased SW
reflection (due to the larger optical depth) and increased
LW emission (due to the lower height).

4. Computation of cloud feedback using cloud
radiative kernels

Multiplying the cloud radiative kernel (K) by the
change in cloud fraction histogram (DC) expressed in
percent gives an estimate of the contribution of each
cloud type to the change in TOA radiation associated
with climate change (in this case, a doubling of CO2):

DR 5 KDC. (2)

For a given grid point and month, DC is multiplied by the
cloud radiative kernel that corresponds to the control
climate’s clear-sky surface albedo for that location and
month. Because the kernel is computed using the atmo-
spheric and surface conditions from the control climate,
the change in TOA fluxes computed in this manner is
due solely to the change in clouds (i.e., no clear sky flux
changes are included), which is the quantity relevant for
cloud feedback. Dividing this response by the change in
global mean surface air temperature (DTs) provides an
estimate of the cloud feedback ( f) due to changes in the
amount of each cloud type:

f 5
DR

DTs

. (3)

Note that f and DR are both functions of CTP, t, latitude,
longitude, and month. Summing f over all cloud types
produces an estimate of the local contribution to the
cloud feedback, which can then be averaged over the
entire planet and over all months to compute the global
and annual mean cloud feedback.1 Unless otherwise

FIG. 1. Global, annual, and ensemble mean (a) LW, (b) SW, and
(c) net cloud radiative kernels. In each model, the kernels have
been mapped to the control climate’s clear-sky surface albedo
distribution before averaging in space; thus, the average kernels are
weighted by the actual global distribution of clear-sky surface
albedo in each model.

1 Hereafter we refer to the radiative perturbations brought
about by cloud changes as cloud feedback, with the implicit as-
sumption that the simulated changes in clouds evolve with the
change in global mean surface temperature. Gregory and Webb
(2008) have provided evidence that a portion of the cloud-induced
radiation response that is typically considered cloud feedback ac-
tually occurs due to very rapid tropospheric adjustment following
a step change in CO2 concentration, and that the portion due to
cloud changes that evolve with temperature (i.e., the true cloud
feedback) may be smaller in magnitude and even opposite in sign.
CFMIP1 data do not permit us to distinguish between these two
types of cloud changes; thus, what we refer to as cloud feedback
may be a combination of these effects.
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Zelinka et al. (2012)

• Cloud radiative kernels
are developed using an
offline radiative transfer
model to calculate the
change in cloud
radiative effect due to
changing cloud
properties

• Cloud properties are
macroscopic:

i. cloud-top pressure
ii. cloud optical depth
iii. cloud amount
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Sensitivity of Arctic amplification to ice microphysical effects

X - 6 :

Figure S4. Arctic amplification factor for 49 CMIP6 models in blue and M92 and U17

highlighted in blue based on the last 50 years of the piControl and abrupt4xCO2 simulations.

January 18, 2022, 8:56pm

Tan et al. (2022)

• A change in the ice
nucleation scheme of
the GEOS-5 model
resulted in a large
difference in Arctic
amplification in global
climate model
simulations relative to a
number of CMIP6 models
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Cloud particle size feedback

“Direct"

Present-day (pre-warmed) state Global warming state

• E.g. as quantified by Zhu & Poulsen (2019) using the
partial radiative perturbation method in a climate
model
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Cloud particle size feedback

“Indirect"Geophysical Research Letters 10.1029/2018GL081871

Figure 3. Flowchart summarizing the mechanisms that ultimately lead to reduced Arctic amplification. After initial
warming induced by doubling of atmospheric CO2 concentrations, the negative cloud phase feedback (displayed in
blue) counteracts the initial warming globally. However, the warming is reinforced locally in the Arctic by a positive
feedback (displayed in red) and is triggered by an increase in local cloud coverage through the cloud lifetime effect. The
increase in cloud coverage increases longwave radiation emitted to the surface that is trapped as heat as a result of local
stable stratification conditions in the Arctic, causing the lapse rate feedback to become more positive. Both feedbacks
are stronger when the initial-state supercooled liquid fraction is lower.

CALIOP-SLF2. However, the question as to which simulation contains the most realistic ice particle sizes is
difficult to evaluate since the definition of ice crystal effective radius differs substantially among models and
observations (McFarquhar & Heymsfield, 1998). Further complicating matters, observations of ice crystal
effective radii in the Arctic are scarce.

4. Discussion and Conclusions
Analysis of the Arctic region of the simulations originally presented in Tan et al. (2016) reveals that the
Arctic tends to warm less relative to the global average when the low bias in initial-state SLF is removed,
but with the caveat that the temperature change in the Arctic relative to the global average is highly sen-
sitive to the microphysical characteristics of the mixed-phase clouds. In particular, larger ice particles in
Arctic mixed-phase clouds could ultimately enhance rather than reduce Arctic amplification due to the
larger decrease in average hydrometeor size that will arise from ice-to-liquid replacement in the cloud
phase feedback. The larger decrease in average hydrometeor size manifests as an increase in cloud fraction
since smaller liquid droplets tend to precipitate less efficiently compared to larger ice particles, and this
increases downwelling longwave radiation at the surface from clouds, which ultimately enhances Arctic
amplification.

While Arctic amplification is generally a phenomenon observed only during boreal winter (Lu & Cai, 2009;
Sejas et al., 2014), the mechanism presented (Figure 3) operates on the annual average possibly due to
the unique stable stratification conditions that tend to exist year-round (Tjernström & Graversen, 2009) in
the Arctic. However, the impact of SLF on the melting of Arctic sea ice, which exhibits a strong seasonal
dependence is well correlated (R = 0.94) with absolute temperature change in the Arctic (Figure 4). Thus,

TAN AND STORELVMO 2899

• Cloud particle size
feedback also associated
with cloud “lifetime" effect

• Basis: larger particles tend
to precipitate out more
efficiently

• This changes cloud amount
in addition to cloud optical
thickness

• Tan & Storlevmo (2019);
Mulmendstadt et al. (2021)
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Goals

• Use long-term ground-based observations at the NSA
site to quantify the cloud particle size feedback in
mixed-phase clouds from the perspective of the
surface
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Mixed-phase cloud radiative kernels (CRKs)DOE ASR — Exploiting ground-based observations to infer Arctic cloud feedbacks

reff

TWP

SLF

LWP = 0

IWP = 0

Figure 2: Depiction of a 3-D joint histogram of
cloud fraction to be derived in Task (ii) as detailed
in Section 3.2 and multiplied by corresponding 3-D
surface-based cloud radiative kernels to be derived
in Task (iii) as detailed in Section 3.3. The his-
togram consists of three variables: total water path
(TWP), e↵ective radius (reff ) and the supercooled
liquid fraction (SLF), each of which represents a di-
mension of the histogram. 2-D arrays representing
SLF 6= 1 and SLF 6= 0 represent mixed-phase cloud
cases. A separate version with the median volume
diameter, Dmv will also be derived, however is not
labelled in the diagram for simplicity.

cloud fraction can be visualized in Figure 2. Although the total water path and e↵ective
radius uniquely determine the visible ⌧ for both liquid and ice clouds, the third dimension,
SLF, which partially depends on TWP accounts for instances when the observed cloud is
neither pure liquid nor ice, but mixed-phase. Since single-layer stratiform mixed-phase clouds
are a common occurrence year-round in the Arctic, the radiative e↵ect of these clouds are
important to take into account. For example, when these clouds are defined as a geometrically
thin cloud with supercooled liquid and non-precipitating ice crystals were shown to have a
peak frequency of occurrence of 25% at Barrow, Alaska according to ground-based HSRL and
35-GHz (8-mm) Millimeter Cloud Radar (MMCR) observations averaged over a 30-minute
interval (de Boer et al., 2009). In the case that the cloud is observed to be mixed-phase, the
e↵ective radius will be calculated as the SLF-weighted e↵ective radius, reff,SLF defined as

reff,SLF = SLF ⇥ reff,l + (1 � SLF ) ⇥ reff,i. (9)

In the illustration of the 3-D joint histogram of cloud fraction in Figure 2, the dark grey-
shaded region representing the front face of the cuboid represents a two-dimensional array
containing the frequency of occurrence, i.e. cloud fraction of single-layer pure low-level ice
clouds, where the y-axis represents the IWP and the x-axis represents reff,i. Similarly, the
light grey-shaded region representing the back face of the cuboid represents a two-dimensional
array containing the frequency of occurrence of single-layer pure low-level liquid clouds, where
the y-axis represents the LWP and the x-axis represents reff,l. A cross-sectional slice in the
centre of the cuboid represents an array containing all instances of mixed-phase clouds and
the reff,SLF associated with the cloud volume.

The cloud fraction within each TWP, e↵ective radius and SLF bin will be computed by
normalizing the number of counts in the bin over a month by the total number of counts
in all bins over a month, where each count represents a 6-hour average of instantaneous
1-minute pixels. The choice to average the variables over 6 hours follows from the temporal
resolution of radiosonde data at the NSA site, which will be consistent with the analysis in
Section 3.1.

Since the derivation of these 3-D joint histograms of cloud fraction will be limited to
the low-level stratiform Arctic mixed-phase clouds of interest where thermodynamic phase
shifts occur, cloud-base height (CBH) to be obtained from the NSA ceilometer will be held

11

• Using RRTMG model,
replace cloud optical
depth with: TWP and
effective radius (reff)

• Supercooled liquid fraction
(SLF) dimension accounts
for mixed-phase clouds

• reff is weighted by the SLF

SLF = liquid
liquid+ice

reff = rliq × SLF + rice × (1 − SLF)
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Mixed-phase cloud radiative kernels (CRKs)

• Cloud feedback = Kernel ×∆C ÷ ∆Ts

• The total cloud feedback can then be decomposed
into contributions from the cloud particle size
feedback

• We consider only single-layer, stratiform clouds
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Mixed-phase cloud radiative kernels (CRKs)

• Take three cloud-base heights: 30th, 60th, 90th percentiles
• Take the cloud thickness to be the most commonly

occurring value within each percentile range
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Mixed-phase cloud radiative kernels (CRKs)

• Longwave cloud radiative effect at the surface

DOE ASR — Exploiting ground-based observations to infer Arctic cloud feedbacks

reff

TWP

SLF

LWP = 0

IWP = 0

Figure 2: Depiction of a 3-D joint histogram of
cloud fraction to be derived in Task (ii) as detailed
in Section 3.2 and multiplied by corresponding 3-D
surface-based cloud radiative kernels to be derived
in Task (iii) as detailed in Section 3.3. The his-
togram consists of three variables: total water path
(TWP), e↵ective radius (reff ) and the supercooled
liquid fraction (SLF), each of which represents a di-
mension of the histogram. 2-D arrays representing
SLF 6= 1 and SLF 6= 0 represent mixed-phase cloud
cases. A separate version with the median volume
diameter, Dmv will also be derived, however is not
labelled in the diagram for simplicity.

cloud fraction can be visualized in Figure 2. Although the total water path and e↵ective
radius uniquely determine the visible ⌧ for both liquid and ice clouds, the third dimension,
SLF, which partially depends on TWP accounts for instances when the observed cloud is
neither pure liquid nor ice, but mixed-phase. Since single-layer stratiform mixed-phase clouds
are a common occurrence year-round in the Arctic, the radiative e↵ect of these clouds are
important to take into account. For example, when these clouds are defined as a geometrically
thin cloud with supercooled liquid and non-precipitating ice crystals were shown to have a
peak frequency of occurrence of 25% at Barrow, Alaska according to ground-based HSRL and
35-GHz (8-mm) Millimeter Cloud Radar (MMCR) observations averaged over a 30-minute
interval (de Boer et al., 2009). In the case that the cloud is observed to be mixed-phase, the
e↵ective radius will be calculated as the SLF-weighted e↵ective radius, reff,SLF defined as

reff,SLF = SLF ⇥ reff,l + (1 � SLF ) ⇥ reff,i. (9)

In the illustration of the 3-D joint histogram of cloud fraction in Figure 2, the dark grey-
shaded region representing the front face of the cuboid represents a two-dimensional array
containing the frequency of occurrence, i.e. cloud fraction of single-layer pure low-level ice
clouds, where the y-axis represents the IWP and the x-axis represents reff,i. Similarly, the
light grey-shaded region representing the back face of the cuboid represents a two-dimensional
array containing the frequency of occurrence of single-layer pure low-level liquid clouds, where
the y-axis represents the LWP and the x-axis represents reff,l. A cross-sectional slice in the
centre of the cuboid represents an array containing all instances of mixed-phase clouds and
the reff,SLF associated with the cloud volume.

The cloud fraction within each TWP, e↵ective radius and SLF bin will be computed by
normalizing the number of counts in the bin over a month by the total number of counts
in all bins over a month, where each count represents a 6-hour average of instantaneous
1-minute pixels. The choice to average the variables over 6 hours follows from the temporal
resolution of radiosonde data at the NSA site, which will be consistent with the analysis in
Section 3.1.

Since the derivation of these 3-D joint histograms of cloud fraction will be limited to
the low-level stratiform Arctic mixed-phase clouds of interest where thermodynamic phase
shifts occur, cloud-base height (CBH) to be obtained from the NSA ceilometer will be held

11

SLF = 0.1:

SLF = 0.2:
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Mixed-phase cloud radiative kernels (CRKs)

• Median ≈50 km horizontal length of stratiform clouds
over one hour

• Bimodal distribution with shorter horizontal cloud
lengths in winter and spring
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Summary

• Arctic mixed-phase CRKs have been built
• CRKs will be a PI product

Next steps:
• We will soon calculate the observed interannual total

Arctic surface-based cloud feedback with these CRKs
• Decompose the total Arctic cloud feedback into

contributions due to the cloud particle size feedback
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