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The ice albedo feedback (IAF) is the product of the ice sensitivity (IS) —
how much the sea ice concentration changes as the planet warms— and the
radiative sensitivity (RS) — how much the top of atmosphere radiation changes
as the surface albedo changes. We demonstrate that the RS calculated from
radiative kernels in climate models is reproduced from calculations that use
the climatological radiative fluxes at the top of atmosphere and the assump-
tion that the atmosphere is isotropic to shortwave radiation. This method
allows us to calculate RS from satellite based estimates of climatological ra-
diative fluxes and compare the resultant RS across a full suite of coupled cli-
mate models. We find that the model ensemble mean RS is very near that
constrained by the observations whereas the RS differs in climate models by
a factor of two in both the Arctic and Southern Ocean. Observed trends in
Arctic sea ice over the historical record are used to estimate IS which, in con-
junction with the satellite based RS calculates an [AF parameter of 0.13 W
m~2 K~!. This Arctic IAF would result in a modest amplification of future

global surface temperature change of approximately 11%.
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DONOHOE ET AL.: SURFACE ALBEDO FEEDBACK X-3

1. Introduction

The reduction of sea ice area as the climate system warms darkens the surface resulting
in increased solar radiation absorbed in the climate system. This additional radiative input
reinforces the initial warming providing a positive climate feedback often termed the ice-
albedo feedback (IAF). Early literature on climate stability in simplified models speculated
that the IAF could cause abrupt and dramatic climate state transitions under smoothly
varying external forcing [Crowley and North, 1988; Budyko, 1969] and may even lead to the
existence of multiple climate state equilbria in more comprehensive coupled climate models
[Ferreira et al., 2011]. The role of the IAF in contemporary and future climate change
is expected to be more modest with model mean estimated feedback parameter of 0.3 W
m~2K~! [Stocker et al., 2013; Bony et al., 2006; Soden and Held, 2006] which amounts to
approximately 30% enhancement of the global climate response to external forcing [Roe,
2009]. Observational estimates of the IAF using the co-variance of year-to-year sea ice
anomalies and satellite radiation suggest a similar magnitude (25% amplification of global
warming) TAF [Pistone et al., 2014]. However, there is substantial (& 0.1 W m—2K™!)
inter-model spread in the strength of the IAF [Winton, 2006; Hall and Qu, 2006] and this
spread is understood to be the leading cause of inter-model differences in the high latitude
climate response to future warming [Hall, 2004; Kay et al., 2012] that varies substantially
between models [Holland and Bitz, 2003].

The magnitude of TAF depends on [Soden et al., 2008; Shell et al., 2008]: 1.) how much
sea ice concentration (SIC) reduces as the Earth warms (%£¢), 2.) the surface albedo

dTs

contrast between open ocean and sea ice (Aa) and, 3.) the impact of surface albedo
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dRAD70 A
da

changes on top of atmosphere (TOA) radiation ( ) that we will hereafter refer to

as radiative sensitivity (RS) :

dsic N dRAD7oa

IAF = A 1
dTly da (1)
—_—
I8 RS

Hall and Qu [2006] found that the radiative impact of surface albedo anomalies on the
TOA radiation — RS — varies very little between climate models. As a result, much of the
literature on uncertainties in the IAF has focused on surface processes controlling the sea
ice albedo and sensitivity of SIC to warming [Winton, 2006; Qu and Hall, 2005; Curry
et al., 1994].

In this manuscript, we re-evaluate the inter-model spread in the sensitivity of TOA
radiation to surface albedo changes (RS) and find this quantity differs by a factor of
2 between climate models over both the Arctic and Southern Ocean (SO). RS depends
primarily on cloud reflectivity; clouds impede the amount of downwelling solar radiation
reaching the surface and also reduce the amount of solar radiation reflected by the sur-
face from reaching the TOA [Taylor et al., 2007; Donohoe and Battisti, 2011] leading to
a squared dependence of RS on cloud reflectivity. High latitude cloud properties vary
substantially between climate models and exhibit biases relative to the observations in
both the Arctic Gorodetskaya et al. [2006] and SO [Trenberth and Fasullo, 2010]. Thus,
it is expected that the different mean state cloud fields simulated by each climate model
results in different RS and that these inter-model differences will result in different model
sensitivity of Arctic temperatures and sea ice concentrations to future warming [Hwang

et al., 2011]. The primary goal of this manuscript is diagnosing these inter-model dif-
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ferences in RS and using observational constraints to evaluate which models have IAFs
consistent with that in the observed climate system. A secondary goal is understanding
how much of the inter-model spread in RS contributes to model differences in IAF.

This manuscript is organized as follows: In section 2, we develop a simplified model
that allows the calculation of % (RS) from standard climate model output and
demonstrate that this method reproduces the results of much more computationally de-
manding radiative kernel techniques in the subset of models for which radiative kernel
calculations have been performed. This allows us the probe the large inter-model spread
of RS in the full ensemble of coupled climate models participating in the Coupled Model
Inter-comparison Project [CMIP Meehl et al., 2007; Taylor et al., 2012] and also provide
an observational estimate of RS from satellite data (Section 3). These estimates of RS
along with sea ice response over the historical period are used to calculate an observa-
tional IAF (Section 4). The observational IAF is compared to model estimates over both
the historical and 4XCO, simulations and the model spread and biases and decomposed
into contributions from radiative and sea ice sensitivity (Section 5). A summary and

discussion follows.

2. The impact of surface albedo changes on TOA radiation in radiative kernels

and a simplified model

The impact of surface albedo changes on TOA radiation (RS) has been rigorously
calculated using radiative kernel techniques in a small number of climate models. Here,
we develop a secondary technique for calculating RS from climatological radiative fluxes

at the TOA and surface (standard climate model output fields) and a simple conceptual

DRAFT October 8, 2018, 5:17pm DRAFT



80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100
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model of shortwave radiation. We demonstrate that this simplified model reproduces the
domain average value of RS in the Arctic and SO, its spatial structure and inter-model
spread. Because this simplified technique calculates RS from climatological radiative
fluxes, satellite observations combined with surface radiation provide an observational

estimate of the RS.

2.1. Radiative kernels

RS can be calculated directly from offline radiative model calculations by perturbing
surface albedo («) at each grid point and then running the radiative code with all other
fields unchanged — a technique referred to as radiative kernels [Soden et al., 2008; Shell
et al., 2008]. Radiative kernel calculations have been performed by the following individ-
uals/groups each using a different atmospheric model perturbed about a historical mean
state with seasonally varying prescribed sea surface temperatures: 1.) Karen Shell, NCAR
CAMS3 [Shell et al., 2008], 2.) Karoline Block, MPT ECHAMG6 [Block and Mauritsen, 2013],
3.) Angie Pendergrass, NCAR CAMS5 [Pendergrass et al., 2018], 4.) Chris Smith, UKMO
HadGEM?2 [Smith, 2018]. RS in the Arctic summer (May-June-July-August) is largest
over Greenland, smallest in the Greenland and Barents Sea and has intermediate values
in the central Arctic (Upper panels of Figure 1). This spatial structure primarily reflects
the climatological pattern of solar radiation reaching the surface in the Arctic [Lindsay
et al., 2014 with limited the high topography of Greenland having limited cloud cover
and water vapor in the overlying atmosphere, abundant clouds in the Greenland Sea and
moderate bur persistent cloud cover over the Central Arctic. RS has values of order 1.5

W m~2 %! over the Arctic Ocean. The summertime average insolation over this region
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is of order 420 W m~2. Thus, one would expect a RS 4.2 W m~2 %! in a completely
transparent atmosphere. On average, the atmosphere attenuates the surface contribution
to reflected radiation at the TOA by a factor of 3 consistent with the finding of Donohoe
and Battisti [2011].

There is remarkable inter-model spread in Arctic RS across the different radiative kernel
calculations, especially over the Central Arctic where the calculations in the different
climate models differ by a factor if 2. Domain average values (poleward of 60°N are
shown in the upper right corner of the panels in Figure 1 and also differ by a factor of 2.
Interestingly, the end member values of RS come from the same modeling center (NCAR)
using different generations of the atmospheric model (CAM5 versus CAM3). Additional
radiative kernels are available from Brian Soden’s calculations in GFDL AM2p12b [Soden
et al., 2008] and Michael Previdi’s calculation in MPT ECHAMS5 [Previdi, 2010] and are
not shown here because the climatological radiative fields that we will use in the next
subsection were not saved. These additional models have RS generally within the range
covered by those shown in Figure 1.

In the SO, RS during the Austral summer (NDJF) calculated from radiative kernels
shows an annular (i.e. nearly zonally homogenous) structure in all models with smaller
values over the cloudy storm track region equatorward of the ice edge and larger values
over the ice (upper panels of Figure 2). However, the models differ to first order on the
magnitude of RS over the open ocean and on the location of the and aerial extent of the
region of larger RS adjacent to the Antarctic continent. In HADGEM2, the value of RS

over the open ocean is 2 W m~2 %! whereas in NCAR CAM3 RS is 1 W m~2 %! over
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the same region. In NCAR CAMS5, the region of high RS adjacent to the Antarctic coast
extends substantially into the SO whereas in NCAR CAM3 and ECHAMG6 the same the
high RS region is confined to coast itself with the exception of the Weddel and Ross Seas.
These inter-model differences in the region of high RS correspond to inter-model biases
in summertime ice extent. Overall, the SO domain average RS (excluding the Antarctic
continent) ranges from 1.29 to 1.75 W m~2 %! (as shown by the values in the upper right
corner of Figure 2). This domain average inter-model spread in RS is smaller than that

over the Arctic in the same models, but still amounts to about 40% of the mean value.

2.2. Isotropic single layer model

We now present an alternative simplified method for calculating RS from the climatolog-
ical radiative fluxes at the TOA and surface only and some basic simplifying assumptions
about shortwave radiative transfer in the atmosphere. We begin by describing the as-
sumptions that we will refer to as the isotropic model which was developed by Taylor
et al. [2007] and will then describe how this model allows the calculation of RS. Of the
incident shortwave radiation at the TOA (S), we assume that a fraction (A) is absorbed
in the atmosphere above cloud top and a fraction R of the radiation incident on cloud top
is reflected back to space (Figure 3). This resultant downwelling radiation at the surface
is S(1-A)(1-R). A fraction («) given by the surface albedo of the surface downwelling is
reflected upwards. R of the surface upwelling radiation is reflected back (downward) to
surface with the remainder (S[1-A][1-R]?) transmitted to space. Reflections and trans-
missions are continued indefinitely subject to the two primary assumptions: 1. cloud

reflection is isotropic — the same fraction (R) of broadband shortwave radiation incident
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on the cloud layer is reflected independent of the direction (upwelling/downwelling) and
how many previous interactions with the surface and cloud occur and 2. all of the atmo-
spheric absorption occurs above cloud top which is apt for describing SW absorption by
ozone in the stratosphere.

In the above model, loss of radiative energy from the climate system due to surface
albedo is a three step process: 1. insolation must be transmitted to the surface then
2. reflected by the surface and finally 3. transmitted from the surface to the TOA. In
symbolic terms, upwelling SW radiation at the TOA that results from reflection off the
surface is equal to the insolation (S) times the downwelling transmissivity ([1 — A] [1 — R])
times the upwelling transmissivity (1-R). Higher order reflections where the SW radiation
reflected at the surface is reflected back to the surface off clouds and thereafter will
contribute additional upwelling SW fluxes at the TOA with each subsequent reflection
equal to the value of the previous order contribution times aR. These terms form an

infinite geometric series that converges to :

(1-A4)(1-R)
l—aR
SWT'I?OrA,suT‘f

where SW1r04,atmos and SWT7r04 surr indicates the upwelling radiation at the TOA that

(2)

SW TTOA: SR(l — A) +Sa
N’

N

SWTTOA,atmos

was derived from atmospheric and surface reflection respectively. Thus, if the values
of R and A along with o and S are known, the contribution of the surface to the SW
flux at the TOA can be calculated. In our case, we know the upwelling and downwelling
radiative fluxes at the TOA and surface (4 variables) and we have four unknowns (A R,S,«)

resulting in a determined set of equations. Thus, the climatological radiative fluxes allow
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the calculation of the single pass A and R for each climate model. We can then calculate
the expected change of SW Tro4 as a changes with all is being equal by taking the partial

derivative is Eq. 2 with respect to a.

OSW froa _ ((1=A) (1= R)’ (1+ fia ) (3)

Oa 1—aR 1 — Ra

Eq. 3 is an alternative calculation of RS that relies only on climatological data and can be
compared with the RS calculated from offline radiative kernel techniques. In this frame-
work, RS consists of two terms. The first term equals the climatological SW 17104 surf
times the fractional o change and is the product of the climatological downwelling and
upwelling atmospheric tranmissivity modified by a factor to account for multiple reflec-
tions by the climatological ce. The second term includes the impact of the modified a on
secondary and thereafter reflections and tends to be substantially smaller than the fist
term except over regions that are both ice covered and cloudy.

The lower panels of Fig. 1 show the RS in the Arctic summer calculated from Eq. 3
applied to the climatological fields in the same simulations used to calculate the radiative
kernels. The RS calculated from the isotropic model and radiative kernels are in excellent
agreement; the spatial correlation within each model has an R? that exceeds 95% in all but
NCAR CAMS3 and the inter-model differences in domain average and regional patterns of
RS are nearly identical in the isotropic model and radiative kernel estimates of RS (c.f.
the adjacent upper and lower panels of Fig. 1 with R? listed in the middle). Similarly,
in the SO the isotropic model captures the spatial pattern and inter-model spread of RS

very well (Fig. 2). Overall, these results suggest that the isotropic model captures the

DRAFT October 8, 2018, 5:17pm DRAFT



184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

DONOHOE ET AL.: SURFACE ALBEDO FEEDBACK X-11

essential SW radiative processes that determine the RS of surface albedo changes and
that the inter-model spread in RS is determined by the climatological cloud reflectivity
which is adequately calculated from the climatological TOA and surface fluxes according
to Eq. 2. The isotropic model tends to bias the RS high relative to the radiative kernel
(c.f. the domain average values listed in the upper right of the map in the upper and lower
panels of Figs. 1 and 2) and we speculate this results from the simplifying assumption
that atmospheric absorption only occurs during the first pass as this allows more of the
radiation reflected off the surface to be transmitted to space than would occur if the atmo-
sphere absorbed upwelling solar radiation. Alternative formulations of similar isotropic
models [Donohoe and Battisti, 2011] assume the atmospheric absorption occurs in the
same layer as the cloud reflection and occurs on all passes through the atmosphere to
account for shortwave absorption by water vapor that occurs throughout the troposphere
Donohoe and Battisti [2013]. This model better matches the RS calculated by radiative
kernels in the tropics and mid-latitudes but substantially underestimates the radiative
kernel derived RS in the high-latitudes (not shown). We speculate that in the dry Arctic,
the atmospheric absorption is primarily by stratospheric ozone whereas in the lower lati-
tudes water vapor also contributes. For this reason, we choose to assume the absorption
occurs only on the downward pass and return to possible impacts and improvements of

this method in the discussion section.
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3. Observational estimate of radiative sensitivity to surface albedo changes

and comparison to coupled models

Given the excellent correspondence between RS calculated from radiative kernels and
the isotropic model (Figs 1 and 2), we can use the isotropic model to calculate RS from
observational estimates of radiative fluxes at the TOA and surface and from the same
fields that are commonly exported from standardized [Taylor et al., 2012] climate model
simulations. This procedure allows RS to be determined across a broad range of models
and to compared with the observational estimates to assess model biases in how sensitivity
the radiative budget of the climate system is to ice loss.

Observational estimates of climatological radiative fluxes are taken from the CERES
EBAF surface product version 4.0 [Loeb et al., 2018; Kato et al., 2018] that covers the time
period March of 2000 to March 2018. For purposes of comparison with the observations,
we use calculate RS in climate models using the isotropic model applied to climatological
radiative fluxes from the last decade (1995-2005) of historical CMIP5 [Taylor et al., 2012]
climate simulations forced by observed greenhouse gases. Most of the radiative kernel cal-
culation discussed in Section 2 were initialized from “modern day” but the exact definition
differs between models in part due to the different time the calculations were performed.

The observational estimate of RS averaged over the Arctic during summer is 1.79 W
m~2 %! over the whole domain and 0.86 W m~2 %~! averaged over the ocean only (Fig.
4). The observational RS is very similar to the historical model ensemble mean (1.72 and
0.87 W m~2 %~ over the entire Arctic domain and ocean only respectively). The models
and observations generally agree on the spatial pattern of RS over the Arctic with high

values over the Greenland ice sheet where the reduced mass of the atmosphere above the
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topography is associated with enhanced atmospheric SW tranmissivity, lower RS values
over the Norwegian Sea and more spatially uniform RS values over the Central Arctic.
However, the magnitude of RS differs substantially across models with domain average
RS differing by almost a factor of two between the models with the smallest and largest
RS.

Similarly, in the SO the observational estimate of summertime (NDJF) RS is similar
but slightly lower (domain average excluding the Antarctic continent of 1.56 W m=2 %~!)
than the ensemble mean (1.71 W m~2 %~!). All models and observations agree that the
RS has a mostly annular structure with smaller values in the storm track region and larger
values adjacent to the Antarctic continent over the sea ice. However, the models differ
substantially (order factor 2) on the magnitude of RS in the storm track region and on
the location and lateral extent of the high RS region adjacent to the continent. Some
models (i.e. CSIRO MKS5) also have zonal asymmetries in RS that are best characterized
as a zonal wavenumber 1 pattern. The domain average RS values differ by less than the
factor of 2 differences seen in the Arctic, but the local RS difference between models —
especially in the storm track region — are of order a factor of 2. These results collectively
suggest that while the CMIP5 ensemble average RS of high latitude ice loss is very near
that implied from observational constraints, models diverge substantially on the radiative
impact of ice loss due to their climatological atmospheric optical properties (i.e. clouds).
We now analyze how these inter-model differences in RS impact the magnitude of the IAF
and consider how much the IAF amplifies global warming in the observed climate system

and in models
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4. Observational estimate of ice albedo feedback and comparison to coupled

models

The ice albedo feedback (IAF) is the product of the RS — the TOA radiative impact to
surface albedo changes — and the ice sensitivity (IS) — the surface albedo change due to ice
loss per unit of global warming (Eq. 1). Thus, the RS calculated from the climatological
radiative fluxes and the isotropic model in the previous sections along with estimates of
IS from the observational record provide and observational estimate of the IAF that can
be compared the to the IAF calculated using the same methodology applied to climate
model simulations of historical and long term forcing. Furthermore, we can explicitly ask
if the model spread (and potential bias relative to observations) in IAF is due to RS or
IS differences.

The observational estimate of IS is calculated from the changes in decadal average sea ice
concentration between 1979 and present day (2007-2016 average minus 1979-1988 average
—Fig. 6). This time period is chosen to coincide with the coverage of the Nimbus 7 satellite
that provides the passive microwave brightness used to calculate sea ice concentration by
the National Snow and Ice Data Center [Cavalieri et al., 1996]. Monthly maps of the
decadal average change in sea ice concentration are multiplied by an assumed surface
albedo contrast between the open ocean and sea ice (A«) of 0.54 -assuming a typical ice
a of 0.6 [Hummel and Reck, 1979] and an ocean albedo of 0.06 [Hansen et al., 2013] and
then normalized by a global surface temperature change of 0.7K over this time period
[Hansen et al., 1999; Morice et al., 2012]. The monthly IS is then multiplied by the
monthly RS derived from CERES data then time averaged to produce a map of radiative

impact of sea ice changes. We have shown the raw (not normalized by global temperature
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change) radiative impact averaged over the summer months (MJJAS) in Fig.6 which has
an Arctic domain average of 3.4 W m~2. To convert this number to a global and annual
mean radiative impact, one must dilute this number by the ratio of summer months to the
year (%) and the spatial area of the Arctic (poleward of 60°N) divided by that of the globe
(.065) resulting in a global radiative impact of 0.091 W m~2. This translates to a global
radiative feedback of 0.13 W m~2 K~! given the observed global surface temperature
change over the same period. We do not estimate the surface albedo feedback in the
SO because the change in SO sea ice concentration over the observational period is not
statistically significant above the year-to-year variability [Jones et al., 2016].

We now compare the observational Arctic IAF derived above with that derived by
the same procedure in historical CMIP5 simulations. The RS for each climate model
that was calculated in the previous section (from the climatology at end of the historical
simulation — 1995 to 2005) is multiplied by the decadal average surface albedo change over
the historical simulation (1995 to 2005 minus 1975 to 1985). The RS and surface albedo
changes are calculated for each month. For simplicity, we will only discuss the annual
mean of the calculations projected onto the global impact normalized by the global mean
surface temperature change over the same time period. The ensemble average Arctic IAF
in the historical simulations is .14 W m~2 K~! with a spread (2 standard deviations, o)
of 0.18 W m~2 K~ (black histogram in upper left panel of Fig. 7). The ensemble mean
is very close to the observational estimate (c.f the solid and dashed vertical black lines in

Fig. 7) but the large inter-model spread indicates that the models differ in either their
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RS or IS and we now ask how much RS and IS contribute to the inter-model differences
in Arctic TAF.

To answer how much the IS contributes to the IAF spread, we repeat the calculation of
IAF as the time and spatial average of the product of RS and IS but, instead of using the
model specific RS, we replace the RS in all models by the observational based RS. The
resultant distribution of IAF (blue histogram in Fig. 7) shows the IAF spread that would
result if all models had the observed RS and indicates the role of inter-model spread of IS
(and potentially the bias) in determining the IAF. We see that the mean of distribution
is nearly equal to that of the full IAF calculation (c.f. the blue and black vertical lines)
indicating that the ensemble average IS is very similar to that observed. Furthermore,
the spread in the fixed RS distribution is only slightly smaller than that of the full IAF
calculation (20 = 0.16 W m~2 K~!) indicating that the majority of the inter-model spread
in TAF calculated from the historical simulation is a result of the IS differences between
models.

Similarly, we can assess the impact of inter-model RS differences (and biases) on the
calculated TAF by replacing the model specific IS with that derived from the observations
(red histogram in Fig.7). The ensemble average IAF of the fixed IS distribution is nearly
identical to that of the full IAF calculation (c.f. the red and black vertical lines in Fig.
7) indicating that the ensemble average RS is similar to that calculated from the CERES
data. The inter-model spread in IAF in the fixed IS experiment (20 = 0.05 W m™2

K™1) is smaller than that of the full calculation and fixed RS experiment indicating that
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inter-model differences in RS play a smaller but not insignificant role in the TAF spread
calculated over the historical simulations.

The above partitioning of IAF into differences in RS and IS take into account the
spatial and temporal co-variances of ice loss and RS by weighting the ice loss to the RS
at that location and time. Similar results for the impact of IS and RS on the total spread
in calculated TAF are obtained by simply noting the fractional spread (relative to the
ensemble mean) of summertime Arctic domain average RS and IS between models. The
ratio of 20 to the ensemble mean value of RS is 40% whereas that of IS is 107% roughly
scaling with the fractional contribution to IAF spread calculated above.

The sea ice retreat over the historical record represents the superposition of the response
to climate forcing and natural variability and, thus, the inter-model spread in IS calcu-
lated over the 30 years of historical simulations is expected to exceed that in response to
long-term forcing. Studies suggest that 60% of the observed Arctic sea loss since 1979
is a result of the natural variability of atmospheric circulation [Ding et al., 2017] and
that trends in sea ice differ by as much as 50% at the multi-decadal timescale in model
ensembles due to natural variability [Kay et al., 2011]. For these reason, we also look
at the contribution of RS and IS to the inter-model spread in the IAF in response to
an abrupt and sustained quadrupling of atmospheric CO,. The ensemble average Arctic
IAF calculated from the 4XCO, simulations is 0.13 £ 0.10 W m~2 K~! (uncertainty is
20) and is in close agreement with the observational estimate (0.13 W m~—2 K~') and the
ensemble average of the historical simulation (0.14 W m~2 K~!). When the model specific

RS is replaced by the observational estimate of RS the resultant Arctic IAF is 0.13 4+ 0.08
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W m~2 K~! and when the model specific IS is replaced by the observational estimate
of IS the resultant TAF is 0.13 & 0.04 W m~2 K~! (lower left panel of Fig. 7). These
results suggest that, in the long-term response to sustained anthropogenic forcing: 1.) the
CMIP5 ensemble average RS (spatially and temporally weighted by the relevant regions
of ice loss) is very near the observational estimate, 2.) the CMIP5 ensemble average IS
(spatially and temporally weighted by structure of RS) is very near the observational es-
timate and 3.) inter-model differences in IS contribute twice as much to the inter-model
spread in IAF (63% of the ensemble average value) than do inter-model differences is RS
(30% of the ensemble average value). We note that, the inter-model spread in IS and RS
are significantly (R=0.54) correlated and we return to the implication of this result in the
discussion section.

We repeat the analysis of the simulated IAF under 4XCOs in the SO (poleward of 55°S)
and find an ensemble average TAF of 0.06 + 0.11 W m~2 K~! (lower right panel of Fig.
7). When the model specific RS is replaced by the observational estimate of RS, the
calculated SO TAF is 0.05 & 0.09 W m~2 K~! suggesting the the ensemble average RS
is slightly larger than that estimated from the observations which is consistent with Fig.
5. Because we have no observational estimate of SO IS, we probe the sensitivity of SO
IAF to RS by replacing the model specific IS with the ensemble average IS resulting in
a calculated TAF of 0.06 &= 0.03 W m~2 K~!. This result suggest that while inter-model
differences in RS alone result in inter-model differencesw in SO IAF that are of magnitude
50% of the ensemble mean estimate, this contribution is dwarfed by the impact of inter-

model differences in IS which result in the inter-model differences in SO TAF exceeding
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the central estimate by almost a factor of 2 (180%). This result is consistent with the
large inter-model differences in SO ice response to global warming reported by Shu et al.

[2015]; Polvani and Smith [2013].

5. Summary and discussion

We have shown that the radiative impact of surface albedo changes (RS) that is calcu-
lated from offline radiative transfer models (radiative kernels) can be very nearly replicated
from calculations with a simplified single layer isotropic SW radiation model applied to
the climatological radiative fluxes at the TOA and surface and a . This procedure allows
the TAF to be calculated from observational based data sets and standard monthly mean
climate model output allowing a comparison of observational and model estimates of IAF
as well as a decomposition of the model bias and inter-model spread into contribution
from RS and ice sensitivity (IS). The RS in climate models is, on average, very near the
observational estimate in the Arctic and only slightly larger than the observational esti-
mate in the SO. However, the inter-model spread in RS (Figs. 4 and 5) is substantial
in the absolute sense and results in inter-model differences that are 30% and 50% the
magnitude of the ensemble mean TAF in the Arctic and SO respectively.

Our results indicate that inter-model differences in IS contribute more to the inter-model
spread in IAF than does RS. However, IS is not independent of RS in the statistical sense
(R = 0.54) as one would expect on physical grounds whereby models that have a larger
radiative response to sea ice loss will tend to have larger sea ice loss due to a stronger
positive feedback between some initial ice loss and radiative energy gain in the climate

system. In this the sense, the contribution of RS to inter-model differences of 0.04 and
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0.03 W m—2 K1) in the Arctic and SO respectively can be thought of as a lower bound
on the contribution of mean state radiative biases to the IAF. We hope to explore the
impact of mean state radiative biases (RS) on IS and the persistence of sea ice loss events
in future work.

We calculate an observational based Arctic surface albedo feedback of .13 W m=2 K~!
from the product of the historical trend sea ice trend from 1979 to present day and the
CERES derived radiative sensitivity (RS). This result is substantially smaller than the
value of 0.31 + 0.04 W m~2 K~! calculated by Pistone et al. [2014] from the covariance
of sea ice concentration and TOA radiation measured by CERES extrapolated to the sea
ice loss over nearly the same time period (1979-present day) analyzed in this work. We
speculate that some of the TOA radiative variability that coincides with ice loss events in
Pistone et al. [2014] is not directly a consequence of (i.e. geographically co-located with
and/or a radiative consequence) of surface albedo changes but, rather, is a consequence
of atmospheric optical properties (i.e. clouds, water vapor, etc) that co-vary with Arctic
sea ice concentration. A central question moving forward is whether the atmospheric
changes (and the associated radiative anomalies) accompanying Arctic sea ice loss over
the limited historical period result from natural variability of atmospheric circulation
initiated by tropical and mid-latitude processes or are a direct result of sea ice loss and,
thus, should be expected also apply to future climatological changes. We emphasize that
our observational estimate of the IAF is physically confined to the regions of ice changes
and is well validated by comparison to radiative kernels such that the primary uncertainty

in our calculation rests on how accurately the IS over the historic record represents the
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expected frelationship between future changes in Arctic ice concentration and global mean
temperature.

Pistone et al. [2014] suggest that the TAF alone results in a 25% enhancement of global
warming via radiative feedbacks a value they derive from the ratio of their calculated
radiative impact of historic ice loss divided by the anthropogenic climate forcing to date.
We offer two modifications to their calculation: 1. a significantly lower estimate of the
radiative impact of Arctic sea ice loss outlined above and 2. consideration of how the
implied feedback relates to equilibrium climate sensitivity, noting that climate system
is not currently in equilibrium with the anthropogenic forcing to date. For the latter
reason, the feedback gain of the Arctic IAF should be calculated by comparing the IAF
to the equilibrium radiative feedback of all other radiative processes as opposed to the
ratio of the transient radiative impact of ice loss to date to the applied forcing. Given
observational central estimates of the total equilibrium feedback parameter of -1.19 W
m~2 K~! [Armour, 2017] and our observational estimate of the Arctic IAF (Ajap = +0.13
W m~2 K~!) the implied feedback parameter of all processes excluding the TAF ()\g) is
-1.32 W m~2 K~1. The fractional amplification of global mean temperature changes — the
feedback gain, Grap— due to the IAF is then [Roe, 2009]:

1
Grap = ——— = 1.11. (4)

)
14 ~far
Thus, our analysis suggest that the Arctic IAF amplifies global warming by 11% at the
equilibrium timescale and is a more modest amplifier of global warming than the 25%

suggested by Pistone et al. [2014].
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Figure 1: Schematic of the single layer isotropic model.

October 8, 2018, 5:17pm DRAFT

DRAFT



X-29

"JYSLI 97} 0) UMOYs dIe [dpout o1doIj0ST 91} pue BIRp 2[[e1es JVHH SHYHD WOIJ SoJRIII)Se [RUOIIRAIIS()
‘eued yoes jo 931 1oddn oY) UT UMOYS oI sonjes paSeloar UIRWOP OII0IY OY) pue d[pprul oY) ul paplaoid ale [opour dures oY) Ul SpIYlow dIdOIJOST
[PUISY oY) UooMI9( JUSIOIJO0D UOIjR[ol100 [erjeds oy ], ‘S[epow owes oy} Ul (s[eued Iomo[) [opow uorjeipel o1doIjosl PazI[espl oY) JUIST SP[AY OAlRIPRI
eo13ofoyewI[d oY) WOIJ pojewr)se pue (sfeued loddn) S[EUISY SAIRIPRI WIOIJ PIJe[NO[RD ORqPed] Opaqre a#dejns (YLLJN) SWIHISWWNS JIdIy g oINS

DRAFT

DONOHOE ET AL.: SURFACE ALBEDO FEEDBACK

n

(@)

~—

G'¢ 0€ G2 02 GL 0L G0 O O
HE " TIhE O
(%1 / W M) Yoegpas- opaq|y 8oepns (@)
3

(@)

o

@

P

0]

-

-0

> ()

= L

xu > : 1871 P 9l¢C )
_ia [I8YS uaiey| uasilne\ pue o0|g yjws sy sselbiapuad albuy
oldosos -
iconos! SFHIJ €INVI 4VON 9INVHO3 ¢INIOAVH GINVO ¥VON

ajew}s3 [euoleAIdSqO

5:17pm

3

October 8, 2018

DRAFT



DONOHOE ET AL.: SURFACE ALBEDO FEEDBACK

X -30

Kernel

|sotropic model

HADGEM2 |NCAR CESM | ECHAMG6 NCAR CAM3
Chris Smith Angie Pendergrass | Block and Mauritsen Karen Shell
1.75 1.74 1.45 ‘ 1.29
oy
If
. V

Observational Estimate
-- CERES isotropic

1.55

Surface Albedo Feedback (W m2/1%)

0 05 10 15 20 25

Figure 3: As in Fig. but for the Southern Ocean. Domain averaged surface albedo feedbacks exclude the Antarctic continent.
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Figure 5: As in Fig. 3 but for the Southern Ocean. Domain averaged surface albedo feedbacks exclude the Antarctic continent.
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Figure 7: Estimates of surface albedo feedback spread from climate models and observations using the radiative sensitivity
(RS) from the isotropic model applied to the climatology and and the change in surface albedo under external forcing
normalized by the global mean temperature change. (Upper left) Sea ice changes over the historical (2007 to 2016 minus
1979 to 1988 averages). The black bars show the distribution using the model specific radiative sensitivity and ice changes,
the blue bars show the distribution using the model specific sea ice changes and observational RS and the red shows the
distribution using the observational sea ice change and model specific radiative sensitivity. Solid vertical lines show the
model mean of each distribution and the black dashed line shows the observational estimate. (Lower Left) As in the above
panel except using the modeled changes in the 4XCO2 simulations. (Lower Right) Distribution of surface albedo feedback
in the Southern Ocean diagnosed from 4XCO2 normalized sea ice changes. Because the observational estimate of sea
ice changes over the historical simulation is not statistically significant, the red distribution is calculated from the model
specific radiative sensitivity and the model mean normalized sea ice change.
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