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Abstract

Radiative E�ects of Arctic Clouds in Observations andModels

by Anne Sledd

Decreasing sea ice and snow cover are reducing the surface albedo and changing the Arctic

surface energy balance. How these surface albedo changes in�uence the top of atmosphere

albedo and energy balance is a more complex question, though, that depends critically on

the modulating e�ects of the intervening atmosphere and clouds. This thesis investigates

the radiative impacts of clouds in the Arctic, particularly on shortwave �uxes, in obser-

vations and models. First, satellite observations are used to quantify the contribution of

clouds to the planetary albedo and benchmark reanalyses. We �nd that the atmosphere

accounts for the majority (>60%) of the planetary albedo throughout the sunlight months,

and clouds further reduce the variability of the planetary albedo that is otherwise observed

in the surface albedo. Next we investigate the impact of clouds on absorbed shortwave ra-

diation in the Arctic. In the last two decades, trends in absorbed shortwave are statistically

signi�cant if calculatedwith clear-sky �uxes, but clouds reduce themagnitude of shortwave

trends and increase the time needed to discern a statistically signi�cant trend beyond the

length of the current record. In the latest generation of climate models, this delaying e�ect

of clouds is often underestimated, if it is present at all. Predicted changes over the 21st cen-

tury of cloud cover and planetary albedo help explain these model discrepancies. Finally,

we quantify how clouds can impact the ocean surface energy budget under di�erent CO2

forcings using a state of the art global climatemodel. Clouds have a limited impact on upper
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ocean temperatures in the pre-industrial environment, but the connection between clouds

and SSTs strengthens with higher CO2 concentrations. Cloud cover is negatively related to

fall SST in the Arctic, but the seasonal cycles of sea ice and radiative �uxes determine how

e�ectively clouds can in�uence SSTs.
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This work is dedicated to myself: my younger self who thought

science was boring, my current self who has been doing the work,

and my future self who will hopefully put this to good use.
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Chapter 1

Introduction

The Arctic is one of the most rapidly changing regions on Earth. Sea ice loss has negative

trends for all months over the beginning of the satellite era (Onarheim et al., 2018) with

many regions transitioning from perennial to seasonal ice cover in recent years (Comiso,

2002). The remaining sea ice is younger and thinner (Lindsay and Schweiger, 2015, Stroeve

et al., 2012) as its decline accelerates (Comiso et al., 2008). On land, snow cover is also

declining, with longer melt seasons (Wang et al., 2018) and a "greener" Arctic (Myers-Smith

et al., 2020, Zhu et al., 2016). These surface cover changes coincide with increasing surface

temperatures, almost 2oC over the last century (Box et al., 2019), that are 2-3 times greater

than the global average, a phenomenon known as Arctic Ampli�cation (AA) (Serreze et al.,

2009). AA is driven by various feedback mechanisms that manifest themselves through

changes in the Arctic energy budget (Serreze and Barry, 2011). The observed changes in

surface cover impact the surface-atmosphere heat and moisture exchanges (Serreze and
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Barry, 2011) and have created a fundamentally di�erent environment, termed the �New

Arctic� (Carmack et al., 2015).

We can understand the evolving new Arctic by studying the energy budget, the balance

of energy entering and leaving the Arctic system. At the top of the atmosphere (TOA),

the energy balance is determined solely by the exchange of incoming shortwave (SW) and

outgoing longwave (LW) radiative �uxes. The amount of SW radiation that is absorbed

versus re�ected is, in turn, determined by the planetary, or TOA, albedo. At the surface,

latent and sensible heat �uxes also play a role, o�setting some of the excess SW absorption

in summer and fall when sea ice extent is reduced. While the surface and TOA are linked,

only excess energy at the surface can melt sea ice and snow or heat the ocean. Decreases in

sea ice extent and snow cover have, in turn, been linked to decreases in surface and TOA

albedos over Arctic waters in observations (Gorodetskaya et al., 2006, Pistone et al., 2014,

Riihelä et al., 2013). Sea ice has a much higher albedo than open ocean, so when sea ice

melts the ocean absorbs more SW radiation. More SW radiation at the surface warms the

ocean and further melts additional sea ice (Curry et al., 1995) both by increasing maximum

sea surface temperatures (Steele et al., 2008) and heat release in fall and winter that delays

sea ice growth (Tietsche et al., 2011), creating the ice-albedo feedback central to AA (Screen

and Simmonds, 2010).

Yet while sea ice and snow play critical roles in the Arctic energy balance, their in�uence is

strongly modulated by the atmosphere and, in particular, cloud cover (Sedlar et al., 2011).

Clouds a�ect both LW and SW radiation throughout the atmospheric column. They can
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decrease the SW radiation that reaches the surface as well as increase the downwelling LW

radiation. Thus, clouds modulate surface melting, warming the surface by trapping ther-

mal radiation or cooling it by re�ecting solar radiation (Intrieri et al., 2002, Perovich, 2018).

The Arctic has high cloud cover throughout the year, typically greater than 65% Comiso and

Hall (2014), and the impact of clouds on SW is particularly large during summer when the

sun shines continuously above the Arctic Circle, and clouds further reduce the strength of

the ice-albedo feedback (Hwang et al., 2018, Soden et al., 2008).

However, while our knowledge of Arctic cloud properties has improved over the past decades

with increased satellite observations (Kay et al., 2016), the precise magnitude of the modu-

lating in�uence of clouds is still unresolved. Because clouds strongly in�uence the plane-

tary albedo and, therefore, how much SW radiation reaches the surface, the future of clouds

is critical to the future of the Arctic climate (Kay et al., 2016). Observational studies have

found some evidence that increased cloud cover may o�set decreases in surface albedo in

the Arctic (Katlein et al., 2017, Kato et al., 2006), although trends in cloud cover are small

and both regionally and seasonally dependent (Kay and Gettelman, 2009, Letterly et al.,

2018, Wang et al., 2012). These studies have also relied on satellites with passive sensors

that struggle to identify cold bright clouds over cold bright surfaces in the Arctic. While

data from active sensors, e.g. radar and lidar aboard CloudSat and CALIPSO, have greatly

improved our understanding of cloud processes in the Arctic (Kay and L'Ecuyer, 2013, Mor-

rison et al., 2018) they have only been in orbit since 2006 and su�er from limited nadir

sampling.
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An abundance of data would be ideal to study these problems, but data are more di�cult to

gather in the Arctic than at lower latitudes. Due to harsh environmental conditions, con-

tinuous ground observations are relatively sparse. While �eld campaigns provide invalu-

able ground truth they are limited in time and space. Satellites have improved spatial and

temporal coverage. Unfortunately, satellite observations do not all cover the same time pe-

riods or all variables that are desired. As such, reanalyses are commonly used in studying

the Arctic to �ll in the gaps of observations, but their accuracy is often questioned given

the lack of independent observations to validate them, (e.g. Huang et al., 2017, Lindsay

et al., 2014, Tjernström et al., 2008). In addition, global climate models (GCMs), allow the

bulk e�ects of various forcing and feedback mechanisms to be analyzed with a plethora of

prognostic and diagnostic variables that span for far longer time periods than observations.

However, studying the future of polar climate using GCMs presents its own challenges due

to ongoing di�culties accurately representing modern day cloud processes and feedbacks

(Dolinar et al., 2015, Li et al., 2013). Each model contains its own biases that in�uence

what conclusions can be drawn from it (Bintanja and Krikken, 2016). Di�erences in cloud

parameterizations have thus led to biases, relative to satellite and ground observations, in

the SW energy budget in GCMs (Gorodetskaya et al., 2006). While progress has been made

studying cloud feedbacks in the Arctic (e.g. Morrison et al., 2019), the challenge of realisti-

cally representing clouds persists across generations of GCMs (Vignesh et al., 2020), casting

uncertainty on projected rates of AA and accompanying Arctic sea ice loss. As with all data

sources, one must be aware of their limitations to draw accurate conclusions.
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In this work we unpack the e�ects of clouds on radiative �uxes in the Arctic, largely fo-

cusing on re�ected and absorbed SW radiation. In Chapter 2 we quantify the surface and

atmospheric contributions to the TOA albedo and compare values over di�erent surface

types based on snow and sea ice cover. The masking e�ect of clouds as seen from the TOA

is compared across surface types, and further used to explain why the TOA albedo behaves

di�erently than the surface albedo. These values are calculated with broadband �uxes from

satellite observations, and the results are used to evaluate several reanalyses. In Chapter 3

we examine how clouds impact trends of absorbed SW radiation in observations and phase

six of the Climate Model Intercomparison Project (CMIP6). A statistical framework is em-

ployed to determine how many years of observations are needed to determine a trend is

statistical signi�cant, given the interannual variability. An additional section dives into

the regional impacts of clouds on SW absorption in observations, using the same statistical

framework. Chapter 4 connects the two earlier chapters. The albedo partitioning scheme is

applied to GCMs and compared to observations. Their representations of albedos and cloud

masking are then related to the emergence of SW absorption trends. Finally, in Chapter 5

we turn to the implications of cloud masking on ocean warming. We investigate if clouds

can in�uence sea surface temperatures in the Arctic Ocean using a state of the art climate

model. We end by discussing the broader implications of this work and future directions

in Chapter 6.
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Chapter 2

How Much Do Clouds Mask the

Impacts of Arctic Sea Ice and Snow

Cover Variations? Di�erent

Perspectives from Observations and

Reanalyses*

*This is a lightly modi�ed version of: Sledd, Anne, and Tristan L'Ecuyer. "How much do clouds mask the
impacts of Arctic sea ice and snow cover variations? Di�erent perspectives from observations and reanalyses."
Atmosphere10.1 (2019): 12.
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2.1 Preface

This chapter quanti�es how clouds modulate the TOA albedo and sea ice loss using satellite

observations and compares the results with reanalyses. The TOA albedo is determined by

both the surface and the atmosphere, the latter being heavily in�uenced by clouds (Stephens

et al., 2015). Past studies have partitioned the TOA albedo into surface and atmospheric

components both globally and at high latitudes (Donohoe and Battisti, 2011, Qu and Hall,

2005). Observations reveal that the atmosphere dominates the TOA albedo across the Earth,

even in the Arctic where the surface albedo is quite high. Although the surface does not

make the largest contribution to the TOA albedo, it is responsible for the majority ofvari-

ability in the Arctic TOA albedo. From Qu and Hall (2005), more than 50% of TOA albedo

interannual variability is due to the changes in the surface albedo. Since the atmospheric

contribution is dominated by clouds, the albedo partitioning scheme from Donohoe and

Battisti (2011), discussed next, can be further used to quantify the e�ects of clouds on TOA

albedo response to changing surface cover in the Arctic and evaluate their representation

in reanalyses.

This chapter seeks to answer two fundamental questions: How do clouds modulate the im-

pact of surface cover changes on the TOA albedo? And how well are these e�ects captured

in modern reanalyses that are often used in polar climate studies? We partition the surface

based on sea ice and snow cover to show the e�ects of surface cover on the energy balance

over a time period with large surface cover variability. The surface partitioning is further

applied to the TOA albedo and its contributions to show their sensitivities to changes in
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surface cover. We use new metrics to quantify the e�ects of clouds on the TOA albedo by

comparing the all-sky and clear-sky TOA albedo contributions. These metrics are further

used to evaluate �ve modern reanalyses in their representations of clouds and surface cover

feedbacks in the Arctic.

2.2 Methods

2.2.1 Datasets

This study utilizes the Arctic Observations and Reanalysis Integrated System (ArORIS), a

collection of satellite, in situ and reanalysis datasets focused on the Arctic and created to

support Arctic climate research (Christensen et al., 2016). All data in ArORIS is re-gridded

to a uniform 2.52.5rid and averaged to monthly timescales. We use radiative �uxes from

the Clouds and Earth's Radiant Energy System Energy Balance and Filled (CERES-EBAF)

version 2.8 on board the Terra and Aqua NASA satellites. TOA �uxes in the CERES-EBAF

dataset are adjusted within their ranges of uncertainty to be consistent with global ocean

heat uptake from in situ ocean observations (Kato et al., 2013). Errors in gridded down-

welling SW �uxes at the TOA are 0.5 Wm*2 and 5 Wm*2 in outgoing all-sky SW irradiance

for January�June 2002 and 4 Wm*2 thereafter (CERES, 2014, L'Ecuyer et al., 2015). Out-

going clear-sky SW irradiance has an estimated error of 2.6 Wm*2 . At the surface, uncer-

tainties are 11 Wm*2 in both downwelling and re�ected SW �uxes (CERES, 2020). Total

cloud fraction is derived from the CloudSat 2B-GEOPROF-LIDAR product that utilizes a
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Figure 2.1: a) Monthly average snow cover area (blue) and sea ice area (red) for 2002-
2012 calculated from NSIDC SIC and SCF for the Arctic de�ned in Chapter 2. (b) June

snow cover area (blue) and September sea ice area (red).

combination of Cloud Pro�ling Radar (CPR) and Cloud-Aerosol Lidar with Orthogonal Po-

larization (CALIOP) observations. These active sensors are able to detect clouds over bright

surfaces and surface inversions that are common in the Arctic (Tanelli et al., 2008, Winker

et al., 2009). CloudSat/CALIPSO data are only available for 2007-2010 over 82-82. For this

work we use the years 2002-2012, corresponding to the period for which CERES was avail-

able in ArORIS. This period spans a time of high sea ice variability when the September

minimum sea ice extent has ranged from 3.4 to 6.0 million km2. Figure 2.1 shows the vari-

ability of monthly sea ice and snow cover areas as well as the decline of June snow cover

area and September sea ice area over 2002-2012.
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Surface ice and snow cover variables derive from the National Snow and Ice Data Center

(NSIDC) Equal-Area Scalable Earth grid (EASE) weekly product. A long-term record of sea

ice concentration (SIC) dating back to 1978 is estimated using brightness temperature from

the Nimbus-7 Scanning Multichannel Microwave Radiometer (SMMR), the Defense Mete-

orological Satellite Program (DMSP) -F8, -F11 and -F13 Special Sensor Microwave/Imagers

(SSM/Is), and the DMSP-F17 Special Sensor Microwave Imager/Sounder (SSMIS). The EASE

weekly product also summarizes snow cover over land. Snow cover fraction (SCF) is cre-

ated when grid cells �agged as snow covered (de�ned asg 50% snow cover of the original

25 km grid cell) are interpolated from the EASE grid to larger grid cells. In Chapter 3 we

use SIC to calculate sea ice area (SIA) by multiplying the SIC in each grid box by its area

and summing over the Arctic, de�ned as the area north of the Arctic circle (66.5).

2.2.1.1 Reanalyses

Relationships between albedos, clouds and surface cover derived from the above obser-

vations are compared to �ve reanalyses: European Centre for Medium-Range Weather

Forecasting (ECMWF) Interim (ERA-Interim), Modern Era Retrospective-Analysis for Re-

search and Applications 2 (MERRA-2), National Center for Environmental Prediction/Department

of Energy reanalysis 2 (NCEP R2), and the Arctic System Reanalysis versions 1 and 2 (ASRv1

and ASRv2). A summary of the speci�c reanalyses parameters used in this study is given

in Tables 2.1 and 2.2.
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Name
Original

Resolution Clouds

ASR v1, v2
30 km (v1),
15 km (v2)

PWRF single-moment 5-class
microphysics scheme (v1),

PWR 2-moment Morrison scheme (v2)

ERA-Interim 0.75° 0.75
Fully prognostic equations

using 3-class two moment scheme

MERRA-2 1.25 1.25
Prognostic scheme and single-phase

condensate with two species

NCEP R2 1.25 1.25
Diagnostic cloud scheme with

parameterized relative humidity-cloud
cover (empirical) relationship

Table 2.1: Summary of selected reanalyses characteristics.

Name
Sea Ice

Concentration
Sea Ice
Albedo

Snow Cover
Fraction

Snow
Albedo

ASR v1, v2
Prescribed from

SSMI and AMSRE
Annually varying

seasonal cycle

Vary seasonally with
assimilations from

NESDIS observations

ERA-Interim
Assimilated
from various

NCEP datasets

Monthly
climatology

Calculated from snow water
equivalent and snow density

Monthly
climatology

MERRA-2
Prescribed from various

ocean datasets
Seasonal cycle from
SHEBA observations

NASA Catchment
land surface model

MODIS
climatology

NCEP R2 Prescribed from AMP-II NSIDC snow cover fraction
Fixed with latitude
dependent values

Table 2.2: Continued summary of selected reanalyses characteristics.

ERA-Interim is an ECMWF global reanalysis based on ERA-40 (Uppala et al., 2005) that

uses a four-dimensional variable assimilation (4D var) (Dutra et al., 2010). Sea ice albedos

in ERA-Interim are monthly values based on Ebert and Curry (1993) that are interpolated

to the forecast time. Bare sea ice is assumed to represent the summer sea ice values, and

the dry snow albedo is used for winter. Sea ice concentration is assimilated from NCEP

real-time global (RTG) for January 2002�January 2009 and Operational Sea Surface Tem-

perature (SST) and Sea Ice Analysis (OSTIA) for February 2009 to present. In ERA-Interim,

snow cover fraction (SCF) is a function of snow water equivalent (SWE) and snow density,

� :
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SCF= min.1;

SWE

�

0:1
/: (2.1)

Only net clear-sky �uxes are available for ERA-Interim. To calculate the up-welling and

down-welling clear-sky SW �uxes at the surface, surface albedo,� SFC, is calculated from

the all-sky �uxes at the surface,

� SFC =
SW~

SWš
; (2.2)

and is used to solve for the desired �ux components. While this is the suggested method

(Hogan, 2017), it is noted that the results are not precisely what is produced by the model

because of di�erences in direct and di�use shortwave radiation due to the absence of clouds.

As with all reanalyses used here, ERA-Interim does not directly assimilate cloud observa-

tions. It uses prognostic equations for cloud liquid water and ice and cloud fraction from a

three-class two moment scheme Gregory et al. (2000), Tiedtke (1993). Clouds are assumed

to be maximum-random overlapped.

MERRA-2 is the continuation of MERRA (Rienecker et al., 2011), which includes enhance-

ments to the meteorological assimilation, the Goddard Earth Observing System (GEOS)

model, and the representation of ice sheets (Gelaro et al., 2017). In MERRA-2, the sea ice

albedo varies seasonally based on �ux tower observations from the Surface Heat Budget of
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the Arctic Ocean (SHEBA) �eld campaign (Duynkerke and de Roode, 2001). Monthly val-

ues are calculated from SHEBA and interpolated to instantaneous values. Sea ice concen-

tration is prescribed from various ocean datasets (Bosilovich, 2015). Glaciated surfaces (e.g.

Greenland) have dynamic energy and hydrologic properties that allow snow densi�cation,

meltwater runo�, percolation, and refreezing to be represented. The glacial model used

includes updates to the NASA Catchment land surface model for snow cover, which has

a prognostic surface albedo variable. MERRA-2 also includes a prognostic cloud scheme

from Bacmeister et al. (2006) and assumes cloud are maximum-random overlapped.

NCEP R2 is an updated version of NCEP (Kalnay et al., 1996) correcting known errors, in-

cluding sea ice and snow cover representation. These now follow the sea ice speci�cations

of AMP-II (Kanamitsu et al., 2002). Snow cover is interpolated from the NSIDC weekly

EASE-grid product to daily values, and the model is forced to match observations. For per-

manent snow, the albedo is set to 0.75 for latitudes above 70o and 0.6 for lower latitudes with

a snow depth of at least 1 cm. NCEP R2 also updated several parametrizations of physical

processes, including the radiative transfer model. However, NCEP R2 does not have clear-

sky radiative �uxes available, which limits the analysis of radiative cloud e�ects. NCEP R2

uses a diagnostic cloud scheme with a parameterized relative humidity-cloud cover rela-

tionship and assumes random overlap.

Finally, ASR is a high-resolution regional reanalyses for the Arctic using an optimized ver-

sion of the Polar Weather Research and Forecast (PWRF) model with ERA-Interim data
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for initial and lateral boundary conditions (Bromwich et al., 2010, 2018). We compare ver-

sions 1 and 2 in this study. ASR employs the Noah Land Surface Model (LSM) with sev-

eral improvements, including fractional sea ice within each grid cell and speci�ed sea ice

characteristics (e.g. thickness, snow cover over sea ice, albedo). Sea ice fractions are pre-

scribed from daily NSIDC SSMI/I microwave radiometer measurements for the Polar WRF

model. These prescribed values include �rst-order seasonal variations for the Arctic Ocean

that depend on latitude and time of year. A seasonal cycle is used for the sea ice albedo

which varies annually based on melt/freeze dates from satellite observations. Snow cover

and snow albedo are assimilated from the National Environmental Satellite, Data, and In-

formation Service (NESDIS) observations and vary seasonally, again, to represent melting

and freezing. ASRv1 uses the PWRF single-moment �ve-class microphysics scheme, and

ASRv2 uses the PWRF two-moment Morrison scheme. 2D total cloud fraction is not readily

available in either version.

2.2.2 Surface Partitioning

The goal of this work is to quantify the extent to which cloud cover modulates how the TOA

albedo responds to changing sea ice and snow cover. This requires de�nitions of the Arctic

and the areas covered by ice and snow. In this study, the Arctic is de�ned based on the mean

2-m air temperature from the Atmospheric Infrared Sounder (AIRS) on the Aqua satellite

for 2002-2015. 2.52.5rid cells in the NH with an annual mean temperature at or below 0 are

considered part of the Arctic, as shown in Fig. 2.2a. De�ning the Arctic with this method

removes most of the warm waters from the Atlantic Ocean that remain ice free throughout
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the year and behave di�erently than the majority of the Arctic (Morrison et al., 2018). There

are various de�nitions of the Arctic, including area north of the Arctic circle (66.5), other

latitudes at or above 60, the Arctic tree line, or the 10 July isotherm (Serreze and Barry,

2014, Smithson et al., 2013). Our de�nition of the Arctic bears resemblance to the latter

two de�nitions. Using this Arctic de�nition, grid cells considered ocean (de�ned as having

a land fraction less than 0.5) are further divided into three categories based on the SIC: all

sea ice for SIC> 0.85, no sea ice for SICf 0.15, and some sea ice for values between these

limits. The same conditions are used to characterize land grid cells based on SCF. Note that

no further delineation between di�erent types of sea ice or snow covered surfaces is made

here (e.g. snow covered ice or surface melt ponds). While the albedos of these surfaces can

vary signi�cantly, the objective of this study is to document the aggregate impacts of these

surfaces on albedos. The mean annual cycle of these surface partitions over 2002-2012 are

shown in Fig. 2.2b. Sea ice has the expected minimum in September and maximum in

March with at least a small area of open water present throughout the year. Snow cover

leads sea ice by one to two months, reaching a minimum in July and August. The area

covered by some or all snow is fairly constant the rest of the year, and bare land is only

present May-October. This partitioning will be used to isolate the contributions of ice- and

snow-covered surfaces to the TOA albedo, determine the roles clouds play in modulating

these e�ects, and assess how well reanalyses capture these relationships.

To set the stage for determining responses to surface cover variations, Fig. 2.3 decomposes

the annual mean Arctic radiative energy budget from CERES observations into each surface

type for the period 2002-2012. Both diagrams show marked di�erences in surface upwelling
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Figure 2.2: (a) Area in the Northern Hemisphere where 2002-2015 average 2-m air tem-
perature from AIRS is less than or equal to 0. NCEP land fraction is used to de�ne land
(f 0.5) and ocean (>0.5). This de�nition of the Arctic removes oceans north of the Atlantic
that are continually ice free and behave di�erently than the rest of the Arctic. In this def-
inition of the Arctic, 45% of area is ocean and 55% is land. (b) Fractional area of surface
partitions averaged over 2002-2012 from NSIDC. All ice is de�ned as ocean grid cells with
sea ice concentration (SIC)>0.85, no ice refers to grid cells withf 0.15 SIC, and all other
grid cells are considered as having some ice. The same partitions are applied to land grid

cells using snow cover fraction.

SW �uxes between surface types. In the all-sky energy budget (Fig. 2.3b), the di�erence in

upwelling SW over open ocean and over ice covered ocean is 40 Wm*2 , and the di�erence

between bare land and snow covered land is 79 Wm*2 . Similar di�erences are observed in

clear skies (Fig. 2.3a) where the sea ice increases the upwelling SW relative to open water

by 44 Wm*2 while snow cover increases upwelling SW by 74 Wm*2 relative to bare land.

But the TOA energy budget tells a di�erent story. Figure 2.3b suggests that the e�ects of

surface cover on TOA �uxes are muted in the presence of clouds. The di�erence in outgoing

SW between open water and ice-covered ocean is only 5 Wm*2 , in Fig. 2.3b as opposed to

34 Wm*2 in Fig. 2.3a. Likewise, the di�erence between bare and snow-covered land is

reduced from 72 Wm*2 in clear-skies to 35 Wm*2 when cloudy skies are included. Clearly

clouds play an important role in modulating SW radiation in the Arctic.
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Figure 2.3: The Arctic radiative energy budget (CERES-EBAF) for (a) clear-sky and (b)
all-sky conditions. Area averaged values over the domain presented in Fig. 2.2a from 2002-
2012 are given in black. Fluxes are further partitioned by surface cover as follows: all sea
ice (purple), some sea ice (red), no sea ice (blue), all snow (teal), some snow (gray), no snow

(green).
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2.2.3 Albedo Partitioning

To quantify the e�ects of clouds in modulating surface cover on TOA albedo, we partition

the TOA albedo into surface and atmospheric components using the method of Donohoe

and Battisti (2011). The reader is referred to that study for a detailed derivation. In this

framework, each grid cell is considered as having a single atmospheric layer over an under-

lying re�ective surface. The model accounts for three SW radiation processes: atmospheric

absorption, atmospheric re�ection, and surface re�ection. All three processes are assumed

isotropic. Surface and TOA albedos,� , can each be calculated by applying

� =
SW~

SWš
; (2.3)

at the appropriate boundary, whereSW~ and SWš are upwelling and downwelling SW,

respectively. The TOA albedo is then partitioned into two contributions, one from the at-

mosphere and one from the surface. The atmospheric contribution,� TOA;ATM , is equal to

the direct re�ectance, R, of SW radiation by the atmosphere,

� TOA;ATM =
SWš

SFC • SW~
SFC * SWš

TOA • SW~
TOA

.SW~
SFC/2 * . SWš

TOA/2
= R: (2.4)

The surface contribution to the TOA albedo,� TOA;SFC, encompasses the amount of SW radi-

ation that is re�ected by the surface and passes through the atmosphere, eventually exiting

at the TOA, including the e�ects of multiple re�ections between the atmosphere and sur-

face
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� TOA;SFC = � SFC
.1 * R* A/2

1 * R• � SFC
; (2.5)

where A is the atmospheric absorption

A =
SWš

TOA * SW~
TOA * SWš

SFC + SW~
SFC

SW~
SFC + SWš

TOA

: (2.6)

Together, the atmospheric and surface contributions sum to the TOA albedo as calculated

by Eq. 2.3. Partitioning the TOA albedo in this way allows the impacts of changing surface

conditions and atmospheric constituents on the planetary albedo to be separated.

To further isolate the e�ects of clouds on this partitioning, we can take the di�erence be-

tween each contribution to the TOA albedo for all-sky and clear-sky conditions. Multiply-

ing this di�erence by the solar insolation at the TOA converts it into �ux units. Mathemat-

ically, the di�erence between all- and clear-sky TOA albedos multiplied by incoming SW is

equivalent to the SW cloud radiative e�ect (CRE) (with the opposite sign):

.� TOA;all * � TOA;clr/ • SWš
TOA = .

SW~
all

SWš
TOA

*
SW~

clr

SWš
TOA

/ • SWš
TOA

= SW~
all * SW~

clr = * CRESW;TOA;

(2.7)

remembering that � TOA = � TOA;ATM + � TOA;SFC. Thus, the partitioning of TOA albedo into

its two contributions, in all- and clear-sky conditions, is directly related to SW CRE, but
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the method also allows direct evaluation of the impact of surface conditions on TOA radi-

ation. The di�erence in atmospheric contributions represents the amount of re�ected SW

radiation due to clouds at the TOA, and the di�erence in surface contributions represents

the amount of SW �ux that would have been re�ected by the surface under clear-sky con-

ditions (Stephens et al., 2015). We apply this framework to investigate the dependence of

each of the aforementioned quantities on sea ice and snow cover.

2.3 How does planetary albedo respond to surface cover?

2.3.1 E�ects of surface cover on TOA albedo

The surface and planetary albedos exhibit distinct annual cycles that depend on surface

type. Mean monthly albedos over the Arctic domain for 2002-2012 calculated from CERES

all-sky �uxes are shown in Fig. 2.4 for each surface condition. The Arctic-mean surface

albedo reaches a peak of 0.68 in March when snow and sea ice cover are both at their max-

ima. Surface albedo decreases with snow/ice cover throughout the summer reaching a

minimum of 0.23 in August, approximately one third of the spring maximum. Spatially,

(Fig. 2.5) the exposed land and open ocean have much lower albedos once sea ice and

snow melt. Evidence of surface melt is seen in the central Arctic ocean beginning in June

where observed surface albedo decreases despite the high SIC. Land areas with high SCF

through the summer, e.g. the Greenland ice sheet (GIS), maintain high surface albedos,

>0.8, throughout the year due to their perpetually glaciated surfaces. They are the bright-

est surfaces from June to October.
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Figure 2.4: Annual cycles of (a) top of atmosphere (TOA) albedo, (b) surface albedo, (c)
atmospheric contribution to TOA albedo, and (b) surface contribution to TOA albedo aver-
aged over the Arctic (solid black) and surface partitions (colored lines) for 2002-2012 from

CERES.

The TOA albedo has a markedly di�erent annual cycle than that of the surface. In Fig. 2.4,

the TOA albedo peaks in February and is at a minimum in July, leading the surface albedo

by a month. Furthermore, the amplitude of the annual cycle is dramatically reduced: the

February (0.63) and December (0.61) maxima are less than the maximum surface albedo,

and only 50% larger than the July minimum (0.41), which is almost twice as large as the

minimum surface albedo. The TOA albedo also varies less spatially across the Arctic than

the surface albedo, seen in Fig. 2.5. While the enhanced re�ection from the GIS and the
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Figure 2.5: Average monthly maps of snow cover and sea ice fractions from NSIDC and
albedos and TOA albedo contributions calculated from CERES all-sky �uxes. Months are
averaged over 2002-2012. Only March through September are shown as they account for

approximately 95% of annual solar insolation in the Arctic.

sea ice extent in the central Arctic ocean are visible at the TOA, these signals are less pro-

nounced and the strong contrasts between open ocean and sea ice seen at the surface are

muted at the TOA.

These �ndings are consistent with previous work that has shown that the TOA albedo is

dominated by the atmospheric contribution (i.e. clouds) that masks the surface albedo

(Donohoe and Battisti, 2011, Qu and Hall, 2005). Figure 2.4 demonstrates that, without

exception, the atmospheric contribution to the TOA albedo is consistently larger than that
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of the surface, even over the brightest surfaces (e.g. GIS) throughout the year. The atmo-

spheric contribution therefore dominates the seasonal cycle of TOA albedo, rising to 0.58

in winter and falling to 0.35 in July, accounting for an average 84% of the TOA albedo. As

with the TOA albedo, the atmospheric contribution is also much less varied spatially across

the Arctic than the surface albedo (Fig. 2.5), although there is still contrast between land

and ocean in early spring.

Although the surface contribution to the TOA albedo is proportional to the surface albedo,

its average annual behavior is quite di�erent. The spring peak has a maximum of 0.21 in

April when surface ice and snow cover are high and cloud cover is relatively low (Curry

et al., 1996, Sedlar, 2018), contributing 35% of the TOA albedo. By June the surface con-

tribution decreases to 0.1, about 10% of the TOA albedo, when snow on land has largely

receded, and remains low for the remainder of the year. These surface contributions are

2-3 times smaller than the actual surface albedo. As the surface albedo decreases, clouds

play an increasingly dominant role in de�ning the TOA albedo since the surface re�ects

less SW radiation. The one exception to this trend is the GIS where the surface contribu-

tion increases to 0.28 in summer relative to spring and fall. This is likely a result of the fact

that as wetter snow at mid-latitudes recedes, snow cover in the summer is dominated by

the high-altitude, brighter snow on the GIS.

Figures 2.4 and 2.5 both clearly indicate that the large di�erences in surface albedo between

the di�erent surface partitions are muted at the TOA. The surface albedos for fully ice- and

snow-covered surfaces are roughly 3-5 times greater than ice- and snow-less surfaces in all
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months when these surfaces are present (as seen in Fig. 2.2b, on average, land without

snow is only present April through September). Conversely, the TOA albedo over snow-

and ice-covered surfaces are at most 1.7 times larger than their bare counterparts. The

di�erences in surface albedo are being masked by clouds.

The contributions to TOA albedo also have notably di�erent behaviors across the di�erent

surfaces. The surface contribution to the TOA albedo shows similar patterns to the surface

albedo across surface types: uncovered ocean and land are low throughout the year; par-

tially covered ocean and land follow the Arctic-wide average; and fully snow covered land

is larger than all other surfaces through the summer. Although the surface contribution

has small absolute di�erences relative to other albedos, the maximum di�erence between

surface contributions is a factor of 13 greater between snow-covered land (0.27) and open

ocean (0.02) in the summer. In contrast to the surface contribution, the atmospheric con-

tribution behaves similarly for all surface types throughout the year. The maximum dif-

ference between atmospheric contributions is only a factor 1.33 between 0.3 (land with no

snow) and 0.4 (ice-covered ocean) during the summer, a fractional di�erence ten times less

than the surface contribution. This shows that the atmospheric contribution has reduced

dependence on the underlying surface.

Comparing Figs. 2.4 and 2.5, the relative roles of the atmosphere and surface contributions

to the TOA albedo variability can be summarized as follows: the annual cycle of Arctic-

wide average TOA albedo is dominated by the annual cycle of the atmospheric contribution

while the surface contribution is responsible for variations in the spatial pattern of TOA
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Figure 2.6: Cloud impacts on atmospheric and surface contributions to the TOA albedo
are calculated using CERES all-sky and clear-sky �uxes. The clear-sky value is subtracted
from the all-sky value and multiplied by the solar insolation at the TOA. These values cor-
respond to SW radiation directly re�ected by clouds (atmospheric contribution) (a) and the
amount of SW that would have been re�ected if clouds were not present (surface contri-
bution) (b). Their annual cycles are plotted for Arctic-wide averages (solid black line) and

various surface partitions (colored lines) for 2002-2012.

albedo between surface types. This is clear since the TOA albedo over most surfaces, with

the exception of snow-covered land surfaces, exhibit similar annual cycles as the Arctic-

mean (and the atmospheric contribution). Snow-covered land has a larger TOA albedo

during summer when the Arctic overall sees a decrease; however, the peak at the TOA

(0.61) is still damped compared to at the surface (0.78).

2.3.2 Cloud Modulation of Ice-Albedo Relationships

To cast these atmospheric e�ects into energetic units, the di�erence between all-sky and

clear-sky contributions is multiplied by TOA solar insolation, giving the cloud impacts on

surface and atmospheric contributions to TOA albedo. Recall that the di�erence between

all- and clear-sky atmospheric contributions represents the amount of re�ected SW radia-

tion owing to clouds, and the di�erence for surface contributions shows the amount of SW
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radiation that would have been re�ected at the surface if clouds were not present. When

summed together these cloud e�ect contributions have the same magnitude as the TOA

SW CRE, which is opposite in sign to TOA LW CRE and larger April through September.

The atmospheric contribution cloud e�ect (Fig. 2.6c) follows the cycle of solar insolation

with near zero re�ection in winter and a June maximum of 100 Wm*2 for the Arctic-wide

average. The di�erent surface types follow the same pattern as the Arctic average, but sur-

face cover clearly exerts a strong in�uence on the magnitude of re�ected SW due to clouds.

During months with signi�cant solar insolation, clouds exert a much stronger in�uence

over less re�ective surfaces. For example, clouds re�ect nearly twice as much SW radiation

over open ocean in June (115 Wm*2 ) than over land with all snow (62 Wm*2 ). It is this

compensating cloud e�ect that explains how the atmospheric contribution dominates the

TOA albedo while itself having negligible dependence on surface cover.

This result is illustrated more directly by the surface contribution cloud e�ect in Fig. 2.6b.

In general, clouds reduce the surface contribution to TOA albedo because they block ra-

diation re�ected at the surface from reaching the TOA, but this e�ect is much more pro-

nounced over brighter surfaces that re�ect more SW radiation in the absence of clouds.

The overall magnitude of thiscloud maskinge�ect is 5-6 times larger over ice and snow

covered surfaces than open water or bare land. Collectively these analyses quantify two

important e�ects: the extent to which surface conditions modulate clouds e�ects on the

planet's albedo and the masking in�uence of clouds on the e�ect of surface albedo changes

on SW absorption.
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Figure 2.7: Arctic-wide averages of (a) top of atmosphere (TOA) albedo, (b) surface albedo,
(b) atmospheric contribution to TOA albedo, and (c) surface contribution to TOA albedo
plotted against the average sea ice concentration for individual months (March-September)
during 2002-2012. Albedos and TOA albedo contributions are calculated from CERES all-
sky �uxes. Lines of best �t are calculated using a linear least-squares regression, the slopes

of which are given in Table 2.3.

While di�erent surfaces have a strong in�uence on surface albedo, clouds signi�cantly re-

duce the magnitude of these variations across the seasonal cycle. From a climate perspec-

tive, this leads us to ask: to what extent do clouds further modulate the ice-albedo feedback

on longer timescales? While the length of the data record examined here is too short to ex-

amine trends, the large variations in SIC (Fig. 2.1) over the period examined allow the

impacts of clouds on year-to-year surface cover variations to be quanti�ed.
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In pursuit of answering this question, we examine the response of monthly mean Arc-

tic albedos and the TOA albedo contributions to average SIC and SCF for March through

September in Figs. 2.7 and 2.8. In each month, the surface albedo and the surface contribu-

tion both exhibit strong positive relationships with SIC as expected (Fig. 2.7). Both surface

albedo and TOA albedo decrease from March through July. From July to August the TOA

albedo increases due to the increased atmospheric contribution during these months, as

opposed to the surface albedo which is reduced further as sea ice approaches its Septem-

ber minimum. The atmospheric contribution has a parabolic shape that depends less on

surface cover and more on clouds.

In addition to these larger patterns between albedos and SIC, there are also trends within

individual months owing to inter-annual variations in SIC. Linear �ts for each month reveal

that the sensitivity of surface albedo to SIC is quite constant (í 0.3) July through Septem-

ber (Table 2.3). TOA albedos and average SIC have less spread and no consistent trends

in early spring (March-May). Beginning in June, surface albedo increases linearly with

SIC. The surface contribution also increases with SIC but exhibits smaller trends due to the

cloud masking e�ects described above. Further evidence of these e�ects are observed in the

much weaker variation of monthly mean TOA albedo with SIC. The atmospheric contri-

bution is fairly constant after July. This indicates that clouds are not particularly sensitive

to changes in surface cover, consistent with the �ndings of Kay et al. (2016) who note that

cloud feedbacks may be limited to fall in the Arctic.

The relationships between albedos and SCF, Fig. 2.8, are largely determined by the cycle
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Table 2.3: Sensitivities of TOA and surface albedos and albedo contributions to variations
sea ice concentration (SIC) for March through September. Slopes [� albedo]/[� SIC], are
found using linear least-squares regression in a given month, shown in Fig. 2.7. R2 values

are given in parentheses. Statistically signi�cant relationships (p<0.05) are bold.

Month SFC Albedo TOA Albedo Atm Contr to TOA Albedo Sfc Contr to TOA Albedo
Mar 0.72 (0.68) 0.23 (0.15) 0.32 (0.12) -0.10 (0.04)
Apr 0.49 (0.23) -0.01 (0.00) -0.25 (0.08) 0.24 (0.06)
May 0.01 (0.00) -0.09 (0.01) -0.01 (0.00) -0.08 (0.03)
Jun 0.57 (0.67) 0.25 (0.48) 0.19 (0.38) 0.06 (0.09)
Jul 0.29 (0.88) 0.13 (0.39) 0.10 (0.23) 0.03 (0.28)
Aug 0.27 (0.88) 0.06 (0.18) 0.03 (0.04) 0.03 (0.41)
Sep 0.31 (0.88) 0.11 (0.52) 0.09 (0.36) 0.02 (0.52)

of snow cover. The largest interannual variations in SCF occur in the melt season (May

and June) and accumulation season (September). In May and June the surface albedo de-

creases as the snow melts, with sensitivities of 0.26 and 0.20, respectively (Table 2.4). To a

lesser extent, variations in the timing of snow cover accumulation in September lead to a

similar relationship between surface albedo and SCF (0.37) but over a smaller range of SCF.

Surface albedos in early spring and late summer have no signi�cant relationship with SCF

because there is either widespread snow cover or widespread bare land, as seen in Fig. 2.5.

The TOA albedo and its contributions follow this same pattern to varying degrees. TOA

albedo has an overall linear relationship with SCF for March-September, but when focus-

ing on individual months, May and June are again the months with statistically signi�cant

sensitivities, approximately half (0.14 and 0.10) those of the surface albedo. As with SIC,

the surface contribution and surface albedo have similar patterns, but the surface contri-

bution is roughly �ve to ten times smaller. The sensitivity of the atmospheric contribution

is relatively large during May and June (0.12 and 0.07) but there is notable spread. While

the TOA albedo is slightly more sensitive to SCF (0.16) than SIC (0.14) in May, by June SIC
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Figure 2.8: Same as Fig. 2.7 but with snow cover fraction.

Table 2.4: Same as Table 2.3 but using snow cover fraction instead of sea ice concentration.

Month SFC Albedo TOA Albedo Atm Contr to TOA Albedo Sfc Contr to TOA Albedo
Mar -7.33 (0.18) -4.72 (0.17) -7.82 (0.17) 3.10 (0.10)
Apr -0.26 (0.19) 0.16 (0.27) 0.07 (0.02) 0.09 (0.03)
May 0.26 (0.72) 0.14 (0.55) 0.12 (0.43) 0.02 (0.03)
Jun 0.20 (0.51) 0.10 (0.45) 0.07 (0.37) 0.02 (0.08)
Jul 0.87 (0.55) 0.38 (0.23) 0.33 (0.18) 0.05 (0.05)
Aug 2.24 (0.24) 0.62 (0.08) 0.48 (0.05) 0.14 (0.04)
Sep 0.37 (0.26) 0.19 (0.30) 0.15 (0.22) 0.04 (0.19)

(0.25) has a stronger in�uence than SCF (0.10) at the TOA.
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2.3.3 Representation in Reanalyses

Clearly clouds exert a signi�cant in�uence on how strongly the e�ects of surface cover

change in�uence the Arctic radiation balance. Reanalyses are also frequently used to study

climate variations in this region of few observations. Given their pervasiveness in studying

the Arctic regional processes and driving models (Box et al., 2004, Zhang and Rothrock,

2003), it is imperative to assess how well reanalyses capture the observed modulating e�ects

of clouds.

It is therefore important to ask how well reanalyses represent these cloud e�ects in the

Arctic. The �ve reanalyses considered generally capture the shape of the annual albedo

cycles but not necessarily their amplitudes. Given that a 0.05 di�erence in June albedo cor-

responds to 25 Wm*2 di�erence in summer, biases of this magnitude are su�cient to exert

a signi�cant in�uence on surface processes, as noted by Cao et al. (2016). Winter months

account for less than 5% of incoming SW radiation and have large errors in observations

(Fig. 2.9), so large biases during these months are less concerning than the rest of the year.

In line with that fact, the largest di�erences in surface albedo occur in the winter, with

over-estimations on the order of 0.10-0.20 but within the uncertainty of observations. The

reanalyses perform better during the rest of the year, with surface albedo biases ranging

from 0.01 (MERRA-2) to 0.1 (NCEP R2).

The spread in TOA albedo in the reanalyses is large in summer months owing primarily
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