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Abstract The impact of clouds on Greenland'’s surface melt is difficult to quantify due to the limited
amount of in situ observations. To better quantify cloud radiative effects (CRE), we utilize 29 automatic
weather stations and provide the first analysis on seasonal and hourly timescales in both accumulation and
ablation zones. Seasonal CRE shows opposing cycles across geographical regions. CRE generally increases
during melt season in the north of Greenland, mainly due to longwave CRE enhancement by cloud fraction
and liquid water. CRE decreases from May to July and increases afterwards in the middle and south of
Greenland, mainly due to strengthened shortwave CRE caused by surface albedo reduction. This finding
resolves the contrasting seasonal distributions in previous studies at different Arctic locations. Longwave
seasonal cycle also shifts from increasing in the north to decreasing in the south, implying spatial variations
in cloud and atmospheric conditions. On hourly timescales, longwave downwelling radiation exhibits a
bimodal distribution peaking at ~ —70 W/m? (i.e,, clear state) and ~ 0 W/m? (i.e., cloudy state), suggesting
that Greenland alternates between fairly clear and overcast. In the cloudy state, CRE strongly correlates with
the combined influence of solar zenith angle and albedo (r = 0.85,p < 0.01) probably because clouds
are thick enough for CRE to become saturated. The close relationship between CRE and albedo over dark
surfaces suggests a stabilizing feedback: Net CRE is negative at low albedo caused by snow melt and snow
metamorphism and thus tends to increase albedo and decelerate surface melt.

1. Introduction

Greenland’s surface melt has accelerated in the past 30 years (Fettweis et al., 2017; Mote, 2007; Stroeve et al.,
2017;Tedesco etal., 2013). The resulting mass-loss and energy-related feedbacks have great potential to affect
global climate in the long-term. As one of the contributors to surface melt, clouds strongly influence surface
radiative fluxes in the Arctic due to the region’s persistent cloudiness (Cesana et al., 2012; Intrieri et al., 2002;
Morrison et al., 2012; Shupe et al.,, 2013), dry atmosphere, and highly reflective surface (Shupe & Intrieri, 2004).
However, the dynamic nature of clouds and the dearth of coordinated surface-cloud observations in remote
and harsh Arctic conditions (Liu et al., 2004; Shupe et al., 2013) cause studies of cloud radiative effects (CRE) to
be case dependent over large spatial scales (Bennartz et al., 2013; Shupe & Intrieri, 2004). In this study, we use
multiyear radiative observations from 29 unattended weather stations from across both accumulation and
ablation zones on the Greenland ice sheet (GrlIS) to estimate CRE on surface radiation budget and to assess
the relative importance of surface albedo, solar zenith angle (SZA), and clouds to CRE on different timescales.

CRE (all-sky minus clear-sky surface radiation) may have triggered recent dramatic sea-ice loss and snow melt
events (e.g., Bennartz et al., 2013; Cox et al,, 2016; Kapsch et al., 2015; Kay et al., 2008; Letterly et al., 2016;
Schweiger et al., 2008; Van Tricht et al., 2016). However, the proposed mechanisms vary case by case. Dur-
ing the melt season, CRE substantially modulates surface radiative fluxes through the competition of clouds’
shortwave shading effect and longwave greenhouse effect (Ambach, 1974). Kay et al. (2008) attribute the
widespread Arctic meltin 2007 to reduced summer cloudiness, which allows more insolation to reach the sur-
face. Bennartz et al. (2013) argue that warming by shortwave-thin yet longwave-opaque clouds in July 2012
helped trigger Greenland’s widespread surface melt. Mortin et al. (2016) find that the early onset of Arctic sea
ice melt in spring is caused by enhanced longwave downwelling radiation, possibly resulting from increasing
cloudiness. Cox et al. (2016) relate the low concentration of the Arctic sea ice in fall to the large CRE in spring.
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This dynamic nature of CRE stems from its complex interaction with both cloud properties (e.g., cloud frac-
tion, cloud water path, and cloud droplet shape and size) and the environment (e.g., surface albedo, SZA, and
atmospheric profiles; Cox et al., 2015; Curry et al., 1996; Shupe & Intrieri, 2004). Cloud properties directly alter
radiation received by the surface. Higher cloud fraction and liquid water content result in both stronger short-
wave CRE and longwave CRE yet with different sensitivities. For example, shortwave CRE could continue to
intensify when longwave CRE saturates as cloud liquid water increases (Bennartz et al., 2013). SZA and surface
albedo further modulate shortwave CRE. For example, with the same amount of cloud water, lower surface
albedo and SZA result in stronger shortwave shading effects because of the larger albedo contrast between
clouds and the surface, and the larger solar radiation availability (Shupe & Intrieri, 2004). Atmospheric pro-
files can exert prominent influences on longwave CRE. Higher under-cloud temperature and humidity reduce
longwave CRE by increasing clear-sky longwave downwelling radiation (Cox et al., 2015).

These environmental conditions and cloud properties vary profoundly over the GrlS. Greenland spans 24° of
latitude and ranges from the sea level to over 3,000 m a.s.l. The surface conditions are closely related to the
topography. For example, the melt-season average of surface albedo on the GrlS resembles the spatial dis-
tribution of elevations. The highest value is 0.7-0.8 at above 2,000 m a.s.l. The lowest value is ~0.4 at the
southwestern coasts (Stroeve et al., 2013). Clouds over Greenland are mostly formed by orographic lifting of
the humid southerly advection at high elevations (Neff et al., 2014; Starkweather, 2004; Zygmuntowska et al.,
2012) and by the frontal cyclones near coasts (Chen et al., 1997). As a result, cloud types and amounts differ
with both latitude and elevation. However, due to the low visible and thermal contrasts between clouds and
the snow surface, satellite products sometimes diverge on cloud spatial variability patterns (Griggs & Bamber,
2008). For example, cloud fraction from MODIS (MOD35) increases throughout the melt season in northern
and central Greenland and exhibits a bell-shape curve peaking in July in southern Greenland (Starkweather,
2004). Cloud fraction from the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO)
also increases throughout the melt season in the north. However, it slightly decreases from May to June in
the south (Lacour et al., 2017). Liquid-containing clouds, which contribute more to surface melt than ice-only
clouds (Bennartz et al., 2013; Kay et al., 2016; Miller et al., 2015), increase continually in both northern and
southern Greenland during the melt season, with a larger variability in the north (Lacour et al., 2017). The
melt-season average of cloud fraction from MODIS generally increases from north to south (Starkweather,
2004). The CALIPSO cloud fraction, dominated by liquid clouds, presents a high-low-high spatial pattern from
summit to the coasts of Greenland (Cesana et al., 2012; Lacour et al., 2017). These differences in cloud proper-
ties and environmental conditions could cause dramatic shifts of CRE temporal characteristics across the GrlS.
Therefore, it is crucial to quantify CRE and to investigate its determinants using in situ observations with long
coverage and high temporal resolution.

The 30+ automatic weather stations (AWS) on the GrlS provide long-term hourly observations of radiation and
weather needed to study CRE (Smeets et al., 2018; Steffen et al., 1996; van As & Fausto, 2011), yet with certain
caveats. These stations are usually left unattended in the field for at least 1 year at a time, and radiometers
are not equipped with shading or ventilation due to poor battery performance at low temperatures (Wang
et al., 2016). The induced problems include station tilt, low cosine response at large SZA, riming on sensor
domes, and sensor overheating, which can cause considerable biases in both shortwave and longwave radi-
ation measurements (Stroeve et al., 2001; van den Broeke et al., 2004). For example, station tilt, resulting from
theirregular spatial change of snow melt, snow compaction, and glacier dynamics, distorts the observed SZA,
and can cause up to 200 W/m? biases in measured solar insolation (Wang et al., 2016). Up-looking pyrgeome-
ters without shading or ventilation can be improperly heated by solar radiation by up to 25 W/m? when solar
insolation is 1,000 W/m?2 (Kipp & Zonen, 2002). Clouds and winds provide natural shading and ventilation,
which can mitigate though not eliminate this problem (Kipp & Zonen, 2002). Therefore, in order to alleviate
these measuring problems and utilize these in situ observations, careful data quality control must be applied.

In this study, we use AWS observations with rigorous data quality control, complemented by clear-sky simu-
lations from a Column Radiation Model (CRM; Zender, 1999), to estimate melt-season CRE from 2008 to 2013
and to assess the leading factors that determine CRE on seasonal and hourly timescales. In the remainder of
this paper, sections 2 and 3 describe the data sets we use, including how we improve the data quality and
estimate CRE. Section 4 evaluates the simulated clear-sky radiation at three human-attended stations in the
Arctic. Section 5 analyzes CRE seasonal cycles and how they are determined by albedo, SZA, and cloud proper-
ties. Section 6 examines the bimodal distribution of hourly longwave radiation and CRE and their relationships
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with both albedo and SZA. Lastly, in section 7, we summarize our main findings and discuss data uncertainties
and the possible tendency of clouds to stabilize Greenland surface melt.

2. Data

Data for radiation (including albedo), temperature, and pressure are from AWS measurements unless noted
otherwise. Since there is no comprehensive in situ observation of clouds in large spatial scales over Greenland,
clouds’ contributions to CRE are inferred from radiation.

We estimate CRE in the melt season (May to August) from 2008 to 2013. By 2013, there are three networks
operating AWS in Greenland, providing hourly measurements of surface radiation and meteorology. The
Greenland Climate Network (GC-Net) has 17 stations (Steffen et al., 1996), 14 of which are in the accumula-
tion zone (elevation > 1,800 m). The Programme for Monitoring of the Greenland Ice Sheet (PROMICE) has
22 stations (van As & Fausto, 2011), 21 of which are in the ablation zone (elevation < 1,800 m). The Institute
for Marine and Atmospheric Research of Utrecht University (UU/IMAU) has four stations along a transect near
Kangerlussuaq (data available upon request; Kuipers Munneke et al., 2018; Smeets et al., 2018). Since the four
stations from UU/IMAU are close to the PROMICE stations along the same transect, this study focuses on the
two major networks, GC-Net, and PROMICE.

GC-Net stations measure shortwave upwelling radiation (shortwavet), shortwave downwelling radiation
(shortwave]), and net radiation at heights varying from ~1 to ~4 m. Shortwave radiation is measured using
a photodiode-based pyranometer (LI-COR 200SZ) with an instrumental uncertainty up to 15% (Box & Steffen,
2000). Net radiation is measured using a thermopile-based radiometer (Campbell REBS Q7) with an instru-
mental uncertainty up to 50% (Box & Steffen, 2000). None of the instruments are ventilated or shaded. The
hourly radiation is the average of every 15 s (Box & Steffen, 2000). We estimate the longwave upwelling radia-
tion (longwavet) from surface temperature using a constant snow emissivity of 0.985 (Box et al., 2004; Miller
etal,, 2015) and the longwave downwelling radiation (longwave|) as the residual of net radiation, shortwave
radiation, and longwave?. The surface temperature is linearly extrapolated using air temperatures measured
at two different heights at the station mast (Hall et al., 2008).

PROMICE stations measure all four components of shortwave and longwave radiation (upwelling and down-
welling) using Kipp & Zonen CNR1 or CNR4 net radiometers at a height of ~3 m (van As, 2017). The
instrumental uncertainties of daily totals are ~10% for both pyranometers (CM 3) and pyrgeometers (CG 3)
used by CNR 1 (Kipp & Zonen, 2002). The instrumental uncertainty of daily totals reduces to <5% for pyra-
nometers (CMP 3) and <10% for pyrgeometers (CG4) used by CNR4 (Kipp & Zonen, 2008). None of these
instruments are ventilated or shaded. The CG 4 pyrgeometer used by CNR 4 has a better resistance to window
overheating than the last version, CG 3. We summarize the radiometer type (CNR 1 or 4) used at each station
in Table S1 in the supporting information. The PROMICE stations are usually arranged in pairs along a glacier
with one upper station suffixed with U near the equilibrium line and one lower station suffixed with L deep in
the ablation zone.

We synchronize the different time stamps in the two data sets (Wang et al., 2016) and assess their data quality.
All data processing procedures are summarized in Table S2. We first remove impossible values using physical
limits and the intervariable dependency analysis from Long and Shi (2006). We then remove data with large
discrepancies between the measurements from the dual instruments at one station (GC-Net), and from the
two stations within one pair (PROMICE). However, there are still problems in the AWS radiation measurements
due to the lack of frequent maintenance, shading, and (heated) ventilation, including station tilt, low cosine
response at large SZA, and riming and overheating of sensor domes (Stroeve et al., 2001; van den Broeke et al.,
2004). We reduce the influence of these problems as follows.

Station tilt, caused by uneven snow/ice melt, snow compaction, and glacier movement, leads to considerable
biases in shortwave measurements (Bogren et al., 2016; Wang et al., 2016). The maximum hourly absolute bias
exceeds 200 W/m? (Wang et al., 2016). To reduce this bias, we use the retrospective, iterative, geometry-based
(RIGB) tilt-correction method to adjust shortwave| measurements (Wang et al.,, 2016). RIGB relies on no addi-
tional instrumentation. Instead, it iteratively assesses the possible pairs of tilt angles and directions to find
the best fit according to the clear-sky optical geometry on a tilted surface and then uses direct/diffuse ratio
estimated from cloud fraction to adjust the all-sky shortwave| measurements.
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Low cosine response, anintrinsicissue for pyranometers, can cause underestimation of solar insolation. Depar-
ture from an ideal cosine law can be up to 5% at an SZA of 75° (Stroeve et al., 2001) depending also on the
instrument types and manufacturers. In our study, insolation measurements significantly biased by the low
cosine response issue (i.e., at large SZAs) are largely rejected by the first data quality check. However, the
induced missing data at large SZA can lead to an overestimate of daily average insolation. To fill these missing
values, we first assign zeros to the hours when the theoretical insolation is zero. Next, we linearly interpolate
over 1-hr gaps, and use spline interpolation to fill gaps smaller than 12 hr. Most of the larger gaps occur during
the “nighttime” of the day, when insolation variability is small. For the final daily average of insolation, only
days with no missing hours are included. Considering the large seasonal variabilities of radiation, we keep
only stations with at least one complete seasonal cycle.

Pyrgeometers used by PROMICE to measure longwave radiation can be heated by undesirable shortwave
radiation without proper shading and ventilation. So far, there have been no good ways to estimate the exact
overheating. These pyrgeometers do not measure dome temperatures. Their “case temperature” readings
are not the actual temperature of the case, but an intermediate quantity for longwave calculation (personal
communication with Mr. Clive Lee from Kipp & Zonen on March 29, 2016). Therefore, it is impossible to dif-
ferentiate heating caused by longwave radiation from overheating caused by shortwave. Wind can serve as
a natural ventilation. However, the large number of missing values in AWS wind measurements inhibits an
accurate estimate of this effect. The manufacturer, Kipp & Zonen, provides the maximum window heat offset
under clear-sky and windless conditions, which is 25 W/m? out of 1,000 W/m? shortwave| for CG 3 pyrgeome-
ters (Kipp & Zonen, 2002), and 6 W/m? out of 1,000 W/m? shortwave| for CG 4, an upgraded version (Kipp &
Zonen, 2008). Therefore, we subtract the maximum offset (consulted with Mr. Clive Lee from Kipp & Zonen),
and potentially underestimate CRE on windy days. GC-Net stations do not use pyrgeometers since they do
not measure longwave radiation.

Riming on pyranometers and pyrgeometers, after warm and humid air intrusions, can increase both measure-
ments. It is considered a minor problem due to the low humidity in Greenland and the small thermal mass of
the pyranometers (Stroeve et al., 2001); however, Miller et al. (2015) found riming on sensor domes at Summit,
Greenland, which can possibly cause tens of W/m? of bias in measurements. Riming is most severe in Winter.
It can also occur occasionally during summer in Greenland even in the dry environment at Summit (personal
communication with Nathaniel B. Miller, University of Colorado on October 12,2016). Box et al. (2004) only use
AWS measurements of radiation and temperature when the wind speeds exceed 4 m/s to reduce the influence
of riming. However, natural ventilation may be insufficient to remove dome riming. Moreover, there are more
gaps in wind speed than in radiation measurements. Since wind speed is more variable on an hourly timescale
than radiation, it is harder to interpolate. Miller et al. (2015) mark the potential riming incidents when relative
humidity (RH) with respect to ice exceeds 100%. On overcast days when humidity is high, temperature is nor-
mally high as well. This makes sensors less susceptible to riming (Sedlar et al., 2011). Therefore, removing all
incidents with saturated water vapor content might lose a considerable portion of good data.

Instead of identifying riming incidents, we locate AWS radiation data biased by riming. In the Arctic,
longwave| is not expected to exceed longwavet on frozen days. When it does, the data is likely affected by
riming (van den Broeke et al., 2004). To allow for uncertainty, we remove longwave| that are 5 W/m? greater
than longwave? on frozen days. Although rime could form on the down-looking pyrgeometers as well, gravity
and the station shaking with wind make them less susceptible. As for shortwave measurements, riming can
cause drastic albedo changes in a short amount of time because shortwave? is less affected than shortwave]
(van den Broeke et al., 2004). To circumscribe the hourly change of albedo, we remove data when the second
time derivative of albedo is greater than 0.1 h=2 (Wang et al., 2016). These methods likely do not eliminate all
riming incidents though they significantly reduce rime-biased radiation measurements.

After data quality control, all stations providing data for this study are shown in Figure 1, among which 13 are
from GC-Net (the nine stations with no qualified longwave radiation are marked by asterisks) and 16 are from
PROMICE. The stations are divided into five groups based on their latitude and elevation: two groups in the
accumulation zone (north and south) and three groups in the ablation zone (north, middle, and south). For
melt-season averages and seasonal variabilities, we use the 20-day running average to reduce the synoptic
influence (Intrieri et al., 2002).
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Figure 1. The automatic weather stations used in this study, divided into five groups according to their latitude and
elevation. GC-Net stations with no qualified longwave radiation are labeled by asterisks.

3. Method

We define CRE as the instantaneous effect of clouds on the surface energy budget compared to clear skies
(Intrieri et al., 2002). Therefore, it is estimated as the total radiation at the surface under all-sky conditions
minus that under clear skies, assuming unchanged meteorological conditions. Although cloudy days are
often characterized by higher humidity and temperature than clear days, the difference is not significant
according to radiosonde data at both Summit, Greenland and Barrow, Alaska, USA. We also acknowledge
that snow albedo increases with cloudiness (e.g., Gardner & Sharp, 2010) because cloud absorption is high
at near-infrared where albedo is low, making the broadband albedo higher (Miller et al., 2015). Nevertheless,
these “instantaneous CRE” assumptions are reasonable and practical for studying clouds’ contributions to the
surface radiation budget (Shupe & Intrieri, 2004). Accordingly, we calculate CRE as

CREgporiwave = (Shortwave |, —Shortwave | ) - (1 — albedo) (1)
CREIongwave = Longwave l’all-sky _Longwave lclr-sky )
CREnet = CREshortwave + CREIongwave (3)
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Table 1

Daily Average RMSD and Differences Between Simulated and Measured Radiative Fluxes in W/m? Under

Clear-Sky Conditions

SW| SW1t [RUAN LwW1t net SW net LW Total

Alert 9 1 10 9

RMSD Barrow 6 11 10 1 6 10 8
Summit 13 10 26 9 6 34 40
Alert -4 0 -2 -5

Diff. Barrow 4 -5 -10 0 4 -9 )
Summit -10 -5 —-26 8 —4 -34 —40

Note. SW = shortwave; LW = longwave; Total = net SW + net LW; RMSD = root-mean-square
difference.

Clear-sky radiative fluxes are simulated by the CRM, the stand-alone version of the Community Atmosphere
Model version 3 (CAM3) radiation model updated from Zender (1999), driven by atmospheric profiles and
surface conditions. We use atmospheric temperature and humidity profiles from the Atmospheric Infrared
Sounder (AIRS) level 3 (AIRS Science Team/Joao Texeira, 2013), which are 1-deg (~50 km in Greenland) data
with one ascending orbit and one descending orbit per day. Comparing with clear-sky simulations using
atmospheric profiles from AIRS level 2, MODIS, and CERES, the ones using AIRS level 3 agree best with in situ
observations at the human-attended stations (see section 4). At the surface, we use AWS-measured hourly
temperature and 24-hr running average albedo (Stroeve et al., 2013; van den Broeke et al., 2004). Values from
a sub-Arctic standard atmosphere are used for parameters with little variability, such as O;, CO,, and aerosol
optical depth.

4, Evaluation of Clear-Sky Simulations

We evaluate CRM settings and input AIRS atmospheric profiles by comparing simulated radiative fluxes with
in situ measurements under clear-sky conditions at three human-attended stations: the Baseline Surface Radi-
ation Network (BSRN) station at Alert, Lincoln Sea, the Atmospheric Radiation Measurement (ARM) station at
Barrow, Alaska, USA, and the Global Monitoring Division (GMD) NOAA station at Summit, Greenland. Hourly
all-sky radiation (for evaluation) and basic meteorological measurements (for model input) are provided by
all three stations for at least 2 years. We detect clear skies using the Long and Ackerman (2000) identification
methods with reevaluated parameters from local data.

We perform data quality checks on these stations same as on AWS. We find solar noon shifts at Alert and Sum-
mit, most likely caused by station tilt. We adjust the shortwave] at Alert using the RIGB tilt correction method
(Wang et al., 2016). At Summit, the nearly isotropic shortwave? radiation shifts more than the anisotropic
shortwave], which violates RIGB's assumptions. Therefore, we estimate shortwave? radiation using the daily
average albedo. Riming effects are largely removed by the “normalized total shortwave magnitude test” and
“normalized diffuse ratio variability test” used in the clear-sky detection (Long & Ackerman, 2000), except at
Summit, where diffuse radiation is not measured. We do not include longwave? in the evaluation at Alert.
Its near-surface air temperature is measured at a greater height than the longwave| instrument. Therefore,
the simulated longwave? using this temperature as the surface temperature proxy does not present a good
correlation with observations.

We estimate the daily average (root-mean-square difference) RMSD and differences between the simulated
and measured radiation under clear-sky conditions (Table 1). During melt season, our simulation on average
underestimates net shortwave (downwelling minus upwelling) by 5 and 4 W/m? at Alert and Summit, respec-
tively, and overestimates by 4 W/m? at Barrow. One model uncertainty in shortwave simulation comes from
the fact that CRM is a two-stream radiative transfer model that does not include the effects of Earth’s curvature
on insolation at large SZA. The Chapman function shows that neglecting Earth’s curvature underestimates
shortwave| by about 7W/m? at SZA of 80°, the approximate latitude of the north most AWS on the GrlS
(Chapman, 1931; Wilkes, 1954). Nevertheless, RMSD of net SW at all three stations do not exceed 10 W/m?.
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Table 2
Daily Average RMSD and differences of temperature profile and column water path (CWP)
and their impacts on longwave|

Temp. RMSD ALW] Temp. avg. diff. ALW]
Summit 0.61K 1 W/m? —0.49K —1W/m?
Barrow 042K 1 W/m? —0.08K 0W/m?

CWP RMSD ALW] CWP avg. diff. ALW]
Summit 0.62 kg/m? (27%) 6 W/m? —0.03 kg/m? (1%) 0.2W/m?
Barrow 2.19kg/m? (17%) 6 W/m? —0.75 kg/m? (6%) 1.5 W/m?

Note. RMSD = root-mean-square difference.

While most longwave RMSD are less than 10 W/m?, the negative bias in longwave] is 26 W/m? at Sum-
mit, causing the total RMSD to be 40 W/m?2. Unlike the CRM shortwave simulation whose precision is
mainly determined by the model physics, longwave simulation is very sensitive to input temperature and
humidity profiles. To understand this large longwave| discrepancy, we compared the AIRS atmospheric
profiles with radiosonde measurements at Summit (data provided by the Integrated Characterization
of Energy, Clouds, Atmospheric State and Precipitation at Summit, ICECAPS) and at the ARM station at
Barrow (Table 2). Profile biases account for up to 6 W/m? of RMSD in the longwave| simulation at both
stations, which cannot explain the large RMSD at Summit and yet the small RMSD at Barrow. Moreover,
simulation using Summit radiosonde profiles instead of AIRS profiles also underestimates longwave]
(RMSD = 22W/m? and difference = —21W/m?). Longwave | at Summit is measured by a Precision
Infrared Radiometer (PIR), which is ventilated however not shaded (personal communication with Dr.
David Longenecker, NOAA on September 27, 2016). We speculate that sensor-dome heating by short-
wave radiation causes this artificial increase in longwave| measurements. Therefore, biases at Barrow

a) net CRE (W/m?®)

May June July August May June July August

c) LW CRE (W/m?)

d) SW{ CRE (W/m?)
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Figure 2. Seasonal cycles of (a) net CRE, (b) shortwave CRE, (c) longwave CRE, (d) shortwave| CRE, and (e) albedo in
different groups (defined in the same way as in Figure 1).
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best represent the clear-sky simulation uncertainty in this study. The RMSD

90 ‘
80 g::’r‘:\‘m" e of total radiation under clear-sky conditions is 8 W/m?, and the average
§ 70 L i difference is —6 W/m?.
w 80 RSN .
& T N S~ o pers
G 5ot o ~.—~~"" 1 5. CRE Seasonal Variability
40 + NS T i X X
% ol - e -~ Cloud properties, albedo, and SZA change greatly during the course of
melt season. In this section, we investigate how these factors shape CRE
May June July August seasonal cycles in different geographical regions.
Figure 3. Seasonal cycles of longwave CRE at Summit, Greenland, and CRE estimated from AWS demonstrates that clouds warm most of the GrlS

Barrow, Alaska, USA.

during melt season, agreeing with previous observations from satellites

and a handful of stations (e.g., Bennartz et al., 2013; van den Broeke et al.,

2008; Van Tricht et al., 2016). However, CRE seasonal trends vary across geo-
graphical regions (Figure 2a). In the middle and the south of Greenland, clouds warm the surface more at the
beginning and end of melt season and less in the middle (V-shape). In the north, clouds warm the surface
more from the beginning to the end of melt season. The V-shape of net CRE seasonal cycles in the middle and
south deepens towards south. These cycles are predominantly determined by shortwave CRE seasonal vari-
ability (Figure 2b). Net CRE increases almost linearly from May to August in the northern ablation zone
(Figure 2a). It slightly decreases in May and rises afterwards in the northern accumulation zone. Since short-
wave CRE varies mildly in these regions, longwave CRE dominates net CRE seasonal cycles here (Figure 2c).
The contrasting seasonal cycles across geographical regions on the GrlS reconcile a dispute (Miller et al., 2015)
in previous studies on CRE seasonal cycles in the Arctic. Using in situ observations, Miller et al. (2015) exhibit
an increasing trend of net CRE during melt season at Summit, Greenland. In contrast, satellites and reanalyses
over the Arctic Ocean and in situ observations at Barrow, Alaska, USA, present a V-shaped net CRE seasonal
cycle: Clouds warm the surface at the beginning and end of melt season, and briefly cool (or warm less) the
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Figure 4. Probability density function of hourly net longwave radiation at (a) PROMICE stations and (b) GC-Net stations.
The colors of station groups are same as in Figure 1.
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Figure 5. Probability density function of net longwave radiation averaged over (a) 1 hr, (b) 6 hr, (c) 12 hr, and (d) 24 hr at upper (U) and lower (L) PROMICE
stations in the north (N), middle (M), and south (S) ablation zones.

surface in the middle of the season (Dong et al., 2010; Intrieri et al., 2002; Kay & L'Ecuyer, 2013; Shupe & Intrieri,
2004; Walsh et al., 2009; Zygmuntowska et al., 2012). Since the observation platforms, times, and locations of
these studies differ from one another, the reason behind this discrepancy was uncertain. Using our consistent
AWS data set, this discrepancy is explained by location variations. In areas with high albedo (e.g., northern
Greenland including Summit), net CRE increases monotonically during melt season, dominated by longwave
CRE; in areas with low albedo (e.g., middle and southern Greenland, the Arctic Ocean, and Barrow, Alaska),
net CRE first decreases and then increases, dominated by shortwave CRE. The exact threshold of albedo varies
with the changes in SZA, cloud conditions, and timescales. Its melt-season average is ~0.6 according to the
AWS used in this study.

Shortwave CRE values decrease from May to July and increase afterwards in all regions with a deeper trough
towards south (Figure 2b). This seasonal cycle is mainly controlled by albedo and affected by SZA and clouds.
Shortwave| CRE, reflecting the effects of SZA and clouds, exhibits a V-shape seasonal cycle across regions
similar to that of shortwave CRE (Figure 2d). However, shortwave| CRE values in the middle and south reach
a minimum in late June instead of in late July. This shift of shortwave CRE minimum towards the end of melt
season stems from the seasonality of albedo (Figure 2e). The correlation coefficient between albedo and short-
wave CRE is 0.74 in the northern accumulation zone and is greater than 0.89 in all the other regions (p << 0.01
for all). In the northern accumulation zone where albedo seasonal variability is minimal, SZA shows a weak
negative correlation (r = —0.35; p < 0.01).

Longwave CRE seasonal cycles also contrast across geographical regions (Figure 2¢). From May to July, it grad-
ually changes from declining in the north to increasing in the south. In August, longwave CRE increases in all
regions. These contrasting seasonal trends also exist in the comparison of longwave CRE at Summit, Green-
land and Barrow, Alaska, USA (Figure 3). The data at Summit here is from the human-attended station (Miller
etal,, 2015), which shows a seasonal cycle consistent with that of AWS Summit. The seasonal trend at Barrow,
which is adjacent to the ocean and only covered by scattered snow in summer, is similar to that in the south-
ern ablation zone of the GrlS. The seasonal cycle in the northern accumulation zone on the GrlS agrees with
cloud fraction and liquid water content variabilities at Summit reported in Miller et al. (2015), cloud fraction in
northern and central Greenland reported in Starkweather (2004), and liquid cloud fraction in northern Green-
land reported in Lacour et al. (2017). On the rest of the GrlS, longwave CRE responds to clouds in an almost
opposite manner to shortwave| CRE throughout the season (Figure 2d). These longwave CRE seasonal cycles
are also contrary to cloud fraction from MODIS (Starkweather, 2004) and liquid cloud fraction from CALIPSO
(Lacour et al,, 2017), though consistent with ice cloud fraction from CALIPSO (Lacour et al., 2017), which is
regarded as less radiatively important than liquid cloud fraction (Bennartz et al., 2013; Kay et al., 2016; Miller
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Figure 6. Joint probability density function of the combined influence of SZA and albedo with CRE at each PROMICE station.

etal, 2015). Other possible influences on longwave CRE include the surrounding temperature and humidity,
and the changing sensitivity of CRE to these in different relative humidity ranges (Cox et al., 2015). Further
studies into cloud properties and atmospheric profile observations are needed to explain this divergence.

6. Two States of Hourly CRE

During most of the winter, the central Arctic is either nearly clear or overcast, and rarely partially cloudy
(Cesana et al,, 2012; Morrison et al., 2012; Stramler et al., 2011). Morrison et al. (2012) characterize this phe-
nomenon as “two quasi-steady radiative states.” We find a similar bimodal radiative distribution in Greenland
during melt season. In this section, we compare this bimodal distribution in Greenland and in the central
Arctic, and examine the roles of albedo and SZA in these two radiative states.
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Figure 7. Normalized joint probability density function of the combined influence of SZA and albedo with CRE in (a)
clear and (b) cloudy radiative states at all PROMICE stations.

The peak position and the duration of each radiative state are different in the central Arctic and in Greenland.
In the central Arctic in the clear state, net longwave (downwelling minus upwelling) is ~ —40 W/m?, domi-
nated by clear sky or thin clouds; in the cloudy state, net longwave is near 0 W/m?, dominated by opaque,
mixed-phase clouds (Morrison et al., 2012). In Greenland, at all PROMICE stations net longwave shows a
bimodal distribution (Figure 4a) peaking at ~ —70 W/m? (the clear state) and at ~ 0 W/m? (the cloudy state).
There are no significant changes in the positions or heights of the peaks in different months during melt sea-
son. At GC-Net stations, data show no bimodal distribution of net longwave (Figure 4b). While it is possible
that these two radiative states do not exist in the high accumulation zone, it is more likely that the long tail
of the net longwave distribution at GC-Net is a symptom of poor data quality. There are no longwave mea-
surements at GC-Net (cf. section 2). We compute longwave radiation as the residual of net and shortwave
radiation. Therefore, the longwave radiation incorporates uncertainties from both sensors and might not be
qualified for short-timescale analysis such as an hourly timescale.

In the central Arcticin winter, the duration of either radiative state is up to 10— 14 days and transitions are likely
due to the large-scale advection (Morrison et al., 2012). In Greenland in summer, the state duration is only a
few hours and the cloudy-state peak shrinks as the average period gets longer (Figure 5). The cloudy-state
peak completely disappears on a 24-hr average. This suggests that opaque clouds in Greenland summers
persist for less than 1 day on average.

In the cloudy state, the combined influence of SZA and albedo on CRE is profound. Snow albedo and SZA
are not independent—albedo usually increases with SZA (Wang & Zender, 2010; Warren, 1982). Therefore,
when we consider their relationship with CRE on an hourly timescale, we use the combined influence of SZA
and albedo (SZA-albedo hereafter), cos(SZA) - (1 — albedo) (Sedlar et al., 2011). This combination accords
with the clear-sky surface absorption of solar radiation, and correlates negatively with CRE. When sunlight is
abundant, that is, large cos(SZA), and the surface is dark, a given cloud scatters more solar radiation that can
otherwise be absorbed by the surface than it would under conditions of faint sunlight and bright surface, and
therefore causes stronger (more negative) shortwave CRE. The joint probability density function shows two
types of relationships between CRE and SZA-albedo: In one, CRE stays constant at ~20 W/m?2 while SZA-albedo
changes; in the other, CRE decreases almost linearly as SZA-albedo increases (Figure 6). Using —35 W/m? of net
longwave radiation as a threshold to separate clear and cloudy states, these two relationships between CRE
and SZA-albedo correspond exactly with the two radiative states (Figure 7). In the clear state (which occurs
58% of the time), CRE remains nearly unchanged as SZA-albedo increases. There is a weak correlation between
the two (r = —0.19, p << 0.01). In the cloudy state (42% of the time), CRE decreases as SZA-albedo increases,
with a strong correlation (r = —0.85, p << 0.01). Separately, SZA shows a slightly stronger correlation with
CRE (r = —0.59, p < 0.01) than albedo (r = 0.50, p < 0.01) in the cloudy state. Nevertheless, the combination
of SZA and albedo has the highest correlation. This strong correlation between SZA-albedo and CRE might
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result from the saturation in longwave CRE response to cloud thickness increases. In this state, longwave CRE
varies little (standard deviation = 22 W/m?) while shortwave CRE is substantially modulated by SZA and albedo
(standard deviation = 93 W/m2). In the clear state, CRE is still sensitive to cloud property changes, and the
small CRE due to almost clear skies limits the modulating powers of SZA and albedo.

7. Discussion and Conclusion

In this study, we adjust the radiative and meteorological measurements from AWS to improve data qual-
ity, estimate CRE from the adjusted radiation, and investigate the contributions of albedo and SZA to CRE’s
seasonal cycles and hourly variabilities during Greenland’s melt season.

In order to improve data quality, we assess AWS measurements using physical limits and intervariable relation-
ships, and adjust data to reduce biases caused by typical AWS problems such as station tilt, pyrgeometer dome
overheating, and riming on sensor domes. We use the RIGB tilt-correction method to reduce the bias in solar
radiation. We adjust longwave radiation to offset the window overheating by subtracting the maximum bias,
and remove the potential riming influence identified by longwave| exceeding longwave? on frozen days. We
also reduce additional riming effects by excluding data with drastic hourly variability of albedo. The “instan-
taneous CRE" is estimated by subtracting the clear-sky simulation from the all-sky observation. The clear-sky
simulation is evaluated at three human-attended stations in the Arctic. The overall simulation uncertainty is
~10W/m?2,

Despite the efforts, the uncertainty in AWS radiation is likely to be large by combining the uncertainties
from measurements and data quality procedures. This uncertainty will remain unknown without suffi-
cient high-quality human-attended observations to validate. Therefore, our study focuses on the temporal
variabilities instead of the absolute values of CRE.

CRE seasonalities are contrasted across geographical regions in the melt season from 2008 to 2013. In the
middle and south of Greenland, CRE decreases from May to July and increases afterwards. Over relatively
dark surfaces in these regions, net CRE seasonal cycles are determined mainly by shortwave CRE, and in turn
by surface albedo. In the north of Greenland, net CRE increases monotonically, dominated by longwave CRE
associated with cloud fraction and liquid water content. These variations in different regions confirm that the
discrepancy in previous studies on CRE seasonal cycles is most likely caused by different locations, and in turn
by the large spatial variability of albedo.

Shortwave seasonal cycles are similar across regions. The amplitudes of the cycles are larger towards south,
strongly correlated with local albedos (r > 0.74, p << 0.01). The influence of SZA, which peaks in June instead
of July, is weak. Longwave CRE seasonal cycles vary greatly across regions. The large ascending trend at the
beginning of melt season in the north gradually becomes descending towards south. The ascending trend in
the north agrees with the seasonal variability of cloud fraction and liquid water content (Lacour et al., 2017;
Miller et al., 2015; Starkweather, 2004). The descending trend in the south is the opposite of the cloud property
changes inferred from shortwave| CRE, cloud fraction from MODIS, and liquid cloud fraction from CALIPSO,
though in agreement with ice cloud fraction from CALIPSO (Lacour et al., 2017; Starkweather, 2004).

On an hourly timescale, Greenland alternates between nearly clear and opaquely cloudy, forming two
semi-distinct radiative states. These two states can be approximately separated by net longwave of -35 W/m?2,
In the clear state associated with clear skies or thin clouds, CRE is small with relatively low variability
(23 + 27 W/m?). In the cloudy state with opaque clouds, CRE is larger and varies greatly (40 + 78 W/m?), and
strongly correlated with the combined influence of SZA and albedo (r = —0.85, p << 0.01). The longwave
CRE responses to cloud liquid water increases might already reach saturation in this state, making the net CRE
dominated by shortwave, and therefore by SZA and albedo.

CRE mediates the radiative energy budgets between the relatively cold and warm regions. In the accumulation
zone that currently occupies most of Greenland, clouds warm the cold and bright surface to enhance snow
metamorphism and snow melt, which tends to reduce albedo. In an expanding ablation zone with warm-
ing climate, CRE becomes increasingly negative as albedo decreases. This stabilizing mechanism might also
occur in the Arctic ocean and other ablation zones, where surface and cloud conditions are similar to those in
Greenland’s ablation zone, helping decelerate surface melt in the dimmer Arctic.
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