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ABSTRACT
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Mass loss from the Greenland Ice Sheet (GrIS) has accelerated over the past

two decades, coincident with rapid Arctic warming and increasing moisture

transport over Greenland by atmospheric rivers (ARs). Summer ARs affect-

ing western Greenland trigger GrIS melt events, but the physical mechanisms

through which ARs induce melt are not well understood. This study elu-

cidates the coupled surface-atmosphere processes by which ARs force GrIS

melt through analysis of the surface energy balance (SEB), cloud properties,

and local- to synoptic-scale atmospheric conditions during strong summer AR

events affecting western Greenland. ARs are identified in MERRA-2 reanal-

ysis (1980–2017) and classified by integrated water vapor transport (IVT)

intensity. SEB, cloud, and atmospheric data from regional climate model,

observational, reanalysis, and satellite-based datasets are used to analyze

melt-inducing physical processes during strong, > 90th percentile “AR90+”

events. Near AR “landfall”, AR90+ days feature increased cloud cover that re-

duces net shortwave radiation and increases net longwave radiation. As these

oppositely-signed radiative anomalies partly cancel during AR90+ events, in-

creased melt energy in the ablation zone is primarily provided by turbulent

heat fluxes, particularly sensible heat flux. These turbulent heat fluxes are

driven by enhanced barrier winds generated by a stronger synoptic pressure

gradient combined with an enhanced local temperature contrast between cool

over-ice air and the anomalously warm surrounding atmosphere. During

AR90+ events in northwest Greenland, anomalous melt is forced remotely

through a clear-sky foehn regime produced by down-slope flow in eastern

Greenland.
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1. Introduction49

The Greenland Ice Sheet has experienced substantial mass loss during the past two decades,50

resulting in an increased contribution to global mean sea level rise (Bamber et al. 2018; Mouginot51

et al. 2019; Hanna et al. 2020; Shepherd et al. 2020). This mass loss exhibits a large degree52

of interannual variability, especially pronounced during a period of accelerating mass loss over53

roughly 2000–2012 (van den Broeke et al. 2016). The GrIS loses mass through solid ice discharge54

and through a reduced surface mass balance (SMB), when increases in surface ablation exceed55

those in snow accumulation and meltwater refreezing. SMB-related losses were responsible for a56

greater proportion of total mass loss than ice dynamical processes during the recent GrIS mass loss57

acceleration (van den Broeke et al. 2017; Mouginot et al. 2019), and model projections indicate58

that SMB will play the dominant role in future GrIS mass losses (Calov et al. 2018; Rückamp et al.59

2018).60

GrIS surface melt is driven by energy exchanges at the interface between the ice / snow surface61

and the atmosphere, and is therefore highly sensitive to atmospheric conditions. A number of62

atmospheric and coupled ocean-atmospheric phenomena, operating across a broad spectrum of63

spatiotemporal scales, have been found to influence GrIS SMB variability. These include slow-64

moving anticyclones known as “Greenland blocks” (McLeod and Mote 2016; Ahlstrøm et al. 2017;65

Hanna et al. 2018a) and extratropical cyclones (McLeod and Mote 2015; Berdahl et al. 2018),66

whose occurrence has been linked to the state of the North Atlantic Oscillation (NAO) (Fettweis67

et al. 2013; Hanna et al. 2013; Delhasse et al. 2018) and the Atlantic Multidecadal Oscillation68

(AMO) (Rajewicz and Marshall 2014; Auger et al. 2017).69

Another recurring feature of the synoptic-scale atmospheric circulation that has been shown to70

influence GrIS SMB variability is the organization of intense water vapor transport into narrow71

5

Accepted for publication in Journal of Climate. DOI 10.1175/JCLI-D-19-0835.1.



corridors known as atmospheric rivers (ARs). ARs typically form due to moisture convergence72

along the cold front in warm sectors of extratropical cyclones (Dacre et al. 2015). A particularly73

intense AR affected western Greenland during the extreme melt event of mid-July 2012, when74

nearly the entire ice sheet experienced surface melt for the first time in over a century (Nghiem75

et al. 2012; Neff et al. 2014; Bonne et al. 2015). Mattingly et al. (2018) (hereafter M18) analyzed76

the influence of ARs on GrIS SMB during 1980–2016, finding that strong AR events produce77

intense melt in the low-elevation ablation zone during summer and that ARs affecting western78

Greenland are responsible for the largest Greenland-wide SMB losses. Recent trends in summer79

AR-related moisture transport to western Greenland align with GrIS SMB trends, as enhanced80

AR activity during ˜2000–2012 has been followed by more moderate moisture transport by ARs81

to Greenland in subsequent years (Oltmanns et al. 2019; Mattingly et al. 2016, M18). Climate82

models project increased moisture transport to the high-latitude Northern Hemisphere under fu-83

ture emissions scenarios (Lavers et al. 2015; Singh et al. 2017), underscoring the importance of84

understanding interactions between ARs and the ice sheet surface.85

Although the influence of ARs on warm season GrIS melt events has been established (M18;86

Ballinger et al. 2019), the physical mechanisms through which ARs and other features of the87

synoptic-scale atmospheric circulation induce melt are not well understood. On an annual basis,88

the absorption of solar radiation is the greatest source of melt energy across the ice sheet (Box89

et al. 2012). Hofer et al. (2017) found evidence for a decreasing trend in summer cloud cover90

over Greenland from 1995 to 2009 and deduced that this decrease in cloud cover drove the cor-91

responding negative GrIS mass trend through enhanced shortwave radiation absorption, mainly in92

the low-albedo ablation zone. However, other studies have found that clouds enhance GrIS surface93

melt and prevent meltwater refreezing in the accumulation zone through enhanced downwelling94

longwave radiation (Bennartz et al. 2013; Miller et al. 2015; Van Tricht et al. 2016; Solomon et al.95
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2017; Cullather and Nowicki 2018; Wang et al. 2018), and future GrIS melt projections are highly96

sensitive to modeled cloud properties (Hofer et al. 2019). Given the large fluxes of water vapor97

delivered by ARs, it is likely that some parts of the GrIS experience SMB losses under cloudy98

conditions during AR events. Additionally, studies of intense melt events in the ablation zone of99

southern and western Greenland have shown that turbulent fluxes of sensible and latent heat—100

driven by enhanced wind speeds—are a major source of melt energy and exceed the magnitude of101

radiative fluxes during these anomalous melt episodes (Braithwaite and Olesen 1990; Fausto et al.102

2016a,b; Hermann et al. 2018).103

In light of this uncertainty over the physical processes contributing to enhanced GrIS summer104

melt, in this study we examine the local- to synoptic-scale atmospheric mechanisms and surface-105

atmosphere interactions that drive GrIS melt during AR events. M18 found that the negative GrIS106

SMB response is greatest during strong summer ARs affecting western Greenland, therefore we107

focus on these events. We first explore the response of the radiative (shortwave and longwave ra-108

diation) and turbulent (sensible and latent heat flux) terms of the surface energy balance (SEB) to109

strong AR events, including the spatial variability of these energy balance components across the110

GrIS (section 3a). We then analyze the atmospheric processes that produce these SEB responses,111

focusing on the role of clouds in altering radiative fluxes and the local- to synoptic-scale changes112

in temperature and pressure fields that produce enhanced wind speeds and turbulent fluxes (sec-113

tions 3b and 3c). As exact values of SEB terms and cloud properties are uncertain over Greenland,114

we employ a number of observational, regional climate model, reanalysis, and satellite-derived115

datasets to represent the spread of plausible results and highlight areas of agreement and disagree-116

ment between data sources. We devote particular attention to a distinct contrast in the processes117

contributing to melt in the western versus eastern Greenland ablation zone during strong AR events118

affecting the higher latitudes of northwest Greenland. This contrast is characterized by simulta-119
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neous cloudy, moist conditions over western Greenland and clear, dry downsloping conditions in120

eastern Greenland, with anomalous melt energy present under both these regimes.121

2. Data and Methodology122

a. Data Sources123

1) THE REGIONAL CLIMATE MODEL MAR124

The primary data source employed to examine SEB components, near-surface wind fields, and125

cloud properties is the Modèle Atmosphérique Régionale (MAR) (Gallée and Schayes 1994),126

which has been widely used in GrIS studies (Fettweis et al. 2017). MAR is a coupled atmosphere-127

land surface model that includes the 1-D Soil Ice Snow Vegetation Atmosphere Transfer (SISVAT)128

scheme (De Ridder and Gallée 1998) to calculate mass and energy fluxes between the land sur-129

face, snow surface, and atmosphere. Daily outputs from MAR version 3.9.6 (Delhasse et al. 2020),130

forced with ERA-Interim reanalysis and run at 7.5km spatial resolution over the period 1980–2017,131

are used in this study. The ERA40 radiative scheme is used to compute shortwave and longwave132

radiative fluxes in MAR (Delhasse et al. 2020). MAR uses a “bulk” parameterization dependent on133

the temperature and humidity difference between the surface and first MAR vertical level (˜2m),134

along with the wind speed, to calculate sensible and latent heat fluxes (De Ridder and Schayes135

1997).136

MAR has been shown through extensive validation efforts to reproduce near-surface tempera-137

tures, melt, and SMB values with a high degree of accuracy over the Greenland and Antarctic ice138

sheets (Rae et al. 2012; Fettweis et al. 2017; Sutterley et al. 2018; Agosta et al. 2019; Fettweis139

et al. 2020). The success of the model in simulating these fields may result from compensating140

biases in SEB, as previous MAR versions have been found to significantly overestimate down-141
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welling shortwave radiation and underestimate downwelling longwave radiation over Greenland142

due to underestimation of cloudiness (Franco et al. 2013; Fettweis et al. 2017; Delhasse et al.143

2020). Net shortwave radiation simulated by the model may also be affected by inaccuracies in144

albedo, particularly in the low-elevation bare ice zone where the lower limit of albedo is fixed to145

0.4 in MAR but has been observed to be 0.2 or lower in some areas (van As et al. 2013; Alexander146

et al. 2014; Tedesco et al. 2016; Fettweis et al. 2017). According to Delhasse et al. (2020), the ver-147

sion of MAR (3.9.6) used here still has biases in the downward energy fluxes but minimal bias in148

near-surface temperature, suggesting that there are still some error compensations in the modeled149

SEB.150

Turbulent fluxes of sensible and latent heat from MAR have not been examined as thoroughly151

as radiative SEB components. Validation of turbulent fluxes is difficult because the single-level152

“bulk” method used to calculate them from both model output and PROMICE station observations153

(see below) likely results in underestimation of their magnitude, particularly during intense melt154

events in the ablation zone (Fausto et al. 2016b; Hermann et al. 2018). Additionally, the roughness155

length for momentum (z0) is a major factor in determining turbulent heat flux values but is poorly156

constrained in models and observations. Field observations across the K-transect in southwest157

Greenland have found that z0 is approximately uniform (˜0.1-0.5mm) over snow-covered surfaces158

in this area but shows a large degree of spatial variability after snow melt onset in the summer, with159

end-of-summer z0 values ranging from ˜10–50mm in the lower ablation zone to ˜0.01mm near the160

equilibrium line (Smeets and van den Broeke 2008). MAR uses a scheme incorporating surface161

snow/ice density, snow depth, snow erosion, and sastrugi (ridges of snow formed by wind erosion)162

to determine z0 for turbulent flux calculations, but only for snow-covered surfaces (Alexander et al.163

2019), and average z0 over the ice sheet in MAR ranges from ˜3–6mm. Similarly, turbulent flux164
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calculations from observations typically use simplified z0 values for (snow or) ice surfaces (van165

As et al. 2012; Fausto et al. 2016a).166

In our comparisons with ERA5 and MERRA-2 (Table S1), MAR shows the best overall perfor-167

mance in reproducing the observation-based SEB terms from PROMICE (described in the next168

subsection). For all variables except LHF (see section 3a) the mean differences between AR cat-169

egories are greater than the mean MAR bias (compare Tables S1 and S2), thus MAR is able to170

simulate the differences in SWnet , LWnet and SHF that occur across AR conditions.171

2) PROGRAMME FOR MONITORING OF THE GREENLAND ICE SHEET (PROMICE) OBSERVA-172

TIONS AND DERIVED FLUXES173

Daily average values from Programme for Monitoring of the Greenland Ice Sheet (PROMICE)174

stations (van As et al. 2011) are used to analyze near-surface atmospheric conditions over the GrIS175

and for comparison with MAR, reanalysis, and satellite data. PROMICE stations measure down-176

welling and upwelling longwave and shortwave radiation, and PROMICE also provides derived177

turbulent fluxes calculated from a 1-D surface energy balance model. Similar to MAR, turbulent178

fluxes are calculated using the “bulk” method and the observed near-surface gradients in tempera-179

ture, specific humidity, and wind speed (van As 2011). The model assumes z0 = 1mm and uses the180

observed surface temperature to calculate near-surface atmospheric gradients in temperature and181

humidity, rather than the surface temperature for which all SEB components are in balance.182

This study focuses on conditions in the western and northeastern sectors of the GrIS during183

AR events, and thus data from 11 PROMICE stations located in the Nuuk (NUK), Kangerlussuaq184

(KAN), Upernavik (UPE), Thule (THU), and Kronprins Christian Land (KPC) regions (Fig. 1,185

Table 1) are utilized. Most stations are located in the lower ablation zone or in the upper ablation186

zone near the equilibrium line, with elevations ranging from 220 m (UPE L) to 1840 m (KAN U)187
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above sea level (Table 1). The chosen stations began recording in years ranging from 2007–2010188

and observations through summer 2017 are acquired at all stations, resulting in data for 7–10189

summers depending on station.190

3) MERRA-2 AND ERA5 REANALYSIS DATA191

Modern Era Retrospective Analysis for Research and Applications, version 2 (MERRA-2) re-192

analysis data (Gelaro et al. 2017) are used to identify AR events and categorize them based on193

the intensity of water vapor transport (see section 2b). These MERRA-2 data are interpolated to194

0.5◦ lat/lon resolution, with 6-hourly temporal resolution from 1980–2017. To generate cross sec-195

tion plots of meteorological variables over the GrIS, ERA5 reanalysis data (Copernicus Climate196

Change Service (C3S) 2017) on native model vertical levels are used due to their relatively high197

spatial (0.28125◦) and vertical (137 hybrid sigma/pressure levels) resolution (compared with 72198

hybrid-eta levels in MERRA-2). ERA5 data for model levels 137–79, extending from the surface199

up to ˜250 hPa, are used over the period 2000–2017. Additionally, SEB terms and cloud properties200

from MAR output and PROMICE data are compared with MERRA-2 and ERA5 data.201

4) HYBRID RACMO-SATELLITE CLOUD DATA202

In order to evaluate the accuracy of MAR, ERA5, and MERRA-2 cloud liquid water path (LWP)203

and ice water path (IWP), a hybrid regional climate model-satellite dataset developed by Van Tricht204

et al. (2016) is employed. This “hybrid RACMO-satellite” data combines high-accuracy, but tem-205

porally limited, active lidar and radar satellite cloud observations—from the Cloud-Aerosol Li-206

dar with Orthogonal Polarization (CALIOP) and Cloud Profiling Radar (CPR) sensors aboard the207

CALIPSO and CloudSat satellites—with hourly (but less accurate) LWP and IWP output from ver-208

sion 2.3 of the RACMO regional climate model (Noël et al. 2015). The spatiotemporal dynamics209

11

Accepted for publication in Journal of Climate. DOI 10.1175/JCLI-D-19-0835.1.



of clouds in this dataset are driven by RACMO2.3, and biases in cloud properties are subsequently210

reduced (but not eliminated) by rescaling the model output to more closely match available satellite211

observations. These data are aggregated onto a 2◦ × 2◦ grid during 2007–2010, with 3-hourly tem-212

poral resolution that is resampled to daily means in the present study. Further details are provided213

by Van Tricht et al. (2016), who find that the hybrid RACMO-satellite dataset slightly underesti-214

mates LWP but agrees significantly better with ground-based LWP retrievals from Summit Station215

than raw RACMO2.3 output.216

5) SUMMIT STATION CLOUD LIQUID WATER PATH RETRIEVALS217

To provide an additional check on the model and reanalysis cloud data, LWP retrievals from218

Summit Station, located in the high-elevation dry snow zone of the central GrIS (Shupe et al. 2013,219

see Fig. 1), are utilized. LWP values are estimated by applying a physical retrieval algorithm to220

radiances measured by a pair of microwave radiometers at two low-frequency channels (23.84 and221

31.40 GHz) and one high-frequency channel (90.0 GHz) (Turner et al. 2007; Pettersen et al. 2016;222

Miller et al. 2017). The addition of the high-frequency channel helps constrain LWP when little223

cloud liquid is present, reducing mean LWP uncertainty to ˜5 g m−2 (Pettersen et al. 2018). LWP224

retrievals from July 2010 through August 2017 are resampled to daily mean temporal resolution225

in this study.226

b. Methods227

1) ATMOSPHERIC RIVER IDENTIFICATION AND INTENSITY CLASSIFICATION228

Following M18, outlines of AR features over the Northern Hemisphere are identified at 6-hourly229

timesteps using integrated water vapor transport (IVT) calculated from MERRA-2 and interpolated230

to 0.5◦ lat/lon resolution. See M18, Table S3, and Fig. S1 for additional details and examples of231
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the AR identification criteria, which are similar to those of and Guan and Waliser (2015) and232

Mundhenk et al. (2016a), with the notable exceptions of a lesser minimum IVT threshold (150 kg233

m−1 s−1) and allowance for northerly moisture transport from the Arctic. Both of these unique234

criteria are designed to capture the specific characteristics of ARs impacting Greenland.235

To compare atmospheric processes during intense AR events to periods with ARs of lesser inten-236

sity or no AR present, outlines of the eight major GrIS drainage basins from Luthcke et al. (2013)237

are delineated (Fig. 1), and each day is classified into one of three categories (“no AR”, AR<90,238

AR90+) based on basin-scale AR intensity. If an AR outline overlaps with a given basin outline239

on a given day, that basin is classed as experiencing an AR “landfall”, while “no AR” days have240

no AR present. To categorize AR<90 and AR90+ days, the distribution of maximum IVT values241

within the area of overlap between the AR and basin outline on days an AR is present is compiled242

for each season. AR<90 (AR90+) days are those with an AR whose maximum IVT is less (greater)243

than the 90th percentile of this basin- and season-specific distribution. The 90th percentile IVT244

threshold was chosen because warm, moist, windy conditions at low-elevation PROMICE stations245

are much more frequent during AR90+ events (see Appendix).246

2) ATMOSPHERIC COMPOSITE ANALYSES247

Mean SEB terms on “no AR”, AR<90, and AR90+ days in basins 6 and 8 are calculated from248

MAR daily output during the summer months (JJA) of 1980–2017. Differences between summed249

radiative (SWnet and LWnet) versus turbulent heat (SHF and LHF) fluxes, as well as total melt250

energy (SWnet + LWnet + SHF + LHF), are also compiled. Rain energy flux and conductive251

ground heat flux are not examined due to lack of available data on these SEB terms from MAR and252

PROMICE. These energy sources are generally negligible on seasonal time scales in comparison253

to radiative and turbulent fluxes (Charalampidis et al. 2015), although rain heat flux may be an254
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important factor contributing to melt in some cases. Doyle et al. (2015) calculated that rain-255

induced ice melt generated ˜0.5% of the runoff at a lower ablation zone site near Kangerlussuaq256

during an August 2011 rainfall event, while Fausto et al. (2016a) found that the rain heat flux257

contributed an average of 7% of melt energy during two major melt events in summer 2012 at258

the QAS L PROMICE station in South Greenland (compared to an average JJA contribution of259

1%). However, Doyle et al. (2015) calculated that warm rainfall can efficiently heat the colder260

snow pack found at higher ice sheet elevations to the freezing point, and Fausto et al. (2016b)261

noted that models may underestimate rain heat flux by assuming rain temperature is the same262

as surface temperature despite the presence of temperature inversions. Therefore it is possible263

that rain energy flux contributes substantially to melt during AR events, particularly in higher264

elevations with a cold pre-existing snow pack.265

To examine SEB evolution throughout AR events, spatially averaged means and anomalies of266

SEB components are compiled over the ablation and accumulation zones for± 5 days surrounding267

AR<90 and AR90+ events. In these composites, the window is “broken” when another AR of equal268

or greater intensity occurs. For example, if day 0 is an AR90+ day and AR90+ events also occur on269

day -5, day -3, and day +3, only days -2 through +2 are included. The ablation and accumulation270

zones are areas where MAR annual mean SMB (1980–2017) is less than or greater than 0 mmWE,271

respectively (Fig. 1). Composites are also produced for basin 2 during basin 8 AR events to272

examine northeast Greenland melt forced by downsloping air flow during northwest Greenland273

AR events.274

Comparisons between PROMICE, MAR, ERA5, and MERRA-2 radiative and turbulent fluxes275

are performed for PROMICE stations in basin 6 (KAN L, KAN M, KAN U, NUK L, NUK U)276

and basin 8 (THU L, THU U, UPE L, UPE U), as well as two basin 1 stations (KPC L, KPC U).277

Because KPC L and KPC U are near the boundary between basin 1 and basin 2, and conditions at278
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these stations are likely similar to those in the basin 2 ablation zone, the SEB at these stations is279

analyzed in relation to AR activity in basin 8.280

Composite mean and anomaly maps of cloud properties (cloud cover, liquid water path, and ice281

water path) from MAR are produced in the same manner as the SEB analysis described above.282

These cloud properties are compared to ERA5 and MERRA-2 during 2000–2017, to the hybrid283

RACMO-satellite LWP and IWP data during 2007–2010, and to ground-based retrievals from284

Summit Station during 2010–2017.285

Vertical cross sections of atmospheric variables relevant to cloud formation, the atmospheric286

thermal state, and wind fields are compiled across AR categories from ERA5 data during 2000–287

2017 (section 3c). Synoptic-scale composites of near-surface and mid-tropospheric (500 hPa)288

pressure, wind, temperature, and moisture conditions for distinct AR categories are produced us-289

ing MERRA-2. For the cloud comparison analyses, cross sections, and synoptic composites, the290

sample sizes of the “no AR” and AR<90 categories are reduced to match the number of days in the291

AR90+ category, using a random number generator to select “no AR” and AR<90 days to sample292

for composites.293

3. Results294

a. Surface energy balance during AR events295

During AR90+ events affecting basin 6 (southwest Greenland), negative SWnet anomalies and296

positive LWnet anomalies are modeled by MAR throughout this basin (Fig. 2). Positive energy297

flux anomalies begin 1 day prior to the date of AR90+ impact (day -1), with anomalies lingering298

for around 2 additional days (through day +2) on average (Fig. 3). MAR shows strong positive299

sensible heat fluxes (ranging from 60–90+ W m−2) in the ablation zone (Table 2), transitioning300
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to weakly positive or weakly negative SHF in the higher elevations of the accumulation zone.301

SHF values are greatest in the ablation zone due to the anomalously strong southerly winds at302

lower elevations (Fig. 2), combined with the enhanced thermal contrast between the ice surface303

and near-ice atmosphere in the presence of warm air advection (Fig. S2, section 3c) and greater304

aerodynamic roughness length in snow-free areas (see section 2a).305

Substantial LHF (on the order of 25–50+ W m−2) is also modelled by MAR over the ablation306

zone and lower accumulation zone of basin 6. However, these LHF values are much higher than307

those derived from PROMICE observations (which range from ˜10–25 W m−2 in the ablation308

zone—see Table 2) and simulated by ERA5 and MERRA-2 (Fig. S4). This suggests that LHF in309

lower elevations is likely overestimated by MAR, and even in MAR the SHF is 2–3 times larger310

than LHF in the basin 6 ablation zone. Thus SHF is the dominant source of turbulent energy311

flux in the basin 6 ablation zone during AR90+ events. It is notable, however, that LHF shifts312

from a negative (energy lost through evaporation / sublimation) to positive (energy gained from313

condensation / deposition) regime when comparing “no AR” to AR90+ conditions throughout the314

basin 6 ablation zone (Table 2).315

The magnitude of the summed turbulent flux terms exceeds net radiation by up to 30 W m−2 in316

much of the ablation zone on basin 6 AR90+ days according to MAR (Figs. 2 and 3), in agree-317

ment with prior studies (e.g. Braithwaite and Olesen 1990; Fausto et al. 2016b) finding that the318

majority of melt energy is contributed by non-radiative fluxes during intense melt events in the319

southwest Greenland ablation zone. In interpreting this result, it must be reiterated that both MAR320

and PROMICE turbulent heat flux values are derived using SEB models with significant uncertain-321

ties, particularly relating to aerodynamic roughness length (z0) values (section 2a). Neither MAR322

nor PROMICE turbulent fluxes thus represent “true” values, and it is likely that the single-level323

“bulk” flux calculation method used in both the PROMICE and MAR turbulent flux derivations324
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underestimates the magnitude of heat transfer to the surface by turbulent fluxes, especially in the325

lower ablation zone during periods of intense warm air advection and melt (Fausto et al. 2016b;326

Hermann et al. 2018).327

In the accumulation zone, turbulent fluxes of sensible and latent heat are reduced relative to the328

ablation zone due to lower wind speeds, lesser (or negative) surface-atmosphere temperature con-329

trast, smaller aerodynamic roughness lengths (Smeets and van den Broeke 2008), and decreased330

atmospheric water vapor content. The lesser melt energy anomalies (on the order of 10–30 W331

m−2, compared to 50–60 W m−2 in the ablation zone) are primarily produced by increased LWnet332

that is not compensated by an equivalent decrease in SWnet (Figs. 2 and 3). MAR also simulates333

substantial positive melt energy contributions from LHF in the accumulation zone, but KAN U334

observationally-derived LHF along with ERA5 and MERRA-2 data indicate that LHF values are335

less negative rather than absolutely positive on AR90+ days.336

In northwest Greenland, AR90+ events affecting basin 8 produce qualitatively similar changes337

to the SEB in the immediate vicinity of AR landfall as the corresponding events in basin 6 (Figs.338

4 and S3, Table 3). However, basin 8 AR90+ events are also accompanied by positive anomalies339

in melt energy throughout the northern and northeastern GrIS ablation zone that are not present340

during basin 6 AR events (Fig. 5). The anomalous energy fluxes in basin 2 are produced by341

changes in SEB terms that contrast with the AR landfall area in northwest Greenland (basin 8).342

Positive SWnet anomalies, negative LWnet anomalies, strong positive SHF anomalies, and negative343

LHF anomalies occur along the northeastern and eastern margin of the GrIS. The positive SWnet344

anomalies peak on the day of basin 8 AR90+ events (day 0) and the day after (day +1) and SHF345

peaks on day +1, resulting in the highest energy flux anomalies on the day after AR90+ events.346

The day 0 maximum of SWnet suggests preconditioning of the surface for melt in NE Greenland347

by clearing and warming conditions prior to the arrival of the highest temperature anomalies as-348
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sociated with the AR90+ from days +1–3. Melt energy anomalies last longer than in basin 8, with349

energy fluxes slowly returning to pre-event values by day +5 (Fig. 5).350

b. Cloud properties during AR events351

Having described the SEB changes that occur during AR90+ events, we now analyze the atmo-352

spheric processes that produce these anomalous energy fluxes. We begin by examining the impact353

of clouds on radiative fluxes. On AR90+ days in basin 6, MAR simulates extensive cloud cover354

throughout the basin and surrounding areas, with up to 30–40% more cloud cover on average355

compared to “no AR” days (Fig. 6). The radiative impact of these clouds is likely to be greatest356

in the accumulation zone where high surface albedo damps the cloud shortwave shading effect357

(Wang et al. 2019b), and during nighttime hours when clear-sky shortwave radiation is lowest or358

zero and clouds inhibit meltwater refreezing and precondition the ice sheet surface for daytime359

melt (Van Tricht et al. 2016; Solomon et al. 2017). Although we do not analyze the height of360

cloud bases in this study, these LWP values are likely to be associated with lower altitude, warmer361

clouds, also contributing to the warming effect. Except over the lower ablation zone, MAR simu-362

lates clouds with little liquid water over the GrIS. LWP values in the 10–40 g m−2 range have been363

shown to maximize positive cloud radiative effects by enhancing downward longwave radiation364

while allowing some shortwave radiation to filter through (Bennartz et al. 2013; Van Tricht et al.365

2016; Nicolas et al. 2017). MAR produces these LWP values over only a narrow band of the lower366

accumulation zone during AR90+ events, instead simulating high IWP values over the western367

GrIS.368

In agreement with MAR, ERA5 and MERRA-2 show large increases in cloud cover over basin 6369

on AR90+ days compared to “no AR” days (Fig. 6). Their depiction of cloud liquid and ice water370

differs substantially from MAR, however. Both ERA5 and MERRA-2 show LWP > 10 g m−2
371
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over all but the eastern interior GrIS on AR90+ days, and LWP > 40 g m−2 extending well into the372

higher elevations of the accumulation zone in basin 6. ERA5 depicts modest IWP values of 30–90373

g m−2 over most of basin 6, while MERRA-2 depicts higher IWP values (100–200 g m−2), which374

are nevertheless much lower than the > 250 g m−2 MAR values. ERA5 cross sections suggest375

cloud liquid water tends to concentrate 50–100 hPa above the ice sheet surface on AR90+ days,376

while ice clouds spread more diffusely throughout the middle and upper troposphere (Figs. S6 and377

S7).378

Comparisons with the hybrid RACMO-satellite data (Fig. 6) and Summit Station LWP retrievals379

(Table 4) show that the ERA5 and MERRA-2 LWP and IWP values are more realistic than the380

MAR output. The spatial patterns of LWP and IWP in the hybrid RACMO-satellite data are381

reproduced well by ERA5 and MERRA-2, with higher amounts of LWP and IWP across the382

western GrIS during AR90+ events compared to “no AR” conditions. This west-to-east gradient in383

LWP aligns with other studies showing that snowfall from clouds containing liquid water is more384

frequent over western than eastern Greenland during summer, and that snow-producing clouds385

containing liquid water at Summit Station tend to be produced by air masses that first pass over386

southwest Greenland (Pettersen et al. 2018; McIlhattan et al. 2019). LWP appears to still be387

underestimated by ERA5 and MERRA-2 on AR90+ days, with LWP > 40 g m−2 extending to388

higher elevations of the western GrIS accumulation zone in the hybrid RACMO-satellite product389

compared with ERA5 and MERRA-2. This is confirmed by Summit Station LWP retrievals, as390

mean ERA5 and MERRA-2 LWP is within the range of the observational uncertainty on “no391

AR” days but 15–20 g m−2 lower than the ground-based retrievals on AR90+ days (Table 4).392

Previous studies (e.g. Forbes and Ahlgrimm 2014; Lenaerts et al. 2017; McIlhattan et al. 2017)393

have found that global weather and climate models also struggle to accurately simulate cloud liquid394

water in the Arctic. ERA5 appears to slightly underestimate IWP in most areas, while MERRA-2395
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reproduces the magnitude and spatial pattern of IWP well (Fig. 6). These discrepancies between396

MAR and ERA5 / MERRA-2 are also evident for AR90+ events impacting basin 8 (Fig. S5, Table397

S4).398

c. Atmospheric forcing of surface energy balance and cloud properties during AR events399

On AR90+ days in basin 6 (southwest Greenland), the synoptic-scale atmospheric circulation in400

the lower troposphere features an anomalous area of low pressure over the Labrador Sea, Davis401

Strait, and Baffin Island (Fig. 7). Off the southeast coast of Greenland, the seasonally weak Ice-402

landic Low appears as a broad closed MSLP contour on basin 6 “no AR” days, but is replaced by403

an anomalous anticyclone on AR90+ days. The combination of low pressure to the west of Green-404

land and high pressure to the east generates southerly advection of anomalously warm, moist air405

over western Greenland on basin 6 AR90+ days, a pattern that has also been shown to enhance406

snowfall from liquid-containing clouds in the western Greenland accumulation zone and at Sum-407

mit Station (Pettersen et al. 2018; McIlhattan et al. 2019). In the middle troposphere (Fig. 8), a408

trough of low pressure is located over northern Baffin Bay and Baffin Island on basin 6 AR90+409

days, with an anomalous ridge of high pressure centered off the southeast coast of Greenland and410

extending across southern and eastern Greenland. This trough-ridge couplet is accompanied by411

a northward deviation of the jet stream from its climatological position over the North Atlantic,412

with 500 hPa wind speeds maximized over southwest Greenland. During basin 8 AR90+ events413

(Figs. S8 and S9) these lower- and middle-tropospheric features are displaced to the northwest414

(resembling a pattern of recurring cyclone tracks over Baffin Bay identified by Chen et al. (1997)),415

with anomalous middle-tropospheric ridging extending over all of Greenland.416

Vertical cross sections of wind fields and thermal variables over the K-transect region (Figs. 9417

and 10) and across northern Greenland (Figs. 11 and 12) at 1800 UTC provide further insight418
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into the surface-atmosphere interactions producing enhanced turbulent heat fluxes on AR90+ days.419

Climatologically, the wind field over the GrIS is katabatic, with negatively buoyant downslope420

flow forced by cooling of the near-surface atmosphere over the ice sheet and maximized over421

steeply sloping terrain (van den Broeke et al. 1994; Parish and Bromwich 1989). The katabatic422

wind is typically weakest on summer afternoons, as the ice sheet surface temperature is higher than423

in other seasons (and limited to 0◦C during surface melt), reducing the thermal gradient between424

the near-surface katabatic layer and the free atmosphere during synoptically quiescent conditions425

(van Angelen et al. 2011; Moore et al. 2013). The relative weakness of climatological summer426

katabatic winds can be seen in the 1800 UTC “no AR” wind cross section over the K-transect427

(Fig. 9; compare to stronger 0600 UTC katabatic winds in Fig. S10).428

On AR90+ days, in contrast, warm air advection results in above-freezing temperatures just429

above the ice sheet surface that extend much further inland and to higher altitudes compared430

with “no AR” conditions (Fig. 10). This increases the local-scale temperature deficit of dense,431

near-surface air over the ice sheet relative to the surrounding atmosphere, resulting in enhanced432

gravitational wind forcing that is maximized over steep terrain. Further, there is a strong synoptic-433

scale pressure gradient that contributes to the wind forcing on AR90+ days. This can be seen in434

the large-scale synoptic composite maps (Figs. 7 and 8), and more subtly appears in the sloping435

of potential temperature and geopotential height contours from the ridge over Greenland to the436

trough over Baffin Bay in the AR90+ cross section (Fig. 10). This large-scale pressure gradient437

generates what previous studies have termed a “barrier jet” or “Greenland plateau jet” in the free438

atmosphere perpendicular to the terrain gradient of the western GrIS, which is coupled to the near-439

surface katabatic layer through positive vertical wind shear above the boundary layer (van den440

Broeke and Gallée 1996; Moore et al. 2013). The coupling of these locally- and synoptically-441

forced winds results in mixing of warm air downward into the boundary layer and strong sensible442
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heat flux into the ice sheet surface, a phenomenon that previous studies have also noted during pe-443

riods of strong synoptic forcing (Meesters 1994; van den Broeke and Gallée 1996; Heinemann and444

Falk 2002). Although we focus on afternoon (1800 UTC) conditions, we also note that nighttime445

(0600 UTC) wind speeds are higher (Fig. S10) on AR90+ days compared to “no AR” days and446

the strength of the nighttime (0600 UTC) inversion is reduced (Fig. S11), indicating strengthened447

turbulent heat fluxes on AR90+ days even with little to no incoming solar radiation.448

During basin 8 AR90+ events, the afternoon wind and thermal cross sections (Figs. 11 and 12)449

resemble the K-transect cross sections in the AR landfall area of northwest Greenland, although450

katabatic winds are stronger than over the K-transect on “no AR” days due to the greater surface451

slope angle. Over northeast Greenland, the thermal cross sections (Fig. 12) show above-freezing452

temperatures extending to much higher altitudes over the ice sheet on AR90+ compared to “no453

AR” afternoons, and closely packed potential temperature contours indicate a strengthening of the454

temperature inversion on basin 8 AR90+ days. These features are produced by downslope flow455

and adiabatic warming above the near-surface katabatic layer, which increases the temperature456

deficit of the katabatic layer and strengthens wind speeds, particularly in the area immediately457

upslope from the steepest topography (Fig. 11). The synoptic pressure gradient is weaker than458

in northwest Greenland and the vertical distance between the upper-level jet and the near-surface459

katabatic wind maximum is 100–200 hPa greater than in northwest Greenland, thus local-scale460

katabatic and thermal forcing likely plays the dominant role in driving enhanced wind speeds in461

northeast Greenland. This enhanced katabatic wind entrains adiabatically warmed air from above462

the katabatic layer and mixes it toward the surface, leading to the enhanced SHF described in463

section 3a.464

Additional insight into the drivers of anomalous energy fluxes during AR90+ events is provided465

by cross sections of moisture and vertical velocity fields (Figs. 13 and 14). Over the K-transect re-466
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gion, ERA5 shows specific humidity values that are on the order of 5–20 g kg−1 higher throughout467

the lower and middle troposphere on AR90+ compared to “no AR” days (Fig. 13). This anoma-468

lous moisture content, along with widespread upward motion above the boundary layer, results in469

extensive cloud formation in the vicinity of AR landfall (see Figs. 6, S6, and S7) that produces470

negative SWnet and positive LWnet anomalies over the K-transect. Combined with the strong wind471

speeds detailed above, the high atmospheric water vapor content also results in increased latent472

heat flux. Over northeast Greenland during basin 8 AR90+ events, downward vertical motion ex-473

tends through a deeper layer of the troposphere than normal, with especially intense downslope474

flow along the steepest slopes near the ice sheet edge (Fig. 14). This foehn effect warms the air475

above the boundary layer and water vapor content decreases through precipitation as air passes476

over the GrIS terrain barrier, resulting in low relative humidity throughout the troposphere over477

the northeast GrIS. This combination of drying, clearing, warming, enhanced downward motion,478

and increased katabatic wind speeds explains the positive SWnet and negative LWnet anomalies,479

positive SHF anomalies, and negative LHF anomalies over the northeastern GrIS ablation zone on480

basin 8 AR90+ days.481

4. Discussion and conclusions482

Through analysis of the surface energy balance, cloud properties, and synoptic- to local-scale483

atmospheric conditions during AR events, we have elucidated the atmospheric forcing and surface-484

atmosphere interactions that generate enhanced GrIS surface melt when a strong AR impacts west-485

ern Greenland during summer. In the immediate vicinity of the AR landfall, AR90+ days are char-486

acterized by cloudy, moist, warm, and windy atmospheric conditions over the ice sheet. Compared487

with “no AR” conditions, cloud cover increases by 30–40%, precipitable water increases by 3–7488

kg m−2, 2-meter temperatures increase by 3–5◦C, and near-surface wind speeds increase by 3–5489
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m s−1 on a mean AR90+ day. The presence of clouds—which are produced by enhanced lower-490

and middle-tropospheric vertical motion acting on anomalous amounts of water vapor—decreases491

SWnet and increases LWnet . As these radiative anomalies partially cancel one another, turbulent492

fluxes of sensible and (to a lesser extent) latent heat become the dominant terms of the SEB across493

the ablation zone of the GrIS, where enhanced wind speeds entrain warm air into the near-ice air494

layer and where surface roughness is greatest. This anomalously strong barrier wind is driven495

by a combination of an increased synoptic-scale pressure gradient and the intensified local-scale496

thermal contrast between the cool near-ice atmospheric layer and the surrounding atmosphere as497

it is heated through warm air advection. At higher elevations, turbulent fluxes are reduced in the498

AR “landfall” basin and more modest melt energy anomalies are primarily forced by the radiative499

effects of clouds.500

In contrast to the cloudy melt regime in the vicinity of AR landfall, during strong AR events af-501

fecting northwest Greenland, enhanced melt energy is also produced in the northeast GrIS ablation502

zone with dry, clear, and windy conditions due to a foehn effect. Anomalously clear skies result-503

ing from downward air parcel motion and drying lead to enhanced SWnet over this area, while504

adiabatic warming above the near-ice layer leads to increased katabatic wind speeds and SHF. Our505

finding of melt forced by down-slope flow in northeast Greenland during northwest Greenland506

ARs agrees with the results of Cullather and Nowicki (2018), Välisuo et al. (2018), and Noël et al.507

(2019), and together our results suggest that foehn conditions may be responsible for the largest508

melt events in this region. A similar contrast between cloudy and clear conditions windward and509

leeward of an orographic barrier during AR events has been documented in western Antarctica510

(Wille et al. 2019).511

We find that the model, reanalysis, satellite, and observational data sources employed in this512

study agree on the qualitative changes in SEB terms, fractional cloud cover, and atmospheric con-513
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ditions that occur during strong summer AR events. However, there is considerable disagreement514

among these datasets regarding the values of SEB terms as well as cloud liquid and ice water515

quantities. MAR generally performs better than ERA5 and MERRA-2 in reproducing SEB terms,516

using measured radiative fluxes and derived turbulent fluxes from PROMICE stations as refer-517

ence data. However, it still exhibits a negative SWnet bias and positive LHF bias in the western518

Greenland ablation zone, particularly during AR90+ events. Additionally, based on the results of519

previous studies (Fausto et al. 2016b; Hermann et al. 2018), it is possible that SHF in the ablation520

zone during AR90+ events is substantially greater than either the values simulated by MAR or521

those derived from PROMICE observations. MAR appears to severely underestimate cloud liquid522

amounts by overestimating cloud ice phase over the GrIS regardless of AR conditions. ERA5 and523

MERRA-2 perform better than MAR when compared to hybrid RACMO-satellite cloud data and524

Summit Station LWP retrievals, but these reanalyses still have too little cloud liquid on average525

over most of the GrIS during AR90+ events, suggesting the representation of liquid clouds versus526

ice clouds should be improved in the models, particularly in MAR.527

Our results may provide a pathway toward reconciling contrasting perspectives on the role of528

clouds in GrIS melt. A number of studies (e.g. Bennartz et al. 2013; Van Tricht et al. 2016;529

Gallagher et al. 2018) have found that clouds act to warm the GrIS surface. The warming effect530

of clouds has been shown to be stronger in the accumulation zone than the ablation zone (Niwano531

et al. 2019; Wang et al. 2019b). In contrast, Hofer et al. (2017) found a decreasing trend in532

summer cloud cover over much of Greenland during 1995–2009, and calculated that decreased533

cloud cover mainly drove the increasing GrIS melt trend over this time period through enhanced534

SWnet and melt-albedo feedback. In this study, we show that intense GrIS melt occurs under535

cloudy conditions in the vicinity of AR landfall, but melt also occurs under anomalously clear536

skies in eastern Greenland during strong northwest Greenland AR events. Moreover, ARs often537
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occur along the upstream flank of a blocking anticyclone (Liu and Barnes 2015; Baggett et al.538

2016; Mundhenk et al. 2016b; Bozkurt et al. 2018), and in many cases latent heat release in539

the rising warm conveyer belt associated with an AR helps to amplify the blocking anticyclone540

(McLeod and Mote 2015; Pfahl et al. 2015; Grams and Archambault 2016). Greenland blocking541

events often last for several days or even weeks (Davini et al. 2012; Hanna et al. 2018b; Wang542

et al. 2019a), lingering for a much longer period of time than a typical AR event.543

Therefore we propose a conceptual model whereby a strong AR produces an intense initial melt544

surge—often through simultaneous cloudy and clear melt regimes, varying spatially across the545

GrIS—and forces a decrease in GrIS albedo. If the AR event is accompanied and/or followed in546

subsequent days by Greenland blocking conditions and decreased cloud cover, melt-albedo feed-547

back triggered by the AR will contribute to enhanced melt through absorption of solar radiation.548

We note that a few ephemeral strong AR events interspersed with longer-lived blocking conditions549

during a given summer could manifest as an overall anomalously low amount of seasonally aver-550

aged cloud cover, and that the decreasing cloud cover trend found by Hofer et al. (2017) overlaps551

temporally with an increasing trend in the magnitude of seasonally-summed summer moisture552

transport to western Greenland (Mattingly et al. 2016, M18). We hypothesize that both cloudy553

and clear sky atmospheric regimes synergistically combine to force anomalous GrIS melt during554

at least some summers, as also suggested by Oltmanns et al. (2019). Future studies should inves-555

tigate this hypothesis by examining the evolution of GrIS albedo and SEB prior to, during, and556

after strong AR and blocking events during individual seasons. It is also possible that AR landfalls557

in other areas of Greenland may force melt in remote regions through a foehn effect, and future558

studies are planned to investigate this phenomenon in more detail. For example, a series of ARs559

affected eastern Greenland during April and May 2019, at the same time as unusual early season560

melt was observed in the western GrIS ablation zone. Finally, the effects of ARs on GrIS SEB561
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should be analyzed during other seasons to determine similarities and differences between the ef-562

fects of summer and non-summer AR events, including possible preconditioning of warm season563

melt by non-summer ARs.564
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APPENDIX585

Odds ratio method for classifying AR intensity586

To distinguish between “normal” and “strong” AR events, we analyze the frequency of anoma-587

lously warm, windy, and moist conditions at the four low-elevation PROMICE stations in basins 6588

and 8. We define extreme warm, moist, windy “heat wave” days (Hermann et al. 2018) at KAN L,589

NUK L, and UPE L as those with any hourly observation of 2-meter temperature and specific590

humidity ≥ 5◦C and 3 g kg−1, respectively, simultaneous with wind speeds ≥ 8 m s−1. The591

temperature threshold is 2◦C at THU L.592

We compare the probability of “heat wave” events on “no AR” days to days when an AR of593

any intensity occurred. We further analyze whether more intense ARs are more likely to result in594

“heat wave” events by comparing the probability of these events to their probability on “no AR”595

days across 1-percentile intervals of AR IVT. These probability comparisons are performed by596

calculating the odds ratio (Miller and Mote 2018):597

OR =
A/C
B/D

(A1)

where A/C is the ratio of “heat wave” days to non-“heat wave” days when an AR affects the598

given basin, and B/D is the same ratio when an AR does not affect the given basin. In calculating599

the odds ratio across IVT percentile rank thresholds, the condition to be met is that maximum IVT600

exceeds the given percentile rank of the basin-specific distribution. For example, the odds ratio at601

the 90th percentile in Fig. A1 shows the ratio of “heat wave” days to non-“heat wave” days when602

maximum IVT within any AR over the basin exceeds the 90th percentile, divided by the same ratio603

when there is no AR or an AR with < 90th percentile IVT.604
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Fig. A1 shows that the odds of a “heat wave” are 10–25 times higher on AR days compared605

to “no AR” days at the four PROMICE stations. Odds ratios are steady or slowly increase across606

IVT percentiles 0 through 90, then sharply increase around the 90–95th percentiles. We thus chose607

the 90th percentile of AR IVT to distinguish between “normal” ARs (AR<90) and “strong” ARs608

(AR90+).609
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TABLE 1. Start date of observations, elevation (m ASL), and percentage of valid observations (from start

date through 2019) at each of the 11 PROMICE stations utilized in this study for meteorological variables: air

pressure, air temperature, relative humidity (RH), wind speed, incoming shortwave radiation (SW in), outgoing

shortwave radiation (SW out), incoming longwave radiation (LW in), and outgoing longwave radiation (LW

out).

938

939

940

941

942

Station Start Date Elevation Air pres. Air temp. RH Wind speed SW in SW out LW in LW out

KPC L 2008-07-17 370 63.2% 75.5% 75.5% 75.7% 75.5% 75.5% 75.2% 75.5%

KPC U 2008-07-17 870 99.3% 99.3% 99.3% 99.3% 99.3% 99.3% 98.3% 98.8%

NUK L 2007-08-20 530 97.4% 97.4% 97.4% 97.3% 93.0% 92.9% 76.1% 90.7%

NUK U 2007-08-20 1120 76.7% 76.7% 76.7% 76.7% 76.7% 76.7% 91.3% 75.4%

KAN L 2008-09-01 670 99.9% 99.9% 99.9% 99.9% 99.9% 99.9% 99.7% 99.4%

KAN M 2008-09-02 1270 93.7% 93.8% 93.6% 93.8% 93.7% 93.7% 93.5% 93.7%

KAN U 2009-04-04 1840 95.8% 95.8% 95.8% 95.8% 95.8% 95.8% 95.6% 95.6%

UPE L 2009-08-17 220 99.1% 99.2% 99.1% 99.2% 99.1% 99.1% 98.9% 97.9%

UPE U 2009-08-17 940 99.7% 99.7% 99.7% 99.7% 99.7% 99.7% 99.7% 98.9%

THU L 2010-08-09 570 72.2% 88.3% 72.1% 88.3% 72.2% 72.2% 72.0% 71.7%

THU U 2010-08-09 760 93.9% 90.6% 90.4% 94.3% 90.4% 90.4% 89.3% 89.7%
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TABLE 4. Comparison of daily mean liquid water path (g m−2) retrievals from Summit Station with MAR,

ERA5, and MERRA-2 data across categories of AR activity in basin 6 during JJA. The “n” column denotes the

sample size of “no AR”; AR<90; and AR90+ days during the 2010–2017 period of overlapping data. The mean

uncertainty value for each AR category is also included for the Summit LWP data.

950

951

952

953

n Summit LWP (mean) Summit LWP (mean uncertainty) MAR LWP ERA5 LWP MERRA-2 LWP

No AR 383 12.85 4.50 0.23 9.26 14.66

AR<90 127 21.23 4.51 0.20 11.50 17.84

AR90+ 16 35.66 4.53 0.55 18.99 21.85
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difference between summed radiative and non-radiative flux terms (yellow lines) and the sum of all terms (red

lines).

1014

1015

1016

1017

53

Accepted for publication in Journal of Climate. DOI 10.1175/JCLI-D-19-0835.1.



Mean
fluxes

(W m−2)

Basin
8

AR90+

Mean
10-m wind:

5 m s−1

60◦N

70◦N

80◦N

40◦W
Flux

anoms
(W m−2)

40◦W 40◦W 40◦W 40◦W 40◦W 40◦W

10-m wind
anoms:
5 m s−1

Wind speed
anoms
(m s−1)

30 60 90

SWnet

-20 0 20

-60 -30 0

LWnet

-20 0 20

-30 0 30

SHF

-20 0 20

-20 0 20

LHF

-20 0 20

-30 0 30

(Rad. –
nonrad.)

-20 0 20

0 50 100

Total flux

-50 0 50

4 8 13

10-m wind
speed (m s−1)

-5 0 5
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FIG. 9. Vertical cross sections of ERA5 wind speed (filled), magnitude of the wind component into and
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FIG. 11. As in Fig. 9, but cross section extends across Greenland from basin 8 through basin 2 for basin 8

“no AR” and AR90+ days.
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“no AR” and AR90+ days.
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FIG. 13. As in Figs. 9 and 10, but cross section shows moisture fields (specific humidity [q] and relative

humidity [RH]) along with upward and downward vertical velocity (w < 0 and w > 0, respectively) in the K-

transect region.
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FIG. 14. As in Fig. 13, but cross section extends across Greenland from basin 8 through basin 2 for basin 8

“no AR” and AR90+ days.

1043

1044

64

Accepted for publication in Journal of Climate. DOI 10.1175/JCLI-D-19-0835.1.



0 20 40 60 80 100

20

30

40

50

60

70 KAN L

OR (1 %-ile IVT PR intervals) OR (AR vs. no AR)

0 20 40 60 80 100

50

100

150

200

250

NUK L

0 20 40 60 80 100
5.0

7.5

10.0

12.5

15.0

17.5

20.0

22.5
THU L

0 20 40 60 80 100

20

40

60

80

100
UPE LO

dd
s

ra
tio

(IV
T

PR
ab

ov
e

th
re

sh
ol

d
/b

el
ow

th
re

sh
ol

d)

IVT PR

Fig. A1. Odds ratio of “heat wave” events across IVT percentiles (solid black lines) at four low-elevation

PROMICE stations in basins 6 and 8: KAN L, NUK L, THU L, and UPE L. Also plotted is the odds ratio of

“heat wave” events on days with an AR of any intensity versus “no AR” days (gray dashed lines).

1045

1046

1047

65

Accepted for publication in Journal of Climate. DOI 10.1175/JCLI-D-19-0835.1.




