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For the Greenland Ice Sheet (GrIS), large-scale melt area has increased in recent years

and is detectable via remote sensing, but its relation to runoff is not known. Historical,

modeled melt area and runoff from Modern-Era Retrospective Analysis for Research

and Applications (MERRA-Replay), the Interim Re-Analysis of the European Centre for

Medium Range Weather Forecasts (ERA-I), the Climate Forecast System Reanalysis

(CFSR), the Modèle Atmosphérique Régional (MAR), and the Arctic System Reanalysis

(ASR) are examined. These sources compare favorably with satellite-derived estimates

of surface melt area for the period 2000-2012. Spatially, the models markedly disagree

on the number of melt days in the interior of the southern part of the ice sheet, and on the

extent of persistent melt areas in the northeastern GrIS. Temporally, the models agree on

the mean seasonality of daily surface melt and on the timing of large-scale melt events in

2012. In contrast, the models disagree on the amount, seasonality, spatial distribution,

and temporal variability of runoff. As compared to global reanalyses, time series from

MAR indicate a lower correlation between runoff and melt area (r2 = 0.805). Runoff in

MAR is much larger in the second half of the melt season for all drainage basins, while

the ASR indicates larger runoff in the first half of the year. This difference in seasonality

for the MAR and to an extent for the ASR provide a hysteresis in the relation between

runoff and melt area, which is not found in the other models. The comparison points to

a need for reliable observations of surface runoff.
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INTRODUCTION

The Greenland Ice Sheet (GrIS) constitutes a vast reserve of freshwater that is intermittently
discharged to the ocean. Quantitative assessments of the present and future rate of discharge
are significant for understanding changes in global sea level (e.g., Shepherd et al., 2012; Church
et al., 2013), ocean circulation (Driesschaert et al., 2007), and ocean productivity (Frajka-Williams
and Rhines, 2010). It is thought that in recent years changes in the rate of GrIS iceberg calving
and meltwater runoff have been making roughly equal contributions to global sea level rise
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(Rignot et al., 2008; van den Broeke et al., 2009; Fürst et al., 2015),
but that runoff is becoming the dominant process for mass loss
(Hanna et al., 2013; Enderlin et al., 2014). Recent attention has
been focused on GrIS surface hydrological processes as a result
of enhanced, widespread melting that has been observed (e.g.,
Mernild et al., 2011). This melting was punctuated on 11-July,
2012 when almost the entirety of the ice sheet simultaneously
experienced surface melt, including Summit (Nghiem et al., 2012;
Box et al., 2013; Hall et al., 2013; Tedesco et al., 2013; Hanna
et al., 2014; Shuman et al., 2014). While such an episode has
been considered the result of unique meteorological conditions,
a seasonal record also occurred in 2012 based on melt area and
duration (Hanna et al., 2014). Exceptional melt seasons have also
been documented in 2002, 2007, and 2010 (Steffen et al., 2004;
Mote, 2007; Tedesco et al., 2008, 2011).

Observational information on meltwater runoff is available
at a few locations on the GrIS (e.g., Rennermalm et al., 2012).
For the total GrIS, melt conditions have been documented with
spatial extent and duration derived from remotely sensed surface
temperature or emitted microwave radiation (Abdalati and
Steffen, 2001; Mote, 2007; Fettweis et al., 2011; Hall et al., 2013),
while historical volumetric runoff is presently accessible only as
a model-derived product. Melt area is observed and comparable
with model-derived products, while large-scale surface runoff
volume is exclusively simulated. Runoff is nevertheless a
significant climate variable as its changes are a direct input to
sea level rise. It is of interest to examine model-computed runoff
in order to assess its uncertainty (Rae et al., 2011; Vernon et al.,
2013) and to understand its relation to melt area in the context
of recent conditions on the GrIS. Available model fields are
considerably varied in the complexity of represented physical
processes and in spatial resolution, which can lead to large
variations in estimated runoff of up to 42% (Vernon et al., 2013).
Nevertheless, this offers the prospect of assessing uncertainty for
given locations and conditions. The term “melt event” has been
used to refer to extreme conditions in surface melt area (e.g.,
Nghiem et al., 2005). It is of interest to understand the relation
between these events and the volume of runoff.

The aim of this study is to assess differences in available
estimates of melt extent and runoff, and to document the spatial
and temporal variability of surface melt. Rather than focusing on
one event, the evaluation is conducted over the period 2000-2012.
Questions addressed by this study are as follows:

• How does melt extent from atmospheric reanalyses and
regional models compare with satellite observations?

• What are the spatial and temporal characteristics of GrIS melt
extent, and how do they vary by basin?

• What are the spatial and temporal characteristics of GrIS
runoff, and how do they relate to melt extent?

The paper is organized as follows. A description of model
products and validating satellite data is given in SectionMaterials
and Methods. Section Results provides an evaluation of satellite
data sets used in this study, an evaluation of the GrIS melt area in
various models, and an intercomparison of model runoff values
and the melt area/runoff relation. A discussion of results is given
in Section Discussion.

MATERIALS AND METHODS

Table 1 provides an overview of the data sets used in this study.
Melt area may be defined as that part of the ice sheet surface in
which liquid water is present at any time during an averaging
window, which is 1 day for this study. Ice sheet surface mass
balance (SMB), which hereafter denotes the sum of surface
plus internal mass balance (i.e., climatic mass balance; Cogley
et al., 2011), may be approximated as precipitation minus the
net of evaporation and runoff. Other terms including blowing
snow are considered negligible here (e.g., Loewe, 1970), although
recent studies have estimated substantial values for the GrIS (e.g.,
Lenaerts et al., 2012). As typically defined inmodels, precipitation
is the sum of solid plus liquid components reaching the surface,
the evaporation variable actually refers to the net vertical flux
of the vapor phase of water at the surface. Runoff is defined as
the surface net horizontal divergence of liquid water, although
none of the models examined here provide for a routing scheme
in which runoff from a particular model grid box is advected to
adjacent grid boxes (e.g., Liston and Mernild, 2012).

The NASA MEaSUREs program (Making Earth System data
records for Use in Research Environments) Greenland Surface
Melt record (Mote, 2014) indicates the presence of water based
on changes in the microwave emission detected by satellite-
borne radiometers conveyed as brightness temperatures. At
microwave frequencies, the emissivities of water and ice differ
markedly due to differences in the respective dielectric constants.
Modeling of microwave emission suggests penetration depths
of a few cm’s to m’s depending on snowpack conditions, with
a colder, dryer snowpack generally having longer penetration
depth (Surdyk, 2002; Ashcraft and Long, 2006). TheMote data set
uses a brightness temperature threshold determined by emission
modeling for the 19 GHz horizontally-polarized channel aboard
polar-orbiting DefenseMeteorological Satellite Program (DMSP)
platforms (Mote, 2007). The DMSP Special Sensor Microwave
Imager/Sounder (SSMIS) instrument has a footprint of 47 ×

73 km at 19 GHz, with twice-daily equatorial local overpass.
The Mote data are made available daily on the 25 km Equal-
Area Scalable Earth Grid, version 2 (EASE 2) (Brodzik et al.,
2014).

An additional satellite-derived record of surface melt
area used in this study was produced from NASA EOS
(Earth Observing System) Terra satellite-derived ice surface
temperatures from the Moderate Resolution Imaging
Spectroradiometer instrument (MODIS) (Hall et al., 2012,
2013). The temperature for a skin layer of less than 2µm
thickness was retrieved in swath data within ±3 h of 1400
local solar time (1700 UTC), and a threshold of −1◦C was
subsequently applied to determine melt extent. The threshold
value compensates for a cold bias in MODIS-derived surface
temperatures (Wan et al., 2002). The retrieval is only available in
clear-sky conditions, which were determined using the standard
MODIS 1 km cloud mask and by manual inspection (Hall
et al., 2013). The data are available daily on a 1.5 km polar
stereographic grid.

Available sources of large-scale runoff are related to the use of
atmospheric analyses, which assimilate observations to produce
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TABLE 1 | List of data sets examined in this study.

Type Lat. × Lon. Grid Spacing References Output resolution

Mote Satellite 25× 25 km Mote, 2014 Daily

MODIS Satellite 1½× 1½km Hall et al., 2012, 2013 Daily

MERRA-replay Global reanalysis 111× 48 km Cullather and Bosilovich, 2011;

Cullather et al., 2014

4 × daily

CFSR Global reanalysis 33× 11 km Saha et al., 2010; Neff et al.,

2014

4 × daily

ERA-I Global reanalysis 78× 27 km Dee et al., 2011 4 × daily

MAR RCM 25× 25 km Fettweis, 2007 daily

ASR Regional reanalysis 30× 30 km Bromwich et al., 2015 8 × daily

a uniformly-gridded depiction of the atmospheric state. The
term “reanalyses” refers to products that assimilate data in a
retrospective manner, using a consistent assimilating model to
render an amount of homogeneity to the record (Trenberth
et al., 2008). Typically, reanalyses assimilate state and dynamical
variables while the background model produces fields of short-
term prognostic variables such as cloud properties, radiative
fluxes, precipitation, and surface hydrology (Kalnay et al.,
1996). In these models, the surface representation of the GrIS
varies considerably. Described below are three global reanalysis
products which are used in this study. Also described below are
a regional climate model (RCM) and a regional reanalysis, where
global reanalyses are used as lateral boundary conditions.

The MERRA global atmospheric reanalysis is described in
Rienecker et al. (2011), and its representation over the GrIS
is examined in Cullather and Bosilovich (2011, 2012). The
configuration of the system allows for the background model—
the Goddard Earth Observing System model, version 5 (GEOS-
5)—to be carried in phase space through analyzed states via
the computation of analysis increments, a capability referred
to as “replay” (Mapes and Bacmeister, 2012). For this study, a
MERRA-replay is examined on a 1◦ × 1¼◦ grid. The model
formulation used in the MERRA-replay utilizes the ice sheet
surface representation described in Cullather et al. (2014), which
allows for fractional snow cover, a prognostic surface albedo
based onGreuell andKonzelmann (1994), and surface hydrology.
The model represents energy conduction properties of the upper
15m of glacial ice, and energy and hydrologic properties of an
overlying, variable snow cover. Represented hydrologic processes
include snow compaction, meltwater percolation and refreezing,
and runoff. Firn of density greater than 500 kg m−2 is not
explicitly represented.

The U.S. National Centers for Environmental Prediction
(NCEP) Climate Forecast System Reanalysis (CFSR) (Saha et al.,
2010; Neff et al., 2014) was produced at T-382 spectral resolution,
and was obtained on a 0.3◦ × 0.3◦ grid. Prognostic fields
are produced from coupled atmosphere-ocean model forecasts
initialized with the data assimilation fields. The CFSR uses the
Noah land surface model (Koren et al., 1999; Ek et al., 2003; see
also Hines and Bromwich, 2008), which includes four prognostic
subsurface layers and represents snow compaction and runoff
processes.

The European Centre for Medium-Range Weather Forecasts
(ECMWF) Re-Analysis Interim product (ERA-I) (Dee et al.,
2011) is produced at T-255 spectral resolution, and has been
obtained on a 0.7◦ × 0.7◦ grid. Flux and other model-derived
fields are produced from forecasts initialized by four-dimensional
variational data assimilation (4D-Var). In the ERA-I, snow
density is assumed to be constant with depth. Snow depth is
restricted to 0.07m over glaciated surfaces (ECMWF, 2007).
Snow albedo is parameterized after Douville et al. (1995) and is
based on snow age.

The Modèle Atmosphérique Régional version 3.2 (MAR) is
a RCM that utilizes the Gallée and Schayes (1994) atmospheric
model. MAR uses a surface configuration described by Fettweis
(2007) and Fettweis et al. (2011). MAR uses components of the
CROCUS snow hydrology model (Brun et al., 1992) for the
representation of snow metamorphism, melt, water percolation
and refreezing, and a prognostic snow albedo. The model was
integrated over a GrIS-centered domain at 25 km grid spacing,
and forced at the lateral boundaries and the ocean surface with
ERA-I values.

The Arctic System Reanalysis version 1 (ASR) (Bromwich
et al., 2015) utilizes the Weather Research and Forecasting
regional atmospheric model version 3.3.1 (WRF) adapted
for polar conditions. The ASR uses the WRF 3D-Var data
assimilation scheme to incorporate available satellite and in
situ observations. The model was forced at lateral boundaries
by ERA-I and integrated on a pan-Arctic domain at 30 km
grid spacing. The ASR also uses the Noah land surface model,
but with modifications for polar regions described in Hines
and Bromwich (2008) and Hines et al. (2011). Specifically, the
surface energy budget computation was simplified to account
for differences between the boundary layer air temperature
and the surface skin temperature, energy conductivity through
a deep snowpack was resolved into multiple prognostic
layers, and the surface longwave emissivity was increased.
Notably, the NOAH land surface model used in the ASR
does not have a contingency for meltwater percolation or
refreezing.

Comparison of reanalysis melt area with satellite data
sets is partly hindered by the available output fields of the
models. Modeled daily melt area is computed here by masking
for locations where the simulated maximum surface skin
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temperature is equal to or greater than 0◦C. This reflects the
method implemented for the MODIS data set (Hall et al.,
2009). Obtained output fields from MAR do not contain
a daily maximum skin temperature, however Fettweis et al.
(2011) previously identified a simulated meltwater production
rate of greater than or equal to 8.25mm water equivalent
(w.e.) day−1 as denoting melt area. Meltwater production is
not an output variable of the other models. This method
has been retained for computing melt area for MAR in this
study.

For this study, variables are examined over the full ice sheet,
but also overmajor drainage basins defined by Zwally et al. (2012)
and indicated in Figure 1. Numerous studies have found the GrIS

to be spatially heterogeneous, and that local climate and geometry
influence mass balance parameters on the basin scale (e.g.,
Vernon et al., 2013; Andersen et al., 2015; Seo et al., 2015). For
comparison, model fields have been interpolated to a common
grid using a tension spline interpolation algorithm (Renka,
1997). As inadequate spatial resolution has been identified as
an important issue in representing observed melt processes
(Ettema et al., 2009), the Mote data set 25 km EASE-2 grid
was selected as the coarsest resolution of the two satellite
records. The analysis is conducted for the available summer
melt season (May to September) in the 13-year overlapping
period of the satellite and model data sets, which is 2000-
2012.

FIGURE 1 | (A) Greenland surface elevation from Bamber et al. (2001) contoured every 100m asl, and differenced with (B) MERRA-replay (C) CFSR, (D) ERA-I, (E)

MAR, and (F) ASR, in m. The major GrIS drainage basins of Zwally et al. (2012) are numbered in (A) and indicated in each difference plot.
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RESULTS

Topography and Annual Mean SMB
An adequate topographic representation of the ice sheet is
an important consideration in modeling surface conditions.
Figure 1A presents the widely-used Bamber et al. (2001)
topographic data set, which is based on satellite radar altimetry.
Figure 1 also shows the difference in topography for each
model examined compared with the reference (Bamber et al.,
2001). The models have incorporated modern GrIS topography
estimates to some extent with the notable exception of the CFSR
(Figure 1C), which used the outdated U.S. Geological Survey
global 30 arc-second elevation data set (GTOPO30) that is known
to have significant errors (Box and Rinke, 2003). Apart from
the baseline reference source, differences may result from other
considerations including the treatment of gravity wave drag,
spatial resolution, and gridding requirements. Several of the
models indicate an underestimate in elevation along the steep
ice sheet escarpment in the southeastern GrIS, and the difference
plot for the ERA-I (Figure 1D) presents a pattern of negative
and positive values parallel to the coast that is characteristic
of the Gibbs phenomenon in spectral models (Hoskins, 1980).
Discrepancies are also shown in some models for non-glaciated
locations where available sources for the Bamber et al. (2001) data
set were limited.

MERRA-replay, ERA-I, CFSR, MAR, and ASR comprise a
spectrum of contemporary sources for recent GrIS historical
surface runoff information. A brief overview of this range may be
obtained from the time series of GrIS SMB components shown in
Figure 2 for the years 2000-2012, and time-averaged values are
shown in Table 2 for the full GrIS and major drainage basins
as defined by Zwally et al. (2012) and indicated in Figure 1.
Note that negative evaporation values in Table 2 for MAR denote
net deposition, which has been observed at GrIS high elevation
locations (Box and Steffen, 2001). Hanna et al. (2005) andVernon
et al. (2013) previously found that estimated GrIS SMB is poorly
constrained, and the models shown here support that conclusion.
The cross-model standard deviation of SMB is 41% of the median
value, which is similar to the results of Vernon et al. (2013).
For drainage basins in the south and southwest, the multi-model
spread in SMB is larger than the median value. Among SMB
components for the GrIS, discrepancies in runoff are much larger
than for precipitation. The GrIS multi-model standard deviation
for runoff is 45% of the median value as compared with 13% for
precipitation. Similar discrepancies are found for each basin, and
it may be seen in Figure 2 that differences in annual values and
trend in SMB are largely reflected by changes to the runoff. The
multi-model uncertainty in SMB components has an important
bearing on the interpretation of recent trends. Using a RCM, Seo
et al. (2015) found SMB trends over the last decade were largely

FIGURE 2 | Time series of annual (A) precipitation, (B) evaporation, (C) runoff, and (D) SMB averaged over the GrIS from five data sources, in mm

water equivalent (w.e.) yr−1
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TABLE 2 | Precipitation (P), evaporation (E), runoff (R), and computed SMB

for the GrIS and drainage basins as defined by Zwally et al. (2012) from

five models for the period 2000-2012, in Gt yr−1.

Area Source P E R SMB

[106 km2] [Gt yr−1] [Gt yr−1] [Gt yr−1] [Gt yr−1]

GrIS 1.72 M-replay 715. (74) 37. (5) 224. (63) 454. (90)

CFSR 809. (93) 133. (10) 204. (49) 472. (98)

ERA-I 640. (62) 32. (2) 360. (44) 248. (62)

MAR 665. (51) 7. (3) 369. (93) 289. (98)

ASR 862. (78) 29. (8) 613. (173) 220. (204)

Basin 1 0.257 M-replay 37. (5) 2. (1) 19. (8) 16. (11)

CFSR 49. (8) 13. (2) 16. (7) 20. (13)

ERA-I 34. (5) 1. (1) 22. (5) 11. (8)

MAR 43. (6) 0. (1) 34. (14) 9. (16)

ASR 47. (6) −4. (2) 46. (16) 5. (20)

Basin 2 0.326 M-replay 40. (8) 3. (1) 12. (5) 25. (9)

CFSR 52. (9) 10. (3) 8. (4) 34. (10)

ERA-I 41. (9) 1. (1) 10. (3) 30. (8)

MAR 50. (9) 1. (1) 26. (10) 23. (12)

ASR 56. (10) 2. (2) 37. (12) 17. (17)

Basin 3 0.254 M-replay 118. (23) 5. (1) 23. (6) 90. (25)

CFSR 124. (25) 17. (2) 15. (4) 92. (25)

ERA-I 105. (22) 5. (1) 49. (7) 51. (21)

MAR 119. (23) 4. (1) 42. (11) 73. (25)

ASR 158. (33) 9. (2) 81. (22) 68. (47)

Basin 4 0.145 M-replay 164. (29) 6. (1) 36. (6) 122. (28)

CFSR 167. (28) 15. (1) 26. (5) 126. (28)

ERA-I 136. (23) 5. (1) 57. (7) 74. (22)

MAR 133. (21) 1. (1) 45. (9) 87. (25)

ASR 192. (34) 9. (1) 73. (25) 110. (49)

Basin 5 0.051 M-replay 79. (14) 5. (0) 33. (7) 41. (12)

CFSR 75. (11) 11. (1) 29. (7) 35. (8)

ERA-I 59. (10) 4. (0) 61. (8) −6. (8)

MAR 55. (8) 2. (0) 44. (11) 9. (11)

ASR 76. (13) 4. (0) 71. (15) 1. (15)

Basin 6 0.184 M-replay 93. (20) 9. (1) 61. (23) 23. (26)

CFSR 131. (27) 29. (3) 67. (18) 35. (26)

ERA-I 95. (18) 8. (1) 70. (13) 17. (15)

MAR 92. (15) 1. (1) 96. (32) −5. (33)

ASR 112. (21) 6. (1) 155. (49) −49. (52)

Basin 7 0.226 M-replay 86. (17) 4. (1) 16. (6) 66. (16)

CFSR 105. (20) 17. (1) 19. (6) 69. (19)

ERA-I 84. (16) 4. (1) 27. (7) 53. (12)

MAR 85. (14) −1. (1) 32. (11) 54. (16)

ASR 103. (18) 3. (1) 62. (23) 38. (28)

Basin 8 0.276 M-replay 98. (19) 3. (1) 23. (8) 72. (16)

CFSR 106. (21) 20. (2) 25. (9) 61. (20)

ERA-I 86. (18) 4. (1) 65. (9) 17. (17)

MAR 90. (18) 0. (1) 51. (14) 39. (20)

ASR 118. (22) 1. (2) 88. (24) 29. (31)

The SMB is computed as precipitation minus evaporation minus runoff. The standard
deviation of annual values over the 13-year period is shown in parentheses.

associated with decreased precipitation until the melt events of
2010 and 2012. For the period shown in Figure 2, the trend in
annual precipitation among the five models ranges from −6.0
to −15.8 Gt yr−1, while the trend in runoff varies from 2.9 to
34.7 Gt yr−1. For the MERRA-Replay, MAR, and ASR models,
the magnitude of the trend in runoff is larger than that for
precipitation, while the reverse is found for the CFSR and ERA
I. This is reflected in the interannual standard deviations which
are shown in parentheses in Table 2. The interannual standard
deviations for GrIS runoff are typically 24% of the mean value for
each model, while the standard deviations for precipitation are
10%.

Evaluation of Satellite Data Sets
Differences between the two satellite-derived data sets are briefly
examined. Amore comprehensive evaluation is beyond the scope
of this paper and may be found elsewhere (e.g., Ashcraft and
Long, 2006; Tedesco, 2007; Hall et al., 2009; Nghiem et al., 2012;
Tedesco et al., 2015). For purposes of this study, the major
differences are identified in order to characterize uncertainty
when comparing against model fields.

Figure 3 shows the 2000-2012 average number of melt days
per year on the GrIS and the difference between the two satellite-
derived data sets. The respective data set resolutions may be
distinguished from a visual inspection of Figures 3A,B: the larger
grid size (25 km) for the Mote data is clearly evident, while
MODIS has a much finer resolution (1.5 km grid spacing).
Similar to Hall et al. (2012), the color scale for Figures 3A,B

emphasizes the extent of persistent summertime melt in each
data set, with a sharp contrast between the areas of melt days
greater than 20 along the ice sheet periphery and interior regions
where values are generally less than 10 days. The two data sets
generally agree in showing persistent seasonal melt along all
peripheral sides of the ice sheet, but extending disproportionately
further inland from the southwestern margins. For MODIS,
there is the additional issue of missing data due to cloud
cover. The MODIS values are extrapolated by using the ratio
of available observations for the available period 1-May through
30-September. The average number of observing days available,
shown in Figure 3C, decreases from close to 90% over the
northeast GrIS to under 50% in the south where clouds are more
prevalent. MODIS indicates less than one melt day on average for
a broad area of the GrIS plateau, whileMote indicates up to 3 days
over a similar area. This difference is likely indicative of cloud
cover, which can produce surface warming over the ice sheet
interior while obstructing MODIS observations of individual
melt events occurring at higher elevations.

The difference of the two averaged fields shown in Figure 3D

reveals a characteristic pattern where the number of melt days
for MODIS is generally greater than for Mote in the southeast–
extending from the Scoresby Sund down to the GrIS southern
tip, while the average number of melt days in the Mote data are
greater elsewhere along the ice sheet edge. Along the western
periphery, the difference in the number of melt days extends to
higher elevations. For example, the Mote data set has an average
of 2–6 more melt days per year in close proximity to the divide
between drainage basins 4 and 6 over the southwestern GrIS.
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FIGURE 3 | Average number of GrIS melt days per year derived from (A) MODIS surface temperatures and (B) passive microwave data using the

algorithm of Mote (2007) for 2000-2012. MODIS values were extrapolated based on the available number of observing days. (C) The percentage of days observed

by MODIS. (D) Difference of the average number of melt days derived by MODIS minus passive microwave data using the Mote (2007) algorithm. Boundaries of major

GrIS drainage basins of Zwally et al. (2012) are indicated, and surface orography from Bamber et al. (2001) is indicated with dashed contours for every 1000m of

elevation.

The reason for these difference patterns are not known, but some
inference may be obtained from the location and the limitations
of the instruments. In the southeast, microwave brightness
temperatures may be affected by large topographic gradients
within the pixel or by metamorphic snow grain changes, such as
surface hoarfrost formation along the coastal escarpment due to
temperature gradients and subsequent destruction by wind. On
the periphery of the southeastern GrIS, high precipitation and
melt also allow water to percolate to depth, both warming the
snow/firn and altering the emissivity of the firn column at depth
(e.g., Koenig et al., 2014). All of these processes could affect the
microwave brightness temperature without changing the surface

temperature recorded by MODIS. Alternatively, the southeast is
also associated with significant cloud cover; MODIS coverage in
these areas is typically less than 60 percent as seen in Figure 3C.

Some additional insight may be obtained by examining the
temporal variability. It is found that greater than 95% of the
ice sheet is observed by MODIS over a centered 5-day window.
In Figure 4, the time series of daily Mote passive microwave is
shown in comparison to MODIS 5-day observations. For direct
comparison, the 5-day average of the Mote passive microwave
data is also plotted. For the entire GrIS shown in Figure 4A,
the Mote passive microwave data and the MODIS data are very
similar on 5-day time scales. MODIS tends to have a larger
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FIGURE 4 | Annual time series of melt area derived from passive microwave (solid line) and MODIS 5-day averages (diamonds), in km2. Passive

microwave 5-day averages corresponding to the MODIS values are indicated with an “×.” Time series are indicated for (A) the total GrIS, averaged for 2000-2012; (B)

the total GrIS for the year 2012; and (C) drainage basin 1, (D) basin 4, (E) basin 6, and (F) basin 8 averaged for 2000-2012.

melt area than Mote passive microwave in transitional seasons
but slightly less than the Mote data during peak melt. There is
also similar agreement for the extreme melt year 2012 shown in
Figure 4B as with the long-term average. Again, MODIS melt
area tends to be larger at the beginning and the end of the melt
season, while the Mote data tends to show larger melt area in
late June and July. For the 5-day period centered on the time of
maximum melt occurring on 11-July 2012, the MODIS-derived
melt area is found to be 1.17× 106 km2 while the corresponding
Mote passive microwave-derived melt area is 1.28 × 106 km2.
The discrepancies between the data sets are consistent with
the previous inference that passive microwave data have some
difficulty observing melt confined to the edges of the ice sheet

associated with variable topography, and that cloudiness may
interfere with MODIS sensing the entirety of a large melt area
during the time of maximum melt.

The spatial differences in the number of melt days shown
in Figure 3D may be further investigated using the melt area
time series for selected drainage basins shown in Figures 4C–F.
For basin 4 in the southeast, the MODIS-derived melt area
is consistently greater than the Mote passive microwave value
over the melt season, which is in agreement with the difference
in the number of melt days shown in Figure 3. For basin 6
in the southwest GrIS, it may be seen that the daily Mote
passive microwave time series shows considerable variability,
even when averaged over 13 years. For this basin, the full time
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series is characterized by individual events of large amplitude.
The MODIS melt area is generally less than the Mote passive
microwave values. Again, intermittent cloudiness may interfere
with MODIS sensing large melt areas associated with these
events. The melt area may also be preferentially enhanced
under cloudy conditions due to longwave radiative forcing (e.g.,
Bennartz et al., 2013). For basin 1 in the northern GrIS, cloud
cover is less frequent, and here the differences in the number of
melt days and the melt area for the two satellite data sets are not
immediately discernible.

Figures 3, 4 also illustrate the basin-to-basin variability in the
character of the melt season. The calendar day of maximum
melt varies by basin, and is generally earlier in the season in
the southeast. This is potentially due to the availability of open-
water surface heat fluxes from the adjacent ocean in the south
and onshore heat advection from the North Atlantic storm
track. Other regions of the GrIS—particularly in the north—
are adjacent to ice-covered seas later into the season. Figure 4
also indicates that the timing and duration of the average melt
season varies by basin. From the Mote passive-microwave data,
significant melt in northern basin 1 is seen to begin on day 150
(30-May) and end on day 240 (28-August). For basin 6, the melt
season begins on day 120 (30-April) and ends on about day 250
(7-September). Further indications of the differing conditions
of the basins are seen in the day-to-day variability in Mote
passive-microwave melt area in the time series shown, which
increases southward. As mentioned above, this is indicative of
individual melt events of large area occurring on sub-seasonal
time scales, which distort the 2000-2012 averaged time series. For
the full 2000-2012 daily time series (not shown), there is good
correlation in the Mote passive microwave melt area between
adjacent drainage basins in the north and the south. With no lead
or lag, the time series for basins 1 and 2 have a correlation of
r2 = 0.71 and basins 5 and 6 have a correlation of r2 = 0.69,
while for basins 2 and 5, r2 is 0.13. The lead/lag in maximum
correlation between basins generally does not exceed 1–2 days,
with basin 2 in the northeast lagging western basins.

Comparison of Model Melt Area
Figure 5 shows the mean spatial pattern of melt days for five
models for the years 2000-2012. The ASR can be seen to be an
outlier in showing more melt days within the interior, and a
longer melt season in the southern half of the ice sheet. Among
the other four models, there is general agreement in the extent
of the melt season on the western and south-eastern periphery.
In contrast to satellite observations (Figure 3), the other models
indicate no melt days over the 2000-2012 period for the interior
GrIS at elevations greater than 2500m asl, with the exception of
the CFSR and ASR. The CFSRmay be expected to havemoremelt
days as a result of its use of a lower topography.

Two areas of marked disagreement among the models are
in the interior of the southern part of the ice sheet and in the
northeastern GrIS. For drainage basin 6 in the southwestern
GrIS, the models largely concur in identifying the region of
seasonal melt (i.e., greater than 28 days) as extending inland
to an elevation of approximately 2000m asl, which is in rough
agreement with the field shown in Figure 3A for MODIS data.

But for the region of transitional melt further inland, there is
greater disagreement. For example, the average number of melt
days for the interior of the southern part of the GrIS in the
models varies from less than 2 for the ERA-I to greater than
30 for the ASR, while the satellite data sets agree on 5–7 days.
In the northeastern GrIS, MAR and ERA-I show large areas of
melt lasting 30 days or more that extend further inland than the
other models, while the MERRA-Replay and CFSR indicate melt
of 10 days or less adjacent to Peary Land and the Danmark Fjord.
However, none of the models capture the inland extent of the
persistent melt region as seen in the observations in basins 1–2.

Further insight into the relative spatial differences may be
examined with the use of Taylor diagrams (Taylor, 2001).
Taylor diagrams use metrics of spatial correlation and standard
deviation to compare model patterns to a reference data set.
Spatial correlation shows the degree to which patterns match
a reference data set, while standard deviation compares the
amplitude of the spatial variations. With the standard deviation
normalized to the reference data set, proximity to the (1, 1)
coordinate location in the diagram presents the relative skill
of the model to reproduce the reference spatial pattern (e.g.,
Bosilovich et al., 2008). The linear distance from the origin
coordinate indicates the area-weighted root-mean-square (RMS)
error from the reference data set, after removing the means. The
Taylor diagrams shown in Figure 6 present a comparison of the
fields plotted in Figures 3, 5 for each basin. The diagrams shown
vary substantially based on the reference satellite observation.
In addition, the satellite data sets compare with each other only
slightly better than with the models, as large differences are
apparent. There is considerable spread in the spatial correlation
of the models to the observation for both reference datasets, from
less than 0.7 to ∼0.99. There also considerable spread in the
ratio of standard deviation. In general, the basins for ERA-I have
higher spatial variance and are further from the (1, 1) reference.
Basin melt days shown for the MAR model have lower variance
and high spatial correlation and hence lower RMS, and the other
models generally fall in between.

Interestingly, no basin is uniformly favored for all models,
and the Taylor diagrams initially appear highly chaotic. This
suggests that each model has unique preferential locations for
comparison to the satellite data sets. Nevertheless, one may see
that the normalized standard deviation for basins 1 and 2 are less
than unity for a majority of the models referenced to Mote, and
that the normalized standard deviation for basin 3 is less than
unity for the MODIS referenced diagram. This indicates that, in
general, the models have less spatial variance than observed for
the northern and northeastern basins, and this is readily apparent
from Figures 3, 5.

One may use the Taylor diagrams to identify the individual
basins for each model that compare most favorably to the
spatial patterns of melt days determined from the satellite data.
For global reanalyses, northern basins are in relatively closer
proximity to the unity point for both Mote and MODIS than the
other basins. The MERRA-replay and the CFSR both compare
with satellite data best for northwestern basin 8, while the ERA-
I comparison is most favorable for northeastern basin 2. For
the RCMs, the southern basins 6 and 7 are better reproduced
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FIGURE 5 | Average number of GrIS melt days per year for (A) MERRA-replay (B) CFSR, (C) ERA-I, (D) MAR, and (E) ASR. Boundaries of major GrIS

drainage basins of Zwally et al. (2012) are indicated, and surface orography from Bamber et al. (2001) is indicated with dashed contours for every 1000m of elevation.

based on the Taylor diagrams. This implies that the coarser-
resolution models preferentially perform better for basins in
which the number of melt days is more uniform over the basin,
while higher-resolution RCMs preferentially perform better in
the regions of a longer melt season in the south. The basins
in the south also tend to have a stronger spatial gradient in
the number of melt days, and the higher resolution models
preferentially perform better in basins with these conditions.
Again, there is considerable overlap among the models in terms
of performance, with a more favorable comparison to Mote than
to MODIS. Among global reanalyses, a general conclusion that

higher resolution models outperform those with coarser grid
spacing for all basins is not supported.

The temporal evolution of melt area provides an additional
perspective of the representation of melt seasons in the models
(Figure 7). For the total ice sheet area, the ASR is again an outlier
and exceeds satellite estimates by as much as 300,000 km2. The
MAR model generally indicates a smaller melt area than satellite
data for the full GrIS, and particularly for the second half of
the melt season. Among the other models, the ERA-I indicates
greater melt area than the satellite data sets and the other two
global reanalyses for the first half of the season. In the second
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FIGURE 6 | Taylor diagrams of number of melt days for indicated

drainage basins for (A) relative to passive microwave data and (B)

relative to MODIS data.

half of the season, the CFSR, ERA-I, and the MERRA-replay
closely agree with each other, but indicate greater melt area than
the satellite data sets by about 50,000 km2. The range of values
among the models is larger than the differences between the two
satellite data sets. The models agree with satellite data in showing
the maximum melt extent occurring on approximately day 195
(14-July).

For the individual year of significant melt in 2012 shown in
Figure 7B, it may be seen that there is good correlation among
the models and satellite data sets in reproducing the time series
of individual melt events. For the maximum melt event on 11-
July, four of the models are within the range suggested by the
satellite data. For the year 2012, the melt extent shown for ASR
is again persistently greater than for the other models and the

satellite data sets. As with the 2000-2012 average, there is greater
disagreement in the transitional seasons. For the time series of
selected individual drainage basins shown in Figures 7C–F, it
may be seen that the overestimate of GrIS melt extent for the
ASR primarily occurs in regions in the central and southern
areas of the GrIS, while the ASR time series for basin 1 in the
northern GrIS is notably closer to that derived fromMote passive
microwave data. For basins 1 and 8, the MAR model indicates a
smaller melt extent than for the other models over the time series.
It is only during the peakmelt season that themelt area inMAR is
comparable to theMODIS-derivedmelt extent for basins 1 and 8,
which is still less than that found for theMote passive microwave.
It may be seen from the spatial maps in Figures 3, 5 that the
region of persistent melt in the western areas of basin 1 occupies
a more peripheral region in MAR than for the other models
and for the satellite data sets, in agreement with the differences
seen in the time series and the Taylor diagrams. The basin-scale
time series shown in Figure 7 indicates that global reanalyses
preferentially agree with the larger estimate of the two satellite
data sets: for basin 1, the reanalyses melt areas tend to agree more
closely with the Mote data in showing larger areas at the peak of
melt season; for basin 4, the reanalyses agree more closely with
MODIS-derived melt area over the course of the melt season. An
exception is drainage basin 8, where the global reanalyses have a
large range of estimated melt area. The melt area from the CFSR
and MERRA-replay are less than for the two satellite data sets
during the first half of the melt season, while the ERA-I indicates
periods where values are larger than the satellite-derived melt
area.

Comparison of Model Runoff
The spatial distribution of annual mean runoff is shown for
the period 2000-2012 from the five models in Figure 8. The
models agree in indicating runoff along the edges of the ice
sheet with larger values occurring along the southern periphery.
In comparison to melt zones that are highlighted in Figure 5,
significant runoff volume is found to occur exclusively at the
very margins of the ice sheet in the models. The ASR indicates
runoff of greater than 100mm w.e. yr−1 over the inland areas
of the southern part of the GrIS that is not found in the
other models, but GrIS runoff in the ASR is not in substantial
disagreement with the range of spatial distributions shown for
the other models, as was the case with melt area shown in
Figure 5. Nevertheless, the range of spatial distributions for the
models is considerable. In the MAR regional model and the ASR
regional reanalysis, particularly large runoff volume of greater
than 1800mm w.e. yr−1 is found to occur in the southwestern
and western GrIS, while the global reanalyses suggest more
balance between the southeastern and southwestern GrIS. The
two high-resolution regional models in fact suggest large runoff
values along the entirety of western ice sheet periphery. While
there is more balance in southeastern and southwestern runoff,
the CFSR indicates less runoff in the southeasternGrIS—less than
800mmw.e. yr−1—than is found in the other models. The ERA-I
indicates values greater than 1800mm w.e. yr−1 in northwestern
Greenland near Thule while runoff in other models is less than
1000mm w.e. yr−1 for that region.
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FIGURE 7 | Annual time series of melt area from five data sets in comparison to passive microwave (solid black line) and MODIS 5-day averages

(diamonds) for (A) the total GrIS, averaged for 2000-2012; (B) the total GrIS for the year 2012; and (C) drainage basin 1, (D) basin 4, (E) basin 6, and (F)

basin 8 averaged for 2000-2012, in km2.

As suggested by the spatial patterns, the time series of runoff
for the models shown in Figure 9 are disparate. In agreement
with Table 2, the ASR time series shown in Figure 9 indicates
more runoff volume than for the other models for the entire
GrIS and for each basin. In Figure 8, it was seen that the spatial
distribution of ASR runoff is not substantially different from
the range of spatial distributions found in other models. This
suggests that the larger runoff in the ASR as compared with
the other models originates from similar peripheral locations,
rather than runoff occurring over a larger spatial area. It is also
noted from Table 2 that precipitation volume is larger in the ASR
than for the other models, and this may play a role in supplying
runoff volume in the model. The MAR regional model is found

to provide the second-largest runoff for the GrIS and for selected
basins shown in Figure 9. However, as seen in Table 2, the runoff
from global reanalysis ERA-I is larger than for the regional model
MAR for basins 3, 4, 5, and 8. The CFSR reanalysis generally has
the smallest runoff volume for the GrIS and for basins 1 through
5. The time series shown in Figure 9 indicate several points of
disagreement among the models. The day of maximum runoff in
the ASR is earlier than for the other models, particularly for the
whole GrIS (Figure 9A) and basin 1 (Figure 9C). The runoff for
MAR indicates a much smoother time series for the GrIS and for
individual basins. This is particularly evident for the individual
year 2012 shown in Figure 9B, but also for other individual years
(not shown). The daily variations are larger in time series for

Frontiers in Earth Science | www.frontiersin.org 12 February 2016 | Volume 4 | Article 10

http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive


Cullather et al. Greenland Melt and Runoff

FIGURE 8 | Average surface runoff per year for 2000-2012 for (A) MERRA-replay (B) CFSR, (C) ERA-I, (D) MAR, and (E) ASR, in mm w.e. yr−1. Boundaries

of major GrIS drainage basins of Zwally et al. (2012) are indicated, and surface orography from Bamber et al. (2001) is indicated with dashed contours for every

1000m of elevation.

the other models and are suggestive of the melt area time series
shown in Figure 7. Over the 2000 to 2012 time period, the daily
runoff in MAR in fact has a lower correlation with melt area
(r2 = 0.805) than for the other models. The MAR runoff is larger
in the second half of the melt season, while the global reanalyses
are generally more symmetric about the melt season. A notable
exception to this the extended runoff season suggested by the
ERA-I. The runoff in ERA-I extends into the autumn seasonwhile
the other models generally agree on the seasonal cessation of
runoff.

It is useful to examine the nature of the relation between
runoff and melt area in the surveyed models. In the absence of
an observed association between large-scale melt area and runoff,
Reeh (1991) suggested that the relation between summer near-
surface air temperatures and melt volume is of the form of a
third-order polynomial. Summer temperatures relate tomelt area
in a manner that is dependent on basin geography. Subject to
basin geography, the relation between melt area and runoff may
be plausibly expected to reflect a lower-order polynomial in the
absence of more complex feedback processes.
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FIGURE 9 | Annual time series of runoff from five data sets for (A) the total GrIS, averaged for 2000-2012; (B) the total GrIS for the year 2012; and (C)

drainage basin 1, (D) basin 4, (E) basin 6, and (F) basin 8 averaged for 2000-2012, in Gt day−1.

Figure 10 shows the scatter diagram of runoff volume vs.
melt area for the models for the GrIS and for selected basins.
For each basin, runoff is found to monotonically increase with
increasing melt area. A weak polynomial relation may be seen
as an acceleration of runoff for increasing melt area in selected
basins, most notably in basin 6 (Figure 10E). The relation for
the total GrIS shown in Figure 10A indicates greater runoff per
unit melt area for the MAR and ASR regional models. The
figure indicates hysteresis for these two models, in that relation
of runoff to melt area differs between the first half of the melt
season and the second half. For the ASR, these differences are
more discernible over periods where the melt area is less than
0.40 × 106 km2. Hysteresis originates from the timing of runoff
shown in Figure 9 in which the MAR runoff is larger in the

second half of the season, the ASR runoff is larger in the first half
of the season, and the global models are more symmetric in the
temporal evolution of runoff. For MAR, this hysteresis is found
to occur in all basins. Runoff in the second half of the season is
particularly large per unit area. For individual basins, the slope of
the MAR and ASR exceeds that of the global models for basins
1 and 8 in the northern region of the GrIS, while the ratio is
comparable for the regional and global models for basins in the
south of the GrIS.

The scatter of averaged daily values of runoff and melt area
for each model is shown in Figure 11. The models exhibit
remarkably different relations between runoff and melt area.
For example, the CFSR indicates substantial continuity in the
ratio, while individual basins are more clearly discernible for the
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FIGURE 10 | Daily runoff in Gt day−1 vs. melt area in 106 km2 from five data sets for (A) the total GrIS, averaged for 2000-2012; (B) the total GrIS for the

year 2012; and (C) drainage basin 1, (D) basin 4, (E) basin 6, and (F) basin 8 averaged for 2000-2012, in Gt day−1. Connecting lines for MAR and ASR values

indicate the progression of the seasonal cycle.

MERRA-replay and the ERA I. The ERA-I in particular suggests
a separation of basins with a higher ratio of runoff to melt area in
the southern GrIS (basins 4, 5, 6) from basins in the north with a
lower ratio. Basin 4, which is located in the southeastern GrIS, is
seen to have a larger ratio of runoff to melt area as compared to
other drainage basins for the MERRA-replay. For other models
such as the ASR, the ratio of runoff to melt area for basin 5 is less
than that found for other models. For MAR, the hysteresis in the
ratio as described earlier is apparent in all basins.

DISCUSSION

Historical GrIS melt area and runoff volume produced from
three global reanalyses, a RCM, and a regional reanalysis have

been analyzed for the period 2000-2012. Derived melt area
compares favorably with two satellite-derived products, with
notable exceptions in the interior regions of the southern part
of the ice sheet and in the northeastern GrIS, and for the ASR.
The models differ markedly on the average number of melt
days at higher elevations of the southern part of the GrIS. The
models also vary in the number melt days along the northeastern
periphery, and are commonly less than suggested by satellite
data. The models generally agree with satellite observations in
the extent of the persistent melt area elsewhere on the GrIS, and
there is good correlation with the daily time series of melt area. In
contrast to this relative agreement in melt area, the mean values
of runoff vary markedly from 204 Gt yr−1 in the CFSR to 613 Gt
yr−1 for the ASR. Notably, the seasonality of runoff differs among
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FIGURE 11 | Daily runoff in Gt day−1 vs. melt area in 106 km2, averaged for the period 2000-2012 from (A) MERRA-replay (B) CFSR (C) ERA-I, (D) MAR,

and (E) ASR.

the models. Global reanalyses suggest a symmetrical runoff
season while the ASR tends to show more runoff in the earlier
part of the year, and MAR indicates more runoff in the second
half of the melt season. The MAR daily runoff generally shows
less day-to-day variability and a lower temporal correlation
with melt area than for the other models. The reasons for this
difference in the temporal character are unclear. It is difficult
to ascertain the differences in the surface configuration among
the models from available documentation. However, it may be
speculated that the overall depth of the surface representation in
MAR may be considerably greater than that for other models—
for example, the 0.07m snow depth used in the ERA-I. This
may result in a different amount of energy storage within the
snow pack that would allow for a more extended runoff period.

Differences in the represented energy conductivity of the snow
pack as well as the initial conditions of deeper layersmay also play
a role. An examination of the relation between runoff volume and
melt area indicates considerable complexity. For this relation, the
surveyed models differ for the whole of the GrIS and from basin
to basin. The asymmetric nature of the melt season in the ASR
and MAR produces hysteresis in the runoff-to-melt area relation
both on the basin scale and for the GrIS average. The direction of
the hysteresis for the ASR is opposite to that for MAR.

The analysis indicates substantial uncertainty in recent,
historical runoff on a variety of time scales and for different
basins. As noted above, the range of mean values of runoff
for the GrIS among the available sources is 389 Gt yr−1.
A detailed understanding of this range of values is hindered
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by a lack of complete documentation of the various model
configurations. Aspects that may play a role include the method
of initialization for the snow pack, the complexity of snow
hydrological processes represented including refreezing and
meltwater percolation, and snow pack energetics including
conductivity and the representation of surface albedo.

The temporal evolution of albedo may significantly
contribute to uncertainty due to its important influence on
melt processes. For example—early season melt, subsequent
surface metamorphism, and the positive albedo feedback
mechanism have been identified as critical components in GrIS
melt events (e.g., Tedesco et al., 2011). The prognostic albedo
scheme in the MAR RCM differs considerably from CFSR
and ERA-I reanalysis parameterizations that were designed for
terrestrial surfaces (Wang and Zeng, 2010). An assessment of
the albedo feedback mechanism strength in each of the models
is a topic for additional investigation. However, common use of
the Greuell and Konzelmann (1994) albedo parameterization
in MERRA-replay and in RCMs widely used for GrIS analysis
(e.g., Ettema et al., 2010) suggests the added importance of
interactions between the simulated albedo and other model
components, such as snow hydrology or horizontal resolution.
Comparisons with observed albedo records are also susceptible
to difficulty (e.g., Polashenski et al., 2015).

Additional factors in runoff uncertainty include differences
in atmospheric forcing conditions. This includes the amount
and phase of precipitation, and the amount of cloud cover. The
amount and phase of cloudiness affects surface temperatures
through the partitioning of solar and terrestrial surface radiative
fluxes. Differences in solar forcing may significantly affect
surface melt through the albedo feedback mechanism. Mixed
and liquid-phase clouds, which are difficult to correctly model
(Sotiropoulou et al., 2015), also play a role in surfacemelt through
the enhancement of downwelling longwave radiation (Bennartz
et al., 2013).

The three global reanalyses considered in this study show a
sizeable range in mean values of runoff, but also show relative
similarity in the temporal variability for selected basins and in the
relation between runoff and melt area as compared to MAR and
ASR. The global reanalyses differ markedly in spatial resolution
and in the representation of surface processes, including albedo.
Albedo for theMERRA-replay is related to evolving snow density
and fractional snow cover, while the CFSR and ERA-I are related
to snow age. These configuration differences mostly cancel in
order to produce similarities in temporal variability and in the
runoff-to-melt area relation. This is indicative of non-linearity
in the contributions of the differing model components to
uncertainty.

In recent years, RCMs have frequently been applied to the
examination of GrIS SMB components. RCMs are thought to
provide necessary spatial resolution, and are able to incorporate
locally-specific physical parameterizations to represent advanced
snow hydrology and firn processes (Rae et al., 2012; Church
et al., 2013). RCMs are forced with global reanalyses at
lateral boundaries but are allowed to integrate freely. Careful
consideration in the selection of a limited domain size and
the orientation of lateral boundaries with respect to forcing

circulation may allow for the RCM to provide an historical
time series of surface properties (Seth and Rojas, 2003; Leduc
and Laprise, 2009). MAR has been widely used for studies
of the GrIS climate (Tedesco et al., 2011, 2013). Due to the
constraints of the model configurations and available output
fields, a meltwater threshold was applied in determining melt
area for MAR as compared with the maximum daily surface
temperature in the reanalyses. Fettweis et al. (2011) previously
examined various methods for determining melt area fromMAR
output. Fettweis et al. (2011) found that while the threshold
value has considerable influence on the determined melt area, the
trend and variability are similar. Spatial resolution, differences
in the surface representation, and the free integration mode
associated with the RCM approach may all play a role in the
temporal character of the daily runoff time series. A relevant
question is with regards to the sensitivity of the RCM to the
given global reanalysis boundary conditions. Some insight may
be obtained in Franco et al. (2013), in which MAR was forced
by various global models to assess projected twenty-first century
changes to the GrIS. Franco et al. (2013) found the ability of
global models to reproduce the surface climate constituted the
largest uncertainty in future simulations of the GrIS. A similar
conclusion is suggested for reanalyses, indicating the importance
of global reanalysis development for RCM simulations.

The study suggests several areas of further investigation.
In general, the satellite data sets agree reasonably well despite
differences in the retrieval method and sampling. But differences
remain in regions of steep topography and persistent cloud
cover, which require resolution. The surveyed models differ
substantially in physical complexity, but some conclusions may
be inferred. Early season runoff as shown in the ASR suggests
a relation between the accumulated snowpack and runoff. As
noted previously, the NOAH land surface model used in the
ASR does not have a contingency for meltwater percolation
or refreezing. The late-season runoff found in MAR suggests
a seasonal retention in meltwater or melt energy within the
snowpack, and is perhaps related to the additional complexity of
the CROCUS land surface model. Different surface forcing, such
as through the prognostic surface albedo, or enhanced energy
conduction may lead to a preconditioning of the snowpack to
enhanced runoff in the second half of the season. It remains
unclear whether hysteresis is a realistic feature of the surface
runoff representation on the basin scale. Such a condition
would invalidate any prescribed relation that does not account
for seasonality. Reanalyses and regional models forced by
reanalyses are constrained to represent historical melt events,
while prognostic simulations of future GrIS melt and runoff are
not similarly constrained. This points to a need to explore options
for retrieving quantitative measures of surface runoff for the
improvement of twenty-first century climate simulations.
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