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July 2012 Greenland melt extent enhanced by
low-level liquid clouds
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Melting of the world’s major ice sheets can affect human and environmental conditions by contributing to sea-level rise. In July 2012,
an historically rare period of extended surface melting was observed
across almost the entire Greenland ice sheet1,2, raising questions
about the frequency and spatial extent of such events. Here we show
that low-level clouds consisting of liquid water droplets (‘liquid
clouds’), via their radiative effects, played a key part in this melt
event by increasing near-surface temperatures. We used a suite of
surface-based observations3, remote sensing data, and a surface
energy-balance model. At the critical surface melt time, the clouds
were optically thick enough and low enough to enhance the downwelling infrared flux at the surface. At the same time they were
optically thin enough to allow sufficient solar radiation to penetrate
through them and raise surface temperatures above the melting
point. Outside this narrow range in cloud optical thickness, the
radiative contribution to the surface energy budget would have been
diminished, and the spatial extent of this melting event would have
been smaller. We further show that these thin, low-level liquid clouds
occur frequently, both over Greenland and across the Arctic, being
present around 30–50 per cent of the time3–6. Our results may help to
explain the difficulties that global climate models have in simulating
the Arctic surface energy budget7–9, particularly as models tend to
under-predict the formation of optically thin liquid clouds at supercooled temperatures6—a process potentially necessary to account
fully for temperature feedbacks in a warming Arctic climate.
Over the past few decades, the Arctic has experienced warming amplified by a set of positive feedbacks; these feedbacks include increased
sea ice melt, increased atmospheric water vapour and cloudiness, and
changes in atmospheric circulation patterns10. This warming has resulted
in an increased extent of surface melt of the Greenland ice sheet (GIS)
observed by satellite since 197911. July 2012 set a new record in melt
extent, with melting observed over nearly the entire GIS1,2. At Summit
Station, a brief melting period was observed on 11 July 2012 (Fig. 1). Icecore records from the same location indicate such events occur only
about once every 150 yr (ref. 1) on average, with the last occurring in
188912. The July 2012 melt event was triggered by advection of unusually
warm air, with temperatures at 500 m above ground only slightly below
freezing (Fig. 1). However, the observed surface melt at Summit cannot be
explained by warm air advection alone, because the surface temperature
over the GIS is controlled by a balance of radiative and turbulent heat
fluxes13–16 that are sensitive to cloud and atmospheric properties.
The local energy balance at the surface can be understood by
accounting for three forcings on surface temperature, namely, the
net radiative flux divergence at the surface, heat exchange with the
atmosphere, and heat exchange with the underlying ice. A simple
parametric model of these processes can be written as:
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This model is used here to study the effect of clouds on the temporal
development of surface temperature. In equation (1), TS is the surface
temperature, t is time, H is the height of the inversion layer, a is a shape
parameter characterizing the form of the temperature profile in the
boundary layer, r is the average air density of the boundary layer, cp is
the specific heat of air, Ta is the temperature at the top of the inversion,
Ti is the ice temperature at a depth low enough to be considered
constant over the model integration time, DFNET is the net radiative
flux divergence at the surface, and ta and ti are relaxation timescales
for heat exchange processes in the atmosphere and ice, respectively.
Whereas the two heat exchange terms are non-negligible, the radiative
forcing plays a dominant role in the development of surface temperature14, which justifies the basic parameterizations of heat fluxes using
relaxation times. In reality, atmospheric heat fluxes are complex functions of wind speed, turbulence state, temperature, and moisture profiles. The heat transfer into the surface depends on the snow’s thermal
conductivity but also on radiative heat exchange between different
snow layers and solar radiation penetrating deeper into the snow
layer17. The dependency of ta on atmospheric stability is simply modelled by making ta increase with increasing atmospheric stability, that is,
ta 5 f(Ta 2 TS). The model’s response is not very sensitive to the
choices of some of the model parameters; these parameters were fixed
at H 5 210 m, a 5 2, ti 5 15 h, and Ti 5240 uC. The particular choices
of these parameters, as well as details of the model, are justified and
outlined in the Supplementary Information.
The model assumes the temperature of the free atmosphere at the
top of the inversion layer (Ta) to be a lateral boundary condition
determined by advection. This temperature was determined from
12-hourly radiosonde observations at Summit. The individual radiative fluxes constituting DFNET, the net radiative flux at the surface, are:
;
:
;
:
DFNET ~FSW
{FSW
zFLW
{FLW

ð2Þ

The up and down arrows indicate the upwelling and downwelling
radiation, respectively. The surface temperature model can be forced
with observed or simulated radiative fluxes. Both approaches were
performed for this study. For simulating fluxes, a simple atmospheric
radiative transfer model was devised, which is outlined in the
Supplementary
Information. The shortwave component of the model
"
#
:,;
FSW
includes the radiative effects of water vapour, ozone, carbon

dioxide, cloud liquid
" water,
# and surface albedo. The downwelling longwave component

;
FLW

accounts for thermal emission by atmo-

spheric gases and cloud liquid water. The upwelling longwave
radiation was simulated simply using Stefan–Boltzmann’s law and a
:
surface emissivity of unity, that is, FLW
~sSB TS4 , where sSB is the
Stefan–Boltzmann constant. The radiative transfer model does not
account for ice clouds.
Figure 1a provides an overview of the temporal development of T2m,
the temperature at a height of two metres, both observed and simulated
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Figure 1 | Observed and simulated temporal evolution of the July 2012
surface melting event at Summit. a, Temporal evolution of the temperature
2 m above the surface (T2m) for July 2012; b, expanded view of data from a for
the extended GIS melting period (9–15 July 2012). In the top parts of a and
b, the black curve shows T2m observed by the NOAA meteorological (met.)
tower, the red curve shows the temperature observed by radiosonde at 500 m
above ground (T500m), the green curve shows the development of T2m simulated
using the surface energy balance model driven by observed radiative (obs. rad.)
fluxes26, and the yellow curve shows the development of T2m simulated using
the surface energy balance model driven by simulated radiative (sim. rad.)
fluxes based on water vapour path (WVP) and liquid water path (LWP). Values

of these two last quantities are shown in the lower parts of a and b with separate
axes: blue (red) dots show LWP (WVP) values observed by an upward looking
microwave radiometer. c, Model sensitivity studies with respect to clouds and
solar radiation. Yellow line, as in a and b; turquoise curve, T2m without solar
radiation; blue curve, T2m assuming a cloud-free atmosphere (LWP 50 g m22);
purple curve, T2m assuming an atmosphere with a very thick cloud with
constant LWP of 500 g m22. Inset, simulated maximum T2m (corresponding to
the position of the arrow ‘surface melting’ in b) as a function of an assumed
constant LWP; red data point shows the observed T2m and LWP at a time of
630 min around the time of maximum surface temperature (error bars,
61 s.d.).

for July 2012 at Summit. For weaker surface inversions, this temperature will be very close to the surface temperature, T2m < TS. In the
case of strong surface inversions, T2m can be higher than TS. Such cases
might occur, for example, during the night under cloud-free conditions (for example, 14 July 2012). The cloud-free diurnal cycle of T2m is
of the order of 10 uC, with low temperatures during night caused by
less incoming solar radiation and strong longwave energy loss. (We
note that the solar zenith angle at the beginning of July at Summit is
about 85u at local midnight and around 52u at local noon.) The surface
melting period on 11 July 2012 was marked by low cloud bases, which
occur very frequently over Summit. Low, liquid-bearing clouds were
also present on 12 July 2012, followed by three cloud-free days. During
the cloud-free period, and in particular on 13 July, warm air was still
present over Summit but surface temperatures did not rise above 0 uC.
A visual overview of cloudiness for July 2012 (as well as July 2010
and 2011 for comparison) is provided in Supplementary Fig. 5 and
Supplementary Table 2, based on radar and lidar observations.
Despite its simplicity, the prognostic surface temperature model
described in equation (1) reasonably captures the long-term variability, the phase and amplitude of the diurnal cycle, as well as its modulation by liquid clouds. Deviations occur in the presence of high ice
clouds, which were not included in the simulations. Note that modelling results based on surface radiative flux observations agree well with
the results where the surface radiative fluxes were computed using

cloud observations and the radiative transfer model. This agreement
confirms that ice clouds play a minor role in this particular study
because the simulated radiative fluxes do not include effects of ice
clouds whereas the observed fluxes do. The model also predicts the
timing and strength of the surface melt event in July 2012 with reasonable accuracy (see Fig. 1b).
The modulating role of low-level liquid-containing clouds on the
surface energy balance can be understood by considering two competing effects. First, these clouds reflect solar radiation to space, reducing
shortwave energy available for surface warming and dampening the
diurnal cycle. Second, low-level clouds radiate energy downwards in
the infrared. This process is efficient even for very thin clouds. At
liquid water path (LWP) values greater than 20 g m22, clouds become
nearly completely opaque in the infrared18,19 in which case the downwelling longwave radiation is determined almost entirely by cloud
temperature. For the dry atmosphere observed over the GIS, cloudysky downwelling longwave fluxes can easily be 100 W m22 higher than
those measured for cloud-free conditions.
The relative balance of decreased solar radiation and increased
downward longwave radiation depends on cloud optical properties,
which are most strongly modulated by variations in LWP. Figure 1c
shows model sensitivity studies for two extreme cases: no cloud (that is,
LWP 5 0 g m22) and an extremely thick cloud with LWP constant at
500 g m22. In the cloud-free case, a strong diurnal cycle exists but
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Figure 2 | Observed spatial distribution of clouds over Greenland on 11 July
2012 and their effect on surface temperature. a, Near-true-colour satellite
image of Greenland observed by MODIS (on the Aqua satellite) on 11 July
2012, 14:55–15:05 UTC (MODIS channels 1, 4, 3). b, False-colour image for the
same time period highlighting liquid-bearing clouds in purple (MODIS
channels 7, 2, 1). The star shows the position of Summit. White contour lines
give terrain height in 500-m intervals starting at 1,000 m. c, The maximum
simulated temperature under cloud-free conditions (see text for details). The
blue line corresponds to the 0 uC isothermal—that is, the height below which
melting would occur under cloud-free conditions. This line is also shown in
a and b as a reference.
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Figure 3 | Frequency of occurrence of thin, liquid-bearing clouds. For the
purpose of this plot, ‘thin, liquid-bearing’ clouds are defined as clouds in the
range of 10 g m22 , LWP , 60 g m22, corresponding to the range of
maximum enhanced cloud radiative forcing at the surface. a–d, Comparisons
of ground-based observed (blue, microwave radiometer (MWR)) and ERAInterim simulated (red, ERA) frequencies of occurrence of these clouds for four
Arctic observation sites for all seasons; a, Barrow, Alaska; b, Surface Heat
Budget of the Arctic Ocean (SHEBA) experiment (a research vessel frozen in
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near-surface temperatures do not rise above 24 uC. For the thick
cloud, near-surface temperature follows the cloud temperature but
does not exceed a value of 23 uC.
In neither of these two extreme cases does the near-surface temperature rise to values above the melting point. Only for a limited range of
intermediate LWP values do the combined longwave and shortwave
radiative effects conflate to push temperatures above 0 uC. Indeed, the
energy balance model indicates that surface melting only occurs in this
case for LWP values between 10 and 40 g m22 (see Fig. 1c inset).
Within this range, the cloud is opaque enough to ‘trap’ longwave
radiation but still sufficiently thin to allow enough solar radiation to
penetrate through to the surface. Clouds of this nature probably affected broad spatial areas of the GIS during this event. Figure 2a and b
provide an overview of the cloud situation over the GIS on 11 July
2012, observed by the Moderate Resolution Imaging Spectrometer

(MODIS) on NASA’s Aqua satellite, and show extended liquid clouds
over large parts of the central GIS.
Surface melting would not have occurred over Summit in July 2012
without the optically thin, liquid-water-containing clouds. However,
temperatures were warm enough during this time to trigger melting
without clouds at lower-elevation regions of the GIS. The diurnal cycle
and the total amount of incoming solar radiation also vary with latitude. A second sensitivity study was carried out to estimate the relative
impact of these two factors—that is, terrain height above sea level and
latitude—on surface melting. Figure 2c shows the result of this sensitivity study, assuming cloud-free conditions and adjusting the model
(equation (1)) for height effects on atmospheric temperature, downwelling longwave radiation, and incoming solar radiation as function
of latitude. For all temperature dependencies on surface height, a
climatological mean temperature lapse rate of 7.1 K km21 was used20.
Terrain slope and orientation were not considered, as terrain slopes on
top of the GIS are generally small. This sensitivity study is not expected
to reproduce the exact conditions observed over Greenland, but it
does provide insight into the interplay of terrain height, available solar
radiation, and clouds. The maximum simulated temperature (Fig. 2c)
did not exceed 0 uC at terrain heights above roughly 2,700 m for
regions south of Summit. At more northerly locations, where less solar
radiation is available, these terrain heights fell below 2,000 m (see the
blue 0 uC isothermal in all three panels of Fig. 2). In comparison, for a
homogeneous cloud of 30 g m22, the model predicted melting everywhere (not shown). For this example model exercise, the spatial extent
of GIS melt conditions increased from 61% to 100% as a result of the
optically thin clouds.
This study highlights the intricate role of clouds in modulating the
energy balance at the surface above the GIS in boreal summer. Thin,
boundary-layer, liquid-containing clouds can change the surface
energy balance towards warmer or colder surface temperatures
depending on cloud optical thickness. In the case examined here, these
clouds played a critical role in enhanced surface melt at Summit,
Greenland, and probably contributed strongly to the 97% spatial melt
extent observed over the GIS in early July 20121.
Thin, liquid-bearing clouds are ubiquitous across the Arctic6.
Ground-based observations and model reanalysis products from the
European Center for Medium Range Weather Forecasting (ERAInterim) show occurrence frequencies ranging from 20% to more than

the pack ice to study the ocean and atmosphere); c, Eureka, Nunavut (research
base on Ellesmere Island, Canada); and d, Summit, Greenland. DJF,
December–February; MAM, March–May; JJA, June–August; SON,
September–November. e, Circumpolar map of the frequency of occurrence of
these clouds from 32 yr of ERA reanalysis (1979–2011). The plot in e is
conditionally sampled to only include cases with solar zenith angle lower than
80u and a surface albedo higher than 0.5; locations of the observation sites
(a–d) are indicated.
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50% of the time for four observational sites in summer and for most
observational sites also in spring and autumn (Fig. 3a–d). (See Supplementary Information section 6 for details on the temporal coverage
of the different observation sites; please also note that ERA-Interim
histograms shown in Fig. 3a–d are restricted to the time period when
observations are available.) Based on ERA-Interim reanalysis, Fig. 3e
shows the occurrence of thin, liquid-bearing clouds in situations where
the surface albedo is larger than 0.5 and at least some solar radiation is
available (solar zenith angle less than 80u). These situations are most
conducive to enhanced surface warming by the combined effects of
solar and infrared warming discussed above21–24. Thin liquid clouds
occur most frequently over sea-ice-covered areas north of 80u N, as
well as over the Beaufort Sea and the east Siberian Sea, highlighting the
importance of such clouds not only for the GIS but also for the surface
energy balance over sea ice.
To simulate the surface energy balance correctly, it is imperative for
climate models to accurately represent these liquid-containing clouds
and their occurrence fraction, radiative properties and responses to a
changing Arctic climate system. The comparisons provided in Fig. 3a–d
highlight a significant shortcoming in our current modelling capabilities of Arctic clouds. ERA reanalysis provides mostly reasonable
results for thin, liquid-cloud occurrence in summer months. However,
the model significantly underestimates the occurrence of such clouds
in winter and spring for most sites and for Summit in all seasons. A
similar underestimation of the occurrence of thin, liquid clouds was
recently reported6 for global climate models based on comparisons
with satellite-derived estimates of cloudiness. The discrepancies were
attributed largely to the simplified treatment of cloud phase in models,
which typically does not allow for liquid clouds to form at temperatures lower than about 220 uC. A similar phase determination scheme
is employed in the ERA-Interim data, potentially explaining the significant low bias in modelled liquid-cloud occurrence over Summit
(Fig. 3d). These shortcomings bias the Arctic surface energy balance
predicted by present-day weather and climate models6, and limit the
ability of these models to predict the cloud response to Arctic climate
change and possible feedbacks.
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METHODS SUMMARY
Ground-based infrared, microwave, radar and lidar remote sensing observations,
as well as radiosonde data, were collected as part of the project ‘Integrated characterization of energy, clouds, atmospheric state, and precipitation at Summit’
(ICECAPS)3. Cloud liquid-water path estimates were derived from multi-channel
microwave measurements4. Downwelling longwave fluxes were derived from
high-resolution infrared observations and cloud-free fluxes were calculated on
the basis of radiosonde observations25. In addition, shortwave and longwave
upwelling and downwelling radiative fluxes were observed from a suite of broadband radiometers26,27, while temperatures at a height of two metres were observed
from a meteorological tower operated by NOAA. All Summit, SHEBA, and Eureka
ground-based data are available from the NOAA ESRL site (ftp://ftp1.esrl.noaa.
gov/psd3/arctic/). Barrow data are available from the DOE ARM archive (http://
www.archive.arm.gov/). MODIS satellite observations were obtained from NASA’s
Level 1 and Atmosphere Archive and Distribution System. ECMWF ERA Reanalysis data are available from the ECMWF data server (http://www.ecmwf.int).
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