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Section 3 describes the WRF model and the cloud
microphysics scheme implemented in the model. In
Section 4 we compare the model to observations at
Barrow and Atqasuk and then compare the two-moment
scheme to a series of one-moment cloud schemes to
identify whether a more detailed treatment of liquid
water and ice–snow in clouds allows for a better repre-
sentation of the Arctic boundary layer and surface radi-
ation. In section 5, we summarize the findings of this
study.

2. Observations

a. Synoptic-scale features

Weather during M-PACE was characterized by a
strengthening high pressure system north of Alaska that
caused air to flow from pack ice over the open Beaufort
Sea to the NSA. The Moderate Resolution Imaging
Spectroradiometer (MODIS) satellite image, provided

courtesy of the National Aeronautics and Space Ad-
ministration (NASA) Goddard Space Flight Center
(GSFC; Fig. 1) shows roll clouds that extend from the
pack ice to the NSA. These clouds are aligned closely
to the direction of the geostrophic winds. The wave-
length of these clouds is 10–15 km (Fig. 4) and the cloud
heights varied from 1 to 1.5 km over Barrow (see
Verlinde et al. 2007 for further details of synoptic con-
ditions during this period).

b. Cloud properties

Cloud properties were measured during M-PACE by
a suite of instruments flown on the University of North
Dakota Citation, as well as by ground-based sites at
Barrow and Atqasuk (Verlinde et al. 2007). The in-
struments and analysis used to create the ground-based
observational dataset are documented in Shupe et al.
(2008a). Briefly, a high-spectral-resolution lidar is used
to identify cloud phase. Retrievals from a vertically

FIG. 1. MODIS satellite image, courtesy of NASA GSFC, of the North Slope of Alaska and the Arctic Ocean at 0000 UTC 9 Oct 2004
overlaid with the domains used in the model studies. The sea ice edge can be seen in the upper-right-hand corner of the image. The roll
clouds form parallel to the anticyclonic boundary layer winds. Model domains from the outer square to the inner square: 18, 6, and 1 km.
The two lines in the 1-km grid are the transects used to calculate roll wavelengths in the model and the satellite image [(left) transect 1,
(right) transect 2]. Barrow (B) and Atqasuk (A) are 95 km apart.
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/++*+*'8)'3)/-89.0/8'EFG'./*'G"#H moisture through precipitation, ultimately making the environment too dry and cold for the mixed-phase
cloud to persist, such that the boundary layer transitions to its radiatively clear state. In the clear state, sur-
face radiative cooling on the order of 40 W m22 [Stramler et al., 2011] leads to the build-up of surface-based
temperature inversions (Figure 2d). The boundary layer is thus strongly stable and sensible heat fluxes are
directed toward the surface. This air mass transformation has been described as the formation of continen-
tal polar air masses [Wexler, 1936; Curry, 1983]. It often originates near the downstream ends of the Atlantic
and Pacific storm tracks [Woods et al., 2013].

Comparing climate model output to satellite [Cesana et al., 2012] and in situ observations [Pithan et al.,
2014] reveals that many climate models lack the cloudy state of the Arctic winter boundary layer, and some
models do not reproduce the strong low-level stability observed in the clear state. Examples for these biases
are shown in Figure 3. Models in the rightmost column lack the cloudy state of the boundary layer, i.e., a
second maximum in the pdf at low stability and weakly negative surface net longwave radiation. The
CNRM-CM5 model at the bottom additionally has the radiatively clear state shifted to weaker stabilities at
stronger longwave cooling rates than seen in observations (Figure 1).

The maintenance of the cloudy state at the low temperatures observed [Shupe et al., 2006; Morrison et al.,
2012] poses a challenge to models, partly because theory predicts rapid freezing of supercooled water in
the presence of ice particles. For a given temperature, the saturation vapor pressure over ice is lower than
that over water surfaces, which can cause evaporation from water droplets and deposition of water mole-
cules on ice particles [Wegener, 1911; Bergeron, 1935; Findeisen, 1938]. Observations show that layers of
supercooled liquid often exist above the ice cloud such that supercooled droplets may not actually experi-
ence the presence of ice particles in the same air volume [Morrison et al., 2012]. However, large-scale models
typically do not resolve this vertical structure. Much higher-resolution large-eddy simulations (LES) have suc-
cessfully been employed to study Arctic mixed-phase clouds, but show considerable intermodel spread
with a strong sensitivity of model results to both ice number concentration and particle-size distribution
[Ovchinnikov et al., 2014]. The important role of cloud microphysics for the maintenance of Arctic mixed-
phase stratocumulus clouds was also emphasized by Fridlind et al. [2012], who showed that consumption of
ice nuclei by cloud processes can limit ice formation.

Past studies on the model representation of clear-sky Arctic boundary layers have largely focused on turbu-
lent heat fluxes under stable stratification [e.g., Cuxart et al., 2006; Beare et al., 2006], but model results were
also shown to be sensitive to radiation and surface coupling, especially at lower wind speeds [Sterk et al.,
2013].

The present intercomparison aims to understand the main reasons for the two types of model biases found
in the CMIP5 ensemble[Pithan et al., 2014, exemplified in Figure 3]: The lack of a cloudy state and weak low-
level stability despite strong surface radiative cooling. The experimental setup is based on earlier work by
Wexler [1936]; Curry [1983], and Pithan et al. [2014]. It follows the formation of an Arctic air mass from an ide-
alized Lagrangian perspective. Initial temperature and humidity profiles represent an air mass originating
over open ocean, the lower boundary condition is a snow-covered sea-ice surface, and models are run

(a) (b) (c) (d)

Figure 2. Sketch of Arctic air mass formation. Curved arrows represent radiative cooling, red lines are temperature profiles, which are driv-
en toward the dashed lines by radiative cooling in the respective state. Full boxes mark quasi-steady states and dashed boxes unstable
transition states Source: Pithan et al. [2014].
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