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Fig. 1. Aircraft trajectories during the SPARTICUS field campaign.
Color fill in blue shows the topography (unit: m). The black dot
at 40◦ N shows the location of Boulder, CO. The square indicates
a 6◦×6◦ (about 600 km×600 km) area centered at the ARM SGP
site (36◦ N, 97◦ W), within which the ice crystal number measure-
ments are used for model evaluation in this paper. Further details
can be found in Sect. 2

Boulder, CO (40◦ N, 105◦ W) and the ARM SGP site (36◦ N,
97◦ W, Fig. 1). Number concentration and size distribution of
ice crystals that have a maximum dimension Dmax between
10 µm and 3000 µm were measured by a 2D-S probe. The
probe generates two orthogonal laser beams to create two-
dimensional silhouettes of ice particles larger than 10 µm.
Compared to conventional optical array probes (Knollen-
berg, 1970), the stereo view of particles in the laser-beam
overlap region improves the sample volume boundaries and
sizing of small (< 100 µm) particles. With improved probe
tip design and particle inter-arrival time algorithms, the 2D-
S probe can also reduce the shattering of ice particles and
provide reliable ice crystal number measurements (Lawson,
2011). As small ice crystals (10 µm< Dmax < 100 µm)
dominate the ice particle population in cirrus cloud, the better
measurement accuracy of 2D-S in this size range provides re-
liable data to evaluate the numerical model. Ambient temper-
atures were measured by the Rosemount probe (Model 102,
precision: ±0.5 ◦C). An open path Diode Laser Hygrome-
ter (DLH) (precision: ±1 %) was employed to measure the
water vapor mixing ratio, which operates in the near-infrared
spectral region ((Diskin et al., 2002)). In order to be con-
sistent with the model calculation of relative humidity with
respect to ice (RHi), observation-derived RHi is calculated
based on Goff and Gratch (1946) using water vapor mixing
ratio, ambient pressure, and temperature. The effective di-
ameter of ice crystals is derived from the observed crystal
size distribution following Mitchell (2002). The observa-
tional data are available at the frequency of 1 Hz. Consid-
ering the speed of the aircraft, this frequency translates to
a horizontal distance of 150–200 m between two individual

measurement records of ice crystal distribution, temperature,
RHi, etc.

The aircraft trajectories covered various types of topogra-
phy in this campaign, from the Rocky Mountains in the west
to the relatively homogeneous geography over the Southern
Great Plains (SGP) in the east (Fig. 1). In order to exclude
possible biases in the model that are associated with the dy-
namical effects of complex topography, we do not use the
whole data set from SPARTICUS but limit the model evalu-
ation within a 6◦ × 6◦ (about 600 km × 600 km) area cen-
tered at the SGP site (black square in Fig. 1). As our focus
is on the role of ice nucleation in synoptic cirrus clouds, data
from flights with anvil occurrence are also excluded. This
still leaves us with more than 98 000 in-cirrus records of ice
crystal distribution and RHi, etc., with more than 10 thou-
sand records in each of the 10K temperature bins shown in
Table 1. The large number of samples provide a solid ba-
sis for the statistical analysis of the ice crystal properties in
Sect. 5.

3 Model

3.1 CAM5 model

The GCM used in this study is the Community Atmosphere
Model Version 5 (CAM5, Neale et al., 2010). The model
uses finite volume methods in its dynamical core and tracer
transport algorithm, with a standard horizontal resolution
of 1.9◦ × 2.5◦ (latitude by longitude) and a time step of
30min. Large-scale condensation, cloud fraction calcula-
tion, and the horizontal and vertical overlapping of clouds
are handled by a cloud macrophysics parameterization of
Park et al. (2012). Stratiform microphysical processes are
represented by a two-moment scheme that solves prognos-
tic equations for cloud droplet and cloud ice, and diagnostic
equations for rain and snow (Morrison and Gettelman, 2008;
Gettelman et al., 2008). As atmospheric aerosols play a key
role in supplying cloud condensation nuclei and ice nuclei
(IN), a modal aerosol module (MAM, Liu et al., 2012a) is
incorporated to interactively predict mass and number con-
centrations of various aerosol species including sulfate, sea
salt, primary and secondary organic matter, black carbon and
dust. Among these species, sulfate and dust can act as ice nu-
clei. The size distribution of aerosol particles is described by
either three or seven log-normal modes. In this study we use
the three-mode version MAM3 which consists of the Aitken,
accumulation and coarse modes. Moist turbulence and shal-
low convection are parameterized by the schemes of Brether-
ton and Park (2009) and Park and Bretherton (2009), respec-
tively. Deep convection is treated with the parameterization
of Zhang and McFarlane (1995) with further modifications
by Richter and Rasch (2008). Shortwave and longwave ra-
diative transfer calculations are performed using the RRTMG
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