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Impact of the dynamical core on the direct simulation
of tropical cyclones in a high-resolution
global model
K. A. Reed1,2, J. T. Bacmeister2, N. A. Rosenbloom2, M. F. Wehner3, S. C. Bates2, P. H. Lauritzen2,
J. E. Truesdale2, and C. Hannay2

1School of Marine and Atmospheric Sciences, State University of New York at Stony Brook, Stony Brook, New York, USA,
2Climate and Global Dynamics Laboratory, National Center for Atmospheric Research, Boulder, Colorado, USA, 3Lawrence
Berkeley National Laboratory, Berkeley, California, USA

Abstract This paper examines the impact of the dynamical core on the simulation of tropical cyclone (TC)
frequency, distribution, and intensity. The dynamical core, the central fluid flow component of any general
circulation model (GCM), is often overlooked in the analysis of a model’s ability to simulate TCs compared to
the impact of more commonly documented components (e.g., physical parameterizations). The Community
Atmosphere Model version 5 is configured with multiple dynamics packages. This analysis demonstrates
that the dynamical core has a significant impact on storm intensity and frequency, even in the presence of
similar large-scale environments. In particular, the spectral element core produces stronger TCs and more
hurricanes than the finite-volume core using very similar parameterization packages despite the latter
having a slightly more favorable TC environment. The results suggest that more detailed investigations
into the impact of the GCM dynamical core on TC climatology are needed to fully understand these
uncertainties.

1. Introduction

Understanding how global and regional tropical cyclone (TC) climatology may change in the coming decades
is of significant value to science and society. Climate models are becoming a preferred tool to assess TCs in
current and future climate conditions. Despite typical resolution limitations, it is well known that general circu-
lation models (GCMs) have the ability to simulate TCs, even at coarse horizontal resolutions of 100 km [Knutson
et al., 2010]. However, these simulated TCs are typically of weaker intensity and larger size than observed
storms [Walsh et al., 2007]. Using horizontal resolutions in the range of 10–30 km, more recent GCM studies
have shown the ability to improve some of these resolution limitations [e.g., Chen and Lin, 2011; Murakami
et al., 2012; Manganello et al., 2012; Bacmeister et al., 2014; Wehner et al., 2014].

While these high-resolution GCMs have shown skill in their ability to simulate TCs, both on climatological
and shorter time scales, there is still a concern on the reliability of GCMs for TC assessments. In particular, the
impact of GCM design choices of dynamical core (i.e., numerical schemes, mesh, and diffusion properties)
and physical parameterizations on simulated storms remains unclear at current and next-generation high
resolutions. Numerous studies have looked at the sensitivity to changes in physical parameterization schemes,
mainly convection schemes, on TC activity in climate models [e.g., Vitart et al., 2001; Kim et al., 2012; Reed and
Jablonowski, 2011a, 2011b; Zhao et al., 2012; Bacmeister et al., 2014]. However, investigations into the impact
of the GCM dynamical core choice on the simulation of TCs have been less prominent. In a comparison of
CMIP3 models Walsh et al. [2013] found that the CMIP3 Geophysical Fluid Dynamics Laboratory model with
two different dynamical cores, but identical convection parameterizations, produced a large contrast in TC
frequency. Work by Reed and Jablonowski [2012] explored the effect of four different GCM dynamical cores on
the evolution of an idealized TC and demonstrated important differences in storm structure and intensity.

In this study the joint National Center for Atmospheric Research and Department of Energy Community Atmo-
sphere Model version 5 (CAM5) is used to explore the impact of the dynamical core on TC activity in recent past
climate simulations at∼25 km horizontal grid spacing. CAM5 has demonstrated the capacity to simulate TCs at
this horizontal resolution using short idealized [Reed and Jablonowski, 2011b; Reed et al., 2012] and long-term
climate simulations [Bacmeister et al., 2014; Wehner et al., 2014, 2015]. The goal of this study is to document
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Figure 1. Distribution of the global number of TCs that reach
tropical storm (categories 0–5), hurricane (categories 1–5), and
major hurricane (categories 4–5) strength per year for the
CAM5-FV and CAM5-SE simulations for the time period of 1980
to 2005. The box represents the 25th to 75th percentile range
with the median marked by the line inside the box, and the
values outside the box represent the extrema (i.e., years with
the most and least numbers of TCs). IBTrACS observations are
included as a reference.

the impact of the dynamical core on TC counts,
distribution, and intensity. Section 2 briefly
describes the dynamical cores used, the CAM5
physics parameterization suite, and the simu-
lation design. Section 3 compares the charac-
teristics of TCs in the two different simulations.
Section 4 discusses the conclusions and impacts.

2. Experimental Design

This study utilizes CAM5, described in detail in
Neale et al. [2012], configured with two differ-
ent commonly used dynamics packages. The
finite-volume (FV) dynamical core is mass con-
servative in flux form and defined on a reg-
ular latitude-longitude grid. The FV package
is based upon a 2-D shallow water approach
described in Lin and Rood [1996, 1997]. The
advection algorithm utilizes the monotonic
third-order piecewise parabolic method [Colella
and Woodward, 1984]) with an explicit time
stepping scheme, and the divergent modes are
controlled through explicit fourth-order hor-
izontal divergence damping [Lauritzen et al.,
2011]. The spectral element (SE) dynamical core,

documented in Taylor and Fournier [2010] and Dennis et al. [2012], utilizes a continuous Galerkin method with
polynomials of degree 3 to provide a fourth-order accurate horizontal discretization on a cubed-sphere mesh.
The SE package also incorporates a fourth-order hyperdiffusion, with an additional second-order dissipation
near the model top, for the horizontal diffusion scheme. For this study, both dynamical cores use the same
vertical discretization that is built on a terrain-following “floating” Lagrangian coordinate system and a fixed
“Eulerian” reference frame (i.e., the volumes are permitted to float for several dynamics time steps before
they are mapped back conservatively and monotonically to the fixed reference system [Lin, 2004]). The two
different model configurations will be referred to as CAM5-FV and CAM5-SE throughout this study.

Both dynamical cores are run in combination with similar variants of the CAM5 physics parameterizations.
In particular, both packages contain the same deep [Zhang and McFarlane, 1995] and shallow convec-
tive [Park and Bretherton, 2009] parameterizations, as well as a moist boundary layer turbulence scheme
[Bretherton and Park, 2009]. These are in combination with the full suite of physics parameterizations, including
those of cloud microphysics, cloud macrophysics, surface exchange, and radiation, which remain essentially
unchanged [Neale et al., 2012]. An identical physics time step, a known sensitivity [Williamson, 2013], is utilized
for both CAM5-FV and CAM5-SE configurations. Furthermore, both configurations make use of the modal
aerosol model with prognostic aerosols [Easter et al., 2004; Ghan and Easter, 2006]. Both CAM5 configurations
are run at approximately 25 km horizontal grid spacing near the tropics from 1980 to 2005 according to the
observed Atmospheric Model Intercomparison Project (AMIP) protocols [Gates, 1992; Gates et al., 1999] for sur-
face temperatures, sea ice, ozone, and greenhouse gases. The TC detection algorithm and tracker utilized for
this analysis is that used and described in Zhao et al. [2009] with 3-hourly model output. Following the same
approach as Zarzycki and Jablonowski [2014], the surface winds (commonly taken to be at a height of 10 m)
used for the TC tracker are estimated using the lowermost model level winds (≈60 m) and a logarithmic law.
This results in roughly a 15% reduction in the lowermost model level wind speeds.

3. Results
3.1. Counts
The distribution of the global number of TCs per year for the 1980 to 2005 period for the CAM5-FV and
CAM5-SE simulations is given in Figure 1. The counts are categorized into TCs that reach tropical storm (cat-
egories 0–5), hurricane (categories 1–5), and major hurricane (categories 4–5) strength. The box represents
the 25th to 75th percentile range based on interannual variability with the median marked by the line inside
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Figure 2. Global distribution of the (first row) average maximum potential intensity, (second row) average annually accumulated genesis potential index, (third
row) storm genesis location, and (fourth row) track density. These values are calculated over the entire time period from 1980 to 2005 for (left) CAM5-FV, (middle)
CAM5-SE, and (right) the difference between the two simulations (CAM5-FV minus CAM5-SE).

the box, and the values outside the box represent the extrema (i.e., years with the most and least numbers of
TCs). Observations from the International Best Track Archive for Climate Stewardship (IBTrACS) [Knapp et al.,
2010] for the same time period are provided as a reference. Consistent with the previous work by Wehner
et al. [2014], which used a similar CAM5-FV simulation with a different storm tracker, both model simulations
produce less tropical storms than observations. CAM5-FV simulates less hurricane strength storms when com-
pared to observations, while CAM5-SE produces slightly more storms of the same intensity. These differences
between similar CAM5 simulations and observations are discussed in detail in Bacmeister et al. [2014] and
Wehner et al. [2014] and are beyond the scope of this study.

When comparing the global tropical storm counts, CAM5-SE produces a higher frequency than CAM5-FV. The
total variance in the tropical storm counts throughout the 26 year simulations, taken here to be the range
between the extreme values, and 25th to 75th percentile range is similar for both configurations. When look-
ing at the hurricane counts, CAM5-SE again produces noticeably more hurricane strength TCs per year than
CAM5-FV. This signal is also apparent when comparing major hurricane storms where the number of intense
TCs in CAM5-SE is nearly double those in CAM5-FV. This suggests that the storms in CAM5-SE are generally
stronger than those in CAM5-FV.

3.2. Distribution
In order to further understand the differences in the simulation of TCs between the two dynamics packages,
the large-scale environment is examined. Two common metrics, the potential intensity (PI) as discussed in
Emanuel [1995] (code downloaded from ftp://texmex.mit.edu/pub/emanuel/TCMAX/pcmin\_2013.f) and the
genesis potential index (GPI) as introduced by Emanuel and Nolan [2004], are calculated using monthly aver-
aged model output and are used to evaluate how the large-scale environment may influence TC distribution
and intensity. Figure 2 shows the global distribution of the average maximum PI (i.e., the average of the maxi-
mum monthly PI for each calendar year), average annually accumulated GPI, storm genesis location, and track
density for the time period from 1980 to 2005 for each model configuration. The genesis and track densities
are calculated similar to Done et al. [2013] and are defined as the number of TC genesis points or tracks within
a 5∘ radius of a given point per year. In addition, Figure 2 (right) shows the difference (i.e., CAM5-FV minus
CAM5-SE) for each of the variables.
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Figure 3. Intensity distribution shown as a (top) probability
density function of the maximum wind speed and (bottom)
minimum surface pressure versus maximum wind speed
relationship with quadratic least squares fit (solid lines) for the
CAM5-FV and CAM5-SE simulations from 1980 to 2005. IBTrACS
observations are included as a reference.

Comparing the average maximum PI (first row)
indicates that the pattern of the PI is rather simi-
lar for both simulations. However, as seen in the
difference plot, CAM5-FV on average has higher
values of PI throughout the majority of the trop-
ical regions though these differences are small
(generally<2 m/s). The pattern of the global dis-
tribution of the average GPI is also similar for
both dynamical cores (second row). In general,
CAM5-FV produces slightly larger magnitudes of
GPI in the North Atlantic, while CAM5-SE envi-
ronment has larger GPI in the west North Pacific.
The difference in the east North Pacific distribu-
tion of GPI is more complex, with CAM5-FV hav-
ing larger GPI values to the north and CAM5-SE
having increased GPI to the south, toward
the equator.

When comparing the genesis and track density
to the climatological indices, the patterns gen-
erally compare well in that regions of high GPI
have increased TC genesis. In assessing differ-
ences between the simulations, CAM5-SE simu-
lates increased TC genesis and track density in
the west North Pacific compared to CAM5-FV;
this mimics the higher magnitudes of GPI in
CAM5-SE in this region. However, less straight-
forward differences are seen in the distributions
for other regions. In particular, the South Indian
Ocean shows a noticeable increase in genesis
and track density in CAM5-SE but, in general,

shows a decrease in GPI in the same region when compared to CAM5-FV. In Wehner et al. [2015], it was demon-
strated that GPI could not explain the change in TC frequency in a simplified climate change experiment.
In that study using a similar version of CAM5-FV, the GPI in warmer climates was more favorable to cyclo-
genesis but produced fewer tropical storms. Wehner et al. [2015] argued that the GPI formulation is missing
critical information about either the density of dynamical perturbations that can evolve into tropical storms
or the efficiency that such localized tropical disturbances can intensify. In the present study, GPI likely fails to
completely explain the differences in genesis density between CAM5-FV and CAM5-SE for a similar reason.

3.3. Intensity
Despite some regional differences in the climatologies of CAM5-FV and CAM5-SE, the long-term climatology
as a whole seems to compare quite well between the two simulations (see PI in Figure 2). This is expected
given that for the most part, the physics packages used with each dynamical core are nearly identical. From
this analysis it is difficult to account for the increase in the number of hurricanes and major hurricanes seen
in Figure 1 with CAM5-SE. To better interpret this intensity distribution, Figure 3 displays the intensity dis-
tribution of CAM5-FV and CAM5-SE for 1980–2005 as a probability density function (PDF) of the maximum
wind speed (top) and minimum surface pressure versus maximum wind speed relationship (bottom) for the
CAM5-FV and CAM5-SE simulations during the entire duration of each storm track. A quadratic least squares
fit is shown for each pressure-wind distribution in the bottom plot. IBTrACS observations are included as a
reference, and to be consistent with the TC tracker, only storms that reach tropical storm strength in their life-
time are used. It should be noted that in this analysis 3-hourly output is used for the model output, while the
IBTrACS data are 6-hourly.

In a brief comparison with observations, both model versions produce a higher frequency of larger maxi-
mum wind speeds. This is consistent as the models produce a higher ratio of hurricane strength storms per
year to all TCs than observations (see Figure 1). From Figure 3 it is clear that CAM5-SE produces a wind PDF
skewed toward higher values than CAM5-FV. This is most evident in the 35–55 m/s range where the tail of the
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CAM5-SE distribution falls off more gradually than that of CAM5-FV, indicating a higher frequency of larger
maximum wind speeds in this range. This result is consistent with the work by Reed and Jablonowski [2012]
which demonstrated that in idealized simulations, CAM5-SE produced stronger TCs than CAM5-FV at similar
resolutions. In the pressure versus wind relationship, the relationship is very similar for CAM5-FV and CAM5-SE,
but the model configurations only compare well with IBTrACS at lower wind speed (<40 m/s). At larger wind
speeds both models produce weaker wind speeds at a given minimum pressure than observations. This is
consistent with Figure 1 in which both configurations of CAM5 largely underrepresent the number of major
hurricanes, as TCs are likely still underresolved at ∼25 km horizontal grid spacings. From Figure 2 the environ-
ment in CAM5-FV, as seen by the maximum PI, is if anything slightly more favorable for intense TCs. Despite
this more favorable environment in CAM5-FV, Figures 1 and 3 indicate that CAM5-SE has stronger simulated
storm intensities, suggesting that the dynamical core is responsible.

We have demonstrated that CAM5-SE tends to produce stronger TCs than CAM5-FV despite nearly identical
physics parameterization schemes and very similar mean climate states. Interestingly, the pressure-wind rela-
tionships for TCs in CAM5-SE and CAM5-FV are nearly the same, implying that CAM5-SE is generating TCs with
deeper lows as well as stronger winds. The dynamical explanation for this difference is not clear. Differences
in the numerics of the divergent flow are a possible cause [e.g., Zhao et al., 2012].

4. Concluding Remarks

This study examines the impact of the choice of CAM5’s dynamical core on TC frequency, distribution, and
intensity in a pair of 26 year AMIP simulations. It is shown that the selection of a dynamical core can have a
significant impact on TC intensity and frequency even in the presence of similar climatology and large-scale
environments. CAM5-SE is demonstrated to produce stronger TCs, and therefore more hurricanes and major
hurricanes per year, than CAM5-FV. These differences cannot be traced back straightforwardly to differences in
the large-scale features of the simulated climate state. The exact causes for these differences in the simulation
of TCs due to the dynamical core will be an area of continued work. Zhao et al. [2012] have explored the role of
divergence damping, a typical component of dynamical cores, on TC frequency using the Geophysical Fluid
Dynamics Laboratory High Resolution Atmospheric Model and found that as divergence damping increases,
the number of global TCs and hurricanes increases. Damping at the smallest scales is larger in CAM5-SE than
in CAM5-FV (not shown), and it is hypothesized that this is playing some role in varying the TC intensity and
frequency. This will be a focus of future research.

This study is not meant to conclude that one dynamical core is better than another but merely to show that
the uncertainties in the simulation of TCs induced by different dynamical cores are not negligible. It cannot
be taken for granted that varying dynamical cores will have little or no impact on TC climatology, as numer-
ical techniques, diffusion properties, and dynamics-physics coupling (not discussed in this study) may have
real consequences for the simulation of localized TCs. This type of analysis needs to be expanded upon by
additional modeling groups, as well as broadened to include additional localized atmospheric phenomena.
A coordinated effort across the community to formulate appropriate model experiments, including reduced
complexity configurations, is vital. Such investigations will only become more crucial as the global modeling
community moves toward higher resolutions that more adequately resolve extreme events.
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