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ABSTRACT

The authors describe the characteristics of tropical cyclone (TC) activity in the GISS general circulation
ModelE2 with a horizontal resolution 1° x 1°. Four model simulations are analysed. In the first, the model is
forced with sea surface temperature (SST) from the recent historical climatology. The other three have different
idealised climate change simulations, namely (1) a uniform increase of SST by 2 degrees, (2) doubling of the CO,
concentration and (3) a combination of the two. These simulations were performed as part of the US Climate
Variability and Predictability Program Hurricane Working Group. Diagnostics of standard measures of TC
activity are computed from the recent historical climatological SST simulation and compared with the same
measures computed from observations. The changes in TC activity in the three idealised climate change
simulations, by comparison with that in the historical climatological SST simulation, are also described. Similar
to previous results in the literature, the changes in TC frequency in the simulation with a doubling CO, and an
increase in SST are approximately the linear sum of the TC frequency in the other two simulations. However, in
contrast with previous results, in these simulations the effects of CO, and SST on TC frequency oppose each
other. Large-scale environmental variables associated with TC activity are then analysed for the present and
future simulations. Model biases in the large-scale fields are identified through a comparison with ERA-Interim
reanalysis. Changes in the environmental fields in the future climate simulations are shown and their association
with changes in TC activity discussed.
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1. Introduction 2011; Shaevitz et al., 2014). Various other factors besides
resolution can affect the quality of TC simulation in climate
models, in particular the convection scheme (Vitart et al.,
2001; Stan, 2012; Murakami et al., 2012a; Zhao et al., 2012),
as well as the model dynamical core (Reed et al., 2015).
Therefore, it is important to examine the ability of new
climate models to simulate TC activity.

Here, we analyse the TC activity in the GISS general
circulation ModelE2. A full description of this model is
given in Schmidt et al. (2014), using the horizontal resolu-
tion that was used in the CMIP5 archive (2° x2.5°), while
a description of the CMIPS historical simulations of this
model is given in Miller et al. (2014). Kim et al. (2012)
examined the sensitivity of both the simulated Madden—
Julian oscillation and TC activity to changes in the convec-

*Corresponding author. tion scheme in the GISS model at the same 2° x2.5°
email: suzana@ldeo.columbia.edu resolution, including the TC activity in that analysis.

As the spatial resolutions of climate models have increased
in recent years, some climate models have been shown
to simulate some characteristics of tropical cyclone (TC)
activity well (e.g. Zhao et al., 2009; Camargo and Wing
2016). However, there is still a large spread in the quality of
simulated TC activity from one climate model to another, as
shown in Camargo (2013) for the phase 5 of the Coupled
Model Intercomparison Project (CMIPS) models (Taylor
et al., 2012). Although higher resolution generally improves
the ability of a model to simulate TCs (Strachan et al., 2013;
Manganello et al., 2014; Roberts et al., 2015), it is not
sufficient; models of similar resolutions generate TCs with
very disparate characteristics (Reed and Jablonowski,
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Here, we consider the same model, but with a finer
horizontal resolution (1° x 1°) and focus on TC activity on
the model and the environmental variables that are known to
influence TC activity.

Due to the large impacts of TCs globally, it is important to
understand well how TC activity will change in a warming
climate. As part of the US Climate Variability and Predict-
ability Program (CLIVAR) Hurricane Working Group
(HWG), many modelling groups performed simulations using
the same forcings, representing the recent historical climate
as well as idealised representations of future climate change
(Walsh et al., 2015). The simulations analysed here were
performed as part of this multimodel ensemble. Shaevitz et al.
(2014) present an overview of the performance of the entire
ensemble for the simulations of recent historical climate and
include the present climate simulation examined here in the
GISS model as part of that. Here, we focus exclusively on the
GISS model and analyse it in detail. We include the idealised
climate change simulations and complement the analysis of
TC activity with an analysis of large-scale environmental
variables relevant to TC activity, neither of which was
included in Shaevitz et al. (2014).

In Section 2, we give a short description of the ModelE2
simulations and the tracking algorithm used. In Section 3,
the TC activity in ModelE2 is shown in the present climate.
The changes in TC activity with climate change are dis-
cussed in Section 4. The large-scale environment is analysed
in Section 5 and our conclusions are given in Section 6.

2. Model and data

2.1. GISS ModelE2

A detailed description of GISS ModelE2 appeared in
Schmidt et al. (2014). Here, we just give a short summary
of the model characteristics. The GISS climate model has
had many versions, developing over the last 30 yr, with the
model documented in various studies (e.g. Hansen et al.,
1983, 2000; Schmidt et al., 2006). The latest model version,
ModelE2, was developed for the CMIPS experiments and
used the opportunity to explore model forcings and feed-
backs, assessing the impacts of multiple forcings and their
dependence on model physics. The GISS ModelE2 CMIP5
simulations are discussed in Miller et al. (2014) (historical
simulations) and Nazarenko et al. (2015) (future projections).

One of the main improvements of ModelE2 compared
with the previous GISS model is the availability of inter-
active chemistry and aerosols (including dust). The updates
and model performance of these chemistry simulations are
described in Shindell et al. (2013), Voulgarakis et al. (2011)
and Koch et al. (2011). Six GISS ModelE2 versions are
included in the CMIP5 archive, with varying treatments of
atmospheric composition, aerosol indirect effects and the

ocean (Schmidt et al., 2014). Here, we consider the most
basic version of the model, with non-interactive chemistry
and tuned aerosol indirect effect, as described in Hansen
et al. (2005). In our simulations, as per the specifications of
the CLIVAR HWG, the GISS atmospheric model is forced
with fixed sea surface temperature (SST) rather than being
coupled to an interactive ocean. We also considered fixed
values for ozone and aerosols based on the CMIP3 speci-
fications (Meehl et al., 2007).

While the CMIPS model description given in Schmidt
et al. (2014) uses the typical horizontal resolution of 2° x 2.5°
on a Cartesian grid, in our simulations we used a version of
the model with finer resolution, namely C90 (or approxi-
mately 1° x 1°) on a cubed sphere grid, which has not been
described previously by the GISS modelling group. These
cubed sphere grid versions of the model use the finite volume
dynamical core as implemented by the Global Modelling
and Assimilation Office (GMAO) at NASA Goddard Space
Flight Center (GSFC) (Suarez and Takacs, 1995). The GISS
ModelE2 with 1° horizontal resolution has the same physics
as the 2.5° model. The GISS ModelE2 has 40 vertical layers
and a model top at 0.1 hPa, which required modifications in
the gravity wave drag scheme applied above 150 hPa (Rind
et al., 1988), to only include effects of mountain waves and
deformation waves (Schmidt et al., 2014). The radiation
treatment of ModelE2 is as described in Schmidt et al. (2006)
and Collins et al. (2006), with minor changes. The mass
flux cumulus parameterisation is based on Del Genio and
Yao (1993), and the stratiform cloud parameterisation on
Del Genio et al. (1996).

2.2. Simulations

The model simulations analysed were performed as part of
the US CLIVAR Working Group (HWG; www.usclivar.
org/working-groups/hurricane). The HWG experiments
were designed for a multimodel intercomparison of TC
activity in different climate models. An overview of the US
CLIVAR HWG is given in Walsh et al. (2015).

The HWG experiments are atmosphere-only simulations
forced with fixed SST and CO, (Yoshimura and Sugi, 2005;
Held and Zhao, 2011) in four different experiments: (1) a
control simulation (called ‘control’) forced by climatologi-
cal seasonally varying SSTs and sea ice concentration from
the period 1985 to 2001 and 1992 atmospheric gas concen-
trations; (2) a plus 2K experiment (p2K), in which 2K is
added uniformly to the climatological SSTs of the control
experiment; (3) a doubled CO, (CO,) experiment with twice
the CO, concentration but the same SSTs as in the control
experiment and (4) a combination of experiments p2K and
CO,, that is, with twice the CO, concentration and 2K
added to the SSTs (p2KCO») of the control experiment. A
summary of the experiments is given in Table 1.
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Table 1. Model simulations analysed

Name Abbreviation SST type CO, Length
Control Control Clim. Fixed 20
Plus 2K p2K Clim.+2K  Fixed 20

2 x CO, CO, Clim. 2 x 20
+2K 2 x CO, p2KCO, Clim.+2K 2 x 20

The climatological (clim.) SST were obtained by averaging the
observed monthly SST for the years 1985-2001. The fixed value
(fixed) of CO, is from 1992. The lengths of the simulations are
given in years.

Various aspects of the HWG multimodel TC intercom-
parison, for all models, or individual models or a subset of
models have already been analysed and published, including
Held and Zhao (2011), Elsner et al. (2013), Strazzo et al.
(2013), Camargo et al. (2014), Horn et al. (2014), Mei et al.
(2014), Patricola et al. (2014), Scoccimarro et al. (2014),
Shaevitz et al. (2014), Villarini et al. (2014), Wang et al.
(2014), Wehner et al. (2014), Daloz et al. (2015) and Wehner
et al. (2015). Each of these papers had a different focus,
either on a specific basin, for example, the Atlantic (Elsner
et al., 2013; Strazzo et al., 2013; Mei et al., 2014; Patricola
et al., 2014; Wang et al., 2014; Daloz et al., 2015) or on
different aspects of the TC characteristics globally, such as
the ability of the models to reproduce the current global
climate TC climatology (Shaevitz et al., 2014), TC-associated
precipitation (Scoccimarro et al., 2014; Villarini et al., 2014)
or sensitivity to tracking algorithm (Horn et al., 2014). As
mentioned above, our focus here is on only one of the HWG
models, namely the GISS ModelE2 with 1° x 1° resolution.

2.3. Detection and tracking scheme

To detect and track the TCs in the model simulations, we
used the Camargo and Zebiak (2002) scheme, where it is
described in detail. The Camargo—Zebiak scheme was
originally developed for tracking TC-like vortices in low-
resolution climate models for seasonal forecasting, based
substantially on prior studies (Bengtsson et al., 1995; Vitart
et al., 1997). This scheme has been used extensively in
studies with global (e.g. Camargo et al., 2005; Walsh et al.,
2010; Kim et al., 2012; Camargo 2013) and regional climate
models (Landman et al., 2005; Camargo et al., 2007b), as
well as operationally for seasonal TC forecasting (Camargo
and Barnston, 2009; Schemm and Long, 2013).

The Camargo—Zebiak scheme uses model-dependent
thresholds based on selecting the tails of the joint prob-
ability distributions of relevant 6-hourly model output
variables: 850 hPa relative vorticity, 850—-300 hPa anoma-
lous integrated temperature and 10m wind speeds. While
in the original Camargo—Zebiak scheme these thresholds
were basin dependent, here we use global thresholds.

The thresholds are defined objectively, so there is no
‘tuning’. These thresholds are defined based on the vari-
ances of the model variables — for example, in the case of
the low-level vorticity, twice the standard deviation of the
model vorticity distribution.

The following criteria are used to detect and track
storms: (1) a local minimum in sea level pressure; (2) a
local maximum in 850 hPa relative vorticity larger than or
equal to the vorticity threshold (here, 3.4 x 10 >s~1); (3) a
positive local temperature anomaly, greater than or equal
to the standard deviation of the warm core temperature dis-
tribution (here, 0.9 °C); (4) a larger temperature anomaly at
300 hPa than at 850 hPa; (5) surface wind speed equal to or
greater than the global average wind speed over water plus
the standard deviation of the wind speed distribution (here,
9m/s) and (6) higher mean wind speeds at 850 hPa than at
300 hPa.

The grid points in the model output that satisfy the
criteria above are then connected into tracks if they are
within a certain distance (here 5.5° of latitude or longitude)
of each other. The tracks are compared with exclude
repeated tracks and are required to last a minimum of
1.5d. These tracks are subsequently extended forward and
backwards in time by tracking a 850 hPa vorticity max-
imum, while the vorticity exceeds a more relaxed vorticity
threshold, to achieve more realistic track lengths. It should
be noticed that even imposing a warm core requirement on
the storms, extratropical storms are not completely elimi-
nated by our scheme — a common problem in tracking
algorithms (Horn et al., 2014). In Camargo (2013), an
additional constraint was imposed, by only considering
storms forming in the tropics (30°S to 30°N), which was not
applied here.

Monsoon depressions have very similar characteristics to
weak TCs and can be tracked with the same algorithm,
distinguished only by the storm intensity (Hurley and Boos,
2015). Therefore, it can be very difficult to distinguish them
in cases of a model bias towards weak TCs, as is the case
here. This issue seems to be particularly important in the
North Indian Ocean. To estimate the potential role of
the monsoon depressions in the model TC statistics, we
compare the annual number of TCs in that basin, with the
number of TCs during the North Indian TC season only
(April-June, October—December) in our analysis.

Horn et al. (2014) examined the sensitivity of the HWG
simulations to tracking schemes. They concluded that there
is moderate agreement among different tracking methods,
with some models and experiments showing better agree-
ment than others, mainly due to duration, wind speed and
latitude thresholds. The largest disagreements occur when
the threshold from one tracking scheme is much higher
than the other, with the first resulting in very few storms
in the model, while the second leads to many more storms.
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In the first case, when there are very few storms detected
overall, the changes in storm frequency due to climate
change are also small, and often not statistically significant,
although statistically significant changes (such as increases
in storm frequency) may be found when more generous
thresholds are used.

24. Data

We compare the TC activity in the present day simulations
with observations. The observed TC data in the eastern
North Pacific, central North Pacific and North Atlantic are
from the National Hurricane Center best-track data sets
(Landsea and Franklin, 2013; downloaded in July 2015),
and in the western North Pacific, North Indian Ocean and
Southern Hemisphere from the Joint Typhoon Warning
Center best-track data sets (Chu et al., 2002; JTWC, 2016).
We consider statistics of the TC observations for the 20-yr
period 1985-2004, which includes, but is slightly longer
than, the 16 yr used to obtain the SST climatology (1985—
2001). We choose the 20-yr period for the observed TC
statistics because 20 yr is the duration of the model
simulations.

To evaluate the model’s simulation of large-scale en-
vironmental fields, we compare with the ERA-Interim
reanalysis (Dee et al., 2011) averaged over the period
1985-2004. The monthly potential intensity (PI) was
calculated using the formulation developed by Emanuel
and co-authors (Emanuel, 1988, 1995; Bister and Emanuel,
1998, 2002a, b) using the monthly fields from the ERA-
Interim reanalysis for the atmospheric fields and SST.!

The TC Genesis Index is a modified version of that
described in Tippett et al. (2011). This index is derived from
TC observations and climatological observations of en-
vironmental fields using Poisson regression. This technique
has been used previously to obtain environmental indices
describing the formation of TCs (Tippett et al., 2012),
tornadoes (Tippett et al., 2014), hail (Allen et al., 2015a, b)
and monsoon depressions (Ditchek et al., 2016). In our
original version, TCGI is a function of the clipped absolute
vorticity (described below), vertical wind shear, relative
SST and column integrated relative humidity (Tippett et al.,
2011). However, in Camargo et al. (2014), we showed using
the Geophysics Fluid Dynamics Laboratory (GFDL) High-
Resolution Atmospheric Model (HiRAM) that the optimal
combination of predictors to analyse climate change
simulations uses PI instead of relative SST and column
saturation deficit instead of column relative humidity

'The options considered in the PI code were: C;/C,;=0.9, pseudo-
adiabatic ascent, dissipative heating allowed and a surface reduc-
tion factor of 0.8.

(Camargo et al., 2014). In the version of the TCGI used
here, we trained the regression coefficients on the ERA-
Interim reanalysis climatological fields, interpolated to a
2° grid. We then used the same coefficients to calculate
the TCGI for the GISS model in all scenarios — that is, the
index was not retrained on the GISS TC and environmental
model fields. This allows us to see biases in the model
environmental variables relevant to TC activity.

The saturation deficit is the difference between the
column integrated water vapour and the same quantity at
saturation, calculated as in Bretherton et al. (2004). While
relative humidity tends to vary rather little as the climate
warms (Sherwood et al., 2010; Wright et al., 2010), the
saturation deficit increases systematically (Camargo et al.,
2014). This increasing saturation deficit is believed on
theoretical grounds (in addition to the empirical results
of Camargo et al., 2014) to be relevant to the response of
TC activity to climate change (Emanuel, 2010; Tang and
Emanuel, 2012).

The clipped vorticity was defined in Tippett et al. (2011)
and takes into account that the sensitivity of TC genesis on
low-level absolute vorticity saturates after the vorticity
exceeds a threshold (here 3.7 x 10 ~° s ~!). Using a clipped
vorticity leads to a better fit of the genesis index to
observations.

3. Model TC activity in the present climate

In this section, we will discuss the main characteristics of
the TC activity in the GISS model in the present climate.
The tracks for TCs in 10 yr of the control simulation and
observations are shown in Fig. 1. A few model biases stand
out when comparing the two panels. The first is the low
level of TC activity in the North Atlantic and eastern North
Pacific. The second is that the region of TC activity in the
North Pacific extends from eastern to western Pacific in the
model with increasing numbers from east to west, while
in observations there is a minimum in the central North
Pacific. In the Indian Ocean, while the model is more active
than observations in the Northern Hemisphere, the oppo-
site occurs in the Southern Hemisphere. An analysis of the
statistics of TC frequency gives us more detailed informa-
tion on the differences between model and observations.
Figure 2 shows the characteristics of a GISS model TC:
a maximum in relative vorticity, a minimum in sea level
pressure, a maximum in the surface wind speed in the
northeast quadrant of the storm and a hint of a minimum
in the centre characterising the eye, and two precipitation
maxima, one in the northeast quadrant and other (with
smaller values) in southwest quadrant, similar to observed
TC structures (see, e.g. Corbosiero et al. 2006). However,
due to the horizontal resolution, the intensity of the storm
is much lower than that of typical observed storms, and its
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size is larger than typical observed ones, similar to what is
found in other lower resolution climate models (Bengtsson
et al., 1995; Camargo and Wing, 2016).

In Table 2, the mean, percentage and standard deviation
of the number of TCs globally, per basin and per hemi-
sphere are given for the control simulation, the ensemble
mean of the interannual simulations and observations. The
mean global number of TCs in the GISS model (73.9) in the
control simulation is close to the observed mean (81.8)
(also shown in Fig. 3). In observations, the Northern
Hemisphere has a much higher percentage of TCs (69.7 %)
than in the Southern Hemisphere (30.3 %); in the GISS
model control simulation, the contribution of the two
hemispheres is quite similar to the observed, with only a
slightly higher percentage in the Northern Hemisphere
(74.4 %).

The occurrence of TC-like storms in the North Indian
Ocean during the monsoon season is a common problem
in global models, especially in low-resolution models
(Camargo et al., 2005), as well as in some high-resolution
models (Shaevitz et al., 2014). The occurrence of these
North Indian storms during the monsoon season could be
due to the inability of the tracking scheme and/or the
model to differentiate between monsoon depressions and

o€ 180°W

72001/1/

Global tropical cyclone tracks in 10 yr of (a) observations (1992-2001) and (b) in the model control simulation.

weak TCs. To estimate the influence of the off-season
North Indian Ocean TCs (or potential monsoon depres-
sions) in model TCs statistics, in Table 1 we also present the
North Indian totals during the April-June and October—
December only (North Indian*), excluding the possible
contamination of the monsoon depressions during the
monsoon season (July—September). The modified statistics
(denoted by asterisk) for the Northern Hemisphere and
Globe when considering only the TCs for the North Indian
TC season (North Indian*) are also shown. There is a
significant decrease in the importance of the North Indian
Ocean for the global statistics when this is done (from
16.6 to 8.6 %), while the changes for the whole Northern
Hemisphere and the globe are much smaller.

Figure 3 shows the distribution of the global number of
TCs (NTC) in the model and observations, with the box
denoting the interquartile ranges of each distribution, the
red line the median and the red asterisk the median. In the
control simulation, the GISS model has fewer TCs globally
than observations do. The NTCs in the three future simu-
lations will be discussed in Section 4.

A common measure of TC activity is the accumulated
cyclone energy (ACE), which is defined as the sum of the
squares of the maximum wind speed over all 6-h intervals
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Fig. 2.  Structure of a typical GISS model tropical cyclone (a) relative vorticity at 850 hPa xin s ~!, (b) sea level pressure (hPa), (c) daily
mean surface wind speed (m/s) and (d) daily mean precipitation (mm/d).

for each TC, in which the maximum wind speed is at least a measure of the TC activity as a function of TC frequency,
tropical storm strength (35 kt) (e.g. Bell et al., 2000; duration and intensity. Figure 4a shows the mean ACE per
Camargo and Sobel, 2005; Maue, 2009, 2011). The year and basin in observations and the model control
cumulative ACE of all storms in the season or a basin is simulation. Given the low ACE values in the model, we use

Table 2. Statistics of number of tropical cyclones per year for the Northern (Southern) Hemisphere from January to December (July to
June) in the control run (20 yr), and observations in the period 1985-2004

Control Observations
Location Mean % SD Mean % SD
South Indian 5.6 7.6 2.1 10.8 13.2 2.5
Australian Region 6.9 9.3 2.8 8.1 9.9 3.1
South Pacific 6.2 8.4 2.4 5.8 7.1 3.5
South Atlantic 0.2 0.3 0.4 0.1 0.1 0.2
Southern Hemisphere 18.9 25.6 5.3 24.8 28.9 4.6
North Indian 12.3 16.6 3.7 2.7 3.3 1.9
Western North Pacific 28.9 39.1 5.0 25.6 31.3 4.0
Central North Pacific 8.9 12.0 2.8 1.6 2.0 1.4
Eastern North Pacific 2.7 3.7 1.5 15.5 19.0 4.2
North Atlantic 2.2 4.2 1.5 11.9 14.2 3.6
Northern Hemisphere 55.0 74.4 8.6 57.0 69.7 6.1
Globe 73.9 100 10.2 81.8 100 8.0
North Indian* 5.8 8.6 2.1 2.7 3.3 1.9
Northern Hemisphere* 48.5 72.0 8.1 57.0 69.7 6.1
Globe* 67.4 100 9.6 81.8 100 8.0

*The North Indian Ocean TC numbers for the model were considered only for the pre-monsoon (April-June) and post-monsoon
(October—December) months, excluding the monsoon season (July—September).
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Fig. 3.
in the Southern Hemisphere basins) in observations (1984-2005),
in the four GISS simulations: control, p2K, CO, and p2KCO, (as
defined in Table 1). The red asterisks (*) indicate the 20-yr mean.
The magenta diamonds (<) show the 20-yr mean value when the
North Indian TCs are only counted during the TC season (April—
June and October—December).

Global number of tropical cyclones per year (June—July

here a modified version of ACE (MACE), in which all
storms’ wind speeds are included, without a minimum
threshold, as was done previously in Camargo et al. (2005).
In general, the MACE in all basins is much lower than the
observed, even in the basins where the model is active.
Similar to observations, the basin with the maximum
MACE is the western North Pacific. The North Indian
Ocean is the only basin in which the model MACE is higher
than the observed ACE. This high value of MACE in the
Indian Ocean is due to the occurrence of model TCs during
the monsoon season, when there are none in observations.
As MACE is an integrated function of frequency, lifetime
and intensity, these off-season TCs (which are probably the
model’s version of monsoon depressions) lead to high mean
value of MACE in the Indian Ocean for the whole year, as
discussed above.

The low values of MACE in the model are a consequence
of the low intensities reached by the model TCs, as can be
seen in Fig. 5. In the top panel, we show the histograms of
lifetime maximum wind speed for models and observations.
The observations show a maximum between 20 and 30 m/s
(tropical storm intensity) with a long tail reaching major
hurricane intensity (categories 3—5). In contrast, the model
distribution peaks at tropical depression intensities, with
the most intense storms reaching only tropical storm
intensity. For the most part, even higher resolution global
climate models struggle to reach category 4-5 intensities
(Murakami et al., 2012b; Murakami et al., 2015; Wehner

et al., 2015); however, as shown in Shaevitz et al. (2014),
the GISS model bias towards low storm intensities even
when compared with models at similar resolutions. The
Camargo—Zebiak detection scheme used here accounts in
part for this low-intensity bias, as it detects a large number
of weak storms, allowing us to study other features of the
TC distribution, including the response to climate change.
These results, however, should be interpreted similarly to
those of lower resolution models, recognising that the
model TCs are really “TC-like vortices’ much weaker, on
average, than observed TCs.

The probability distribution functions of TC lifetime in
the GISS model and observations (when fit to a generalised
extreme value function) are given Fig. 6. The model
distribution is shifted towards shorter lifetimes compared
with observations. While the observations peak near 7d,
the model distribution peaks at 5d. The model has more
short-lived storms and fewer long-lived ones than are found
in observations. The model bias in lifetime is relatively
smaller than the biases shown in intensity. Furthermore, it
is well known (Horn et al., 2014) that TC lifetime biases are
very sensitive to the thresholds used in the model-tracking
schemes. In the case of the western North Pacific, the
model tracks tend to be longer than in observations on the
northwestward direction, with a genesis shifted eastward
compared with observations, while fewer model storms
than observed recurve to move eastward. Overall, these two
biases almost cancel each other and lead to a mean model
lifetime that is not very different from observations.

The TC track density in observations and the control
simulation is shown in the top panels of Fig. 7, with their
difference given in panel c. The distributions of number of
TCs per year in observations and the model simulations are
given in Fig. 8. Analysing these figures and Table 2, some
biases in the TC distribution in the GISS model can be
noticed. In the Southern Hemisphere, the most active basin
in the GISS model is the Australian region, while the most
active in observations is the South Indian Ocean. In the
Northern Hemisphere, the western North Pacific basin has
a mean close to observations (28.9); however, the percentage
in that basin is much higher than observations (39.1 % and
31.3 %, respectively). Similar to the central North Pacific, the
North Indian Ocean is much more active in the GISS
model than in observations. In contrast, the numbers of
model TCs in the South Indian Ocean, the eastern North
Pacific and the North Atlantic are very low. Overall, the
model TC frequency is closest to that observed in the
western North Pacific, the South Pacific and the Australian
region.

Many global climate models have problems in simulating
the correct mean number of TCs in the North Atlantic and
eastern North Pacific basin. In the case of the Atlantic, this
may be due to the fact that environmental conditions there
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(a) Mean ACE (accumulated cyclone energy, in (m/s)?) in observations and MACE (modified accumulated cyclone energy) for

the control run per year and per basin. Mean MACE (in (m/s)?) in the four GISS simulations: control (Ct), p2K, CO, and p2KCO, per
year: (b) per basin, (c) in the globe, and (d) per hemisphere. The abbreviations are defined as South Indian (SI), Australian (AUS), South
Pacific (SP), North Indian (NI), western North Pacific (WNP), central North Pacific (CNP), eastern North Pacific (ENP), North Atlantic
(ATL), South Atlantic (SA), Southern Hemisphere (SH) and Northern Hemisphere (NH). In panels b—d, statistically significant differences
of MACE distributions between present and future simulations are marked with an asterisk (*), based on a Kolmogorov—Smirnov test at a

99 % significance level.

are borderline for TC formation even in reality, so even
modest biases in the physics of model storm formation
could easily lead to a low bias in TC frequency in that
region (Camargo et al., 2005; Daloz et al., 2015). Genesis in
observations in the Atlantic basin is also strongly asso-
ciated with easterly waves, and models that are not able
to simulate easterly waves correctly tend to have more
difficulty in reproducing the TC activity in the Atlantic
basin correctly (Caron and Jones, 2012; Daloz et al., 2012;
Roberts et al., 2015). Another possible factor leading to
biases in TC activity in models is that global climate models
in general do not simulate propagating mesoscale organised
convection, and that is especially important for genesis
off the coast of Africa (Daloz et al., 2012). We have not
evaluated these factors specifically in the GISS model.
The poor simulation of TC activity in the eastern North
Pacific is common to many low-resolution models and has

been associated with a variety of factors: the small size
of the basin, with a very high TC genesis density in that
small area during the season; the proximity to the Central
American mountains, which coarse model grids do not
resolve, and the difficulty of the models in simulating
easterly waves crossing from the Atlantic into the eastern
Pacific (Bengtsson et al., 2007).

The seasonality of TC frequency in observations and in
the model simulations is given in Fig. 9. The month at
which the maximum value of TCs occurs in the model is
later than that in observations, in the Australian region
(February in observations and March in the model) and
western North Pacific (August in observations and October
in the model). Overall, the model is active at the right
times of year in most basins, with the prominent exception
of the North Indian Ocean. In that basin, in observations,
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there are two seasons, pre-monsoons and post-monsoons,
with a minimum during the monsoon season. The model
has one single peak with a maximum in September. As
already discussed, this is a common bias in many models
(e.g. Camargo et al., 2005; Shaevitz et al., 2014) and is
probably due to the inability of the model and/or the
tracking scheme to distinguish between TCs and monsoon
depressions.

4. TC activity in future climates

In this section, we will examine how the model TC activity
changes in the various climate change experiments. The
global mean number of storms in the model increases
14.5 % in the p2K simulation, decreases 10.5 % in the CO,
simulation and decreases slightly (4 %) in the p2KCO,
experiment (see Fig. 3). The differences between the global

NTC distributions of the control simulation and the p2K
and CO, simulations are statistically significant using a t-test
and a rank sum test at the 99 % significance level and the
Kolmogorov—Smirnov test at the 95 % level. The difference
in the global NTC distribution between the control and the
p2KCO, simulations is not statistically significant. The
value in the p2KCO, experiment is almost exactly the sum
of those from the p2K and CO, experiments. This linearity
is found in other models as well, though the signs of the
changes for a specific forcing scenario are not consistent
across all models. The results from the HIRAM model, for
example, show a 10 % decrease in both the p2K and CO,
simulations, with a total decrease of 20 % in the p2KCO,
experiment (Held and Zhao, 2011), similar to previous
results by Yoshimura and Sugi (2005), and most models
from the HWG (Zhao et al., 2013; Walsh et al., 2015),
though not all (Horn et al., 2014).
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The global frequency increase in the p2K simulation is
due to large increases in TC frequency in the North Indian
Ocean and all three basins of the North Pacific (see Figs. 8c
and 7). In the Southern Hemisphere, there is actually a
decrease in TC activity in the p2K simulation in all three
basins, in particularly in the South Indian Ocean and near
Australia as shown in Figs. 8 and 7d. Similarly, the global
decrease in NTC in the CO, simulation is mainly due to
decreases in NTC in the whole Pacific (North and South),
with very small NTC changes in the other basins (Fig. 8),
due to an incoherent pattern in those basins (Fig. 7d and e).
The very small change in global NTC in the p2KCO, experi-
ment is present in all basins, with exception of Australia,
where there is a decrease in NTC (Fig. 8). However, specific
subregions seem to exhibit large differences in that case, in
particular, an increase in TC activity in the central North
Pacific and in the western North Pacific near the Asian
continent, with a decrease in TC occurrence between these
two maxima (Fig. 7f). In the Southern Hemisphere, decrease
in TC activity is restricted to the eastern coast of Australia.

The seasonality of the TC frequency in the climate
change simulations is shown in Fig. 9. The most notable
difference in the NTC per month between the control and
climate change runs is the occurrence of higher levels of
mean TC activity in most months in the p2K and p2KCO,
simulations in the Pacific basins and the North Indian
Ocean in both hemispheres. There is no significant change
in the NTC seasonality in the future runs in any of the
basins. The central North Pacific seasonal cycle is slightly

delayed in the p2K and CO, scenarios, but these changes
are not statistically significant.

Consistent with the higher frequency of TCs in the
Northern Pacific basins and North Indian Ocean in the p2K
and p2KCO, simulation, there are higher values of MACE on
those basins (Fig. 4b). In the Southern Hemisphere basins,
MACE slightly decreases in all cases in the South Pacific
and Australian basins, while in the South Indian Ocean
MACE slightly increases in the CO, simulation and remains
almost constant in the two other cases. Only in very few
cases the MACE changes in the future scenarios are
statistically significant (at the 99 % significance level using
the Kolmogorov—Smirnov test); these cases are marked with
asterisks in Fig. 4b. The MACE changes overall, globally
and considering all experiments, are very small. The very
low MACE values could be potentially contributing to these
very small changes.

The probability distribution functions of lifetime maxi-
mum intensity are given in Fig. 5b. There is a statistically
significant (using the Kolmogorov—Smirnov test at 99 %
significance level) shift towards weaker (stronger) TCs in
the p2K (CO,) scenario. These shifts are only significantly
different from the control for the whole distribution, with
no significant changes in the values of the most intense
storms (tail of the distributions).

The lifetime distribution (Fig. 6) in the p2K future
simulation is statistically significant different than the
control case (95 % level, Kolmogorov—Smirnov test), with
almost no change for the other two future scenarios. There
is a slight shift towards longer-lived storms in the CO, case.

5. Environmental fields

In this section, a few large-scale environmental fields usually
associated with TC activity are shown. In each case, the
model climatology for the control simulation (panel b in
all figures) is compared with the same climatological field
in reanalysis or observations (panel a), by showing both
climatologies and their difference (panel c). The differences
in the fields in the climate change simulations compared
with control are also shown (panels d, e and f). In all figures
and panels in this section, August—October (ASO) climato-
logical means are shown in the Northern Hemisphere and
January—March (JFM) in the Southern Hemisphere, as
these are the peak TC seasons in each hemisphere.

The PI is a theoretical limit for TC intensity (Emanuel,
1988) and is calculated as a function of SST, sea level pres-
sure and profiles of temperature and humidity. Changes in
PI can be used as a proxy for changes in TC intensity,
especially in low-resolution climate models (Vecchi and
Soden, 2007; Camargo, 2013), as variations in the local PI
are significantly correlated with those in actual TC inten-
sities on a range of time and space scales (Emanuel, 2000;
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Wing et al., 2007; Kossin and Camargo, 2009). The PI is
regularly used as one of the variables in genesis indices
(Camargo et al., 2007a; Emanuel, 2010; Camargo et al.,
2014) as well as the ventilation index (Tang and Emanuel,
2012; Tang and Camargo, 2014), and therefore has some
connection to TC frequency as well.

The PI climatology pattern produced by the GISS
ModelE2 in the control experiment is quite similar to
that in the ERA-Interim reanalysis (see Fig. 10a and b).
However, the simulated values of PI tend to be higher than
those in reanalysis over the western Pacific and Indian
Oceans (Fig. 10c), while in the main development region
of the North Atlantic and most of the eastern Pacific,
the simulated PI is lower than that in reanalysis. The PI
increases almost uniformly in the tropics in both the p2K

and p2KCO, simulations (Fig. 10d and f). These increases
in PI are not associated with increases in the model TC
intensities, however (Fig. 5). We suspect that the model TC
intensities are fundamentally limited by resolution and
model physics to the extent that they cannot increase in
response to modest PI increases.

Figure 11 shows the magnitude of the vertical wind shear
in ERA-Interim reanalysis and the simulations. The pattern
of the vertical shear is quite similar to that of the reanalysis.
The magnitude of the shear is lower in the model in most of
the northern Pacific and Indian Ocean and in the South
Indian and South Pacific North of 20°S, however. These
are the same regions where the model is most active. In
contrast, the magnitude of the shear is too high along two
diagonal bands: one that starts in Hawaii and continues
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Number of tropical cyclones per year in observations and in the four GISS simulations: control, p2K, CO, and p2KCO, per basin

in (a) South Indian Ocean, (b) Australian Region, (c) South Pacific, (d) North Indian Ocean, (e) western North Pacific, (f) central North
Pacific, (g) eastern North Pacific and (h) North Atlantic. The red asterisks indicate the 20-yr mean. The magenta diamonds (<) in panel d
show the 20-yr mean value when the North Indian TCs are only counted during the TC season (April-June and October—December).

through part of the Gulf of Mexico and United States east
coast, while the second stretches from the South Indian
Ocean across the South Pacific into the South Atlantic.
These regions with high shear biases tend to have biases
towards low TC frequency: the eastern Pacific, North
Atlantic and South Indian Ocean. In the Atlantic, there is
also a region of anomalous high shear near Africa, over the
main development region, which might help explain the
very low bias in TC frequency in that basin.

In the climate change simulations (Fig. 11d—f), there is a
small decrease in the magnitude of the vertical shear in
most of the northern Pacific, North Indian Ocean and
South Pacific (North of 20S) in the p2K and p2KCO,
simulations. The biggest decreases occur in the North
Indian Ocean, where there is an increase in TC activity in
those two simulations. In the North Atlantic and eastern
North Pacific, there is a mix of regions in which the vertical
shear increases and decreases. In the p2K and p2KCO,
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simulations, the increase in vertical shear in the North
Atlantic and eastern Pacific occurs in regions in which the
model climatologically has a bias towards high shear, making
those regions even more unfavourable for TC formation.
Figure 12 examines the relative humidity at mid-levels
(600 hPa) in the GISS model. While the 600 hPa relative

humidity of the model is too low compared with reanalysis
(Fig. 12c¢), the column relative humidity is too high (not
shown). This difference can be explained by comparing the
vertical profile of the mean tropical relative humidity in the
GISS model and the ERA-Interim reanalysis (not shown).
While the relative humidity is slightly larger in the GISS
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model than in the reanalysis below 700hPa, the GISS
model is drier in mid-levels. Given that the lower levels
have a higher contribution to integrated column relative
humidity, this explains the different signs of the biases of
the 600 hPa and column relative humidity.

However, the changes in the 600 hPa (Fig. 12d—f) and
column relative humidity (not shown) with climate change
are very similar, with increases in the western North Pacific
near Asia and in the eastern North Pacific from California
to Hawaii, as well as in the South Indian Ocean, in both
p2K and p2KCO, simulations. In the CO, case, increases
in the northern Pacific and South Indian Ocean occur over
smaller regions, with parts of those basins experiencing
decreases. In the Bay of Bengal (in particular, further from
the Indian continent), the humidity decreases in all three
simulations, but there is a large increase in the Arabian Sea

North of 10°N. In the North Atlantic, there is an increase
in the 10°N to 20°N band in both p2K and p2KCO,
simulations, while in the CO, simulation the reduction
occurs in the whole Atlantic basin. The fact that the
CO, simulation is drier where the model is usually most
active — in particular, over a large part of the western
North Pacific — probably helps explain why the model
produces fewer TCs globally in that simulation.

We also examined the TCGI in the ERA-Interim
reanalysis and the GISS model (Fig. 13), based on the
Tippett et al. (2011) technique and using the formulation of
the index that depends on the PI and saturation deficit as
discussed in Camargo et al. (2014). The regression coeffi-
cients were obtained for the ERA-Interim reanalysis fields
and observations and used without modification for the
GISS model. Though the pattern of the GISS model TCGI
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in the simulated present climate is quite similar to that
in ERA-Interim reanalysis, the magnitude of the model
TCGI is much larger than that in the reanalysis. The reason
for this discrepancy can be explained by the bias in the
saturation deficit, similar to that mentioned for the column
relative humidity. The saturation deficit bias has a sig-
nificant effect on the total magnitude of the TCGI, in
particular in the western North Pacific where the model
TCs are most active. Therefore, we show here in Fig. 13 the
TCGI for the GISS model normalised so that the mean
total number of storms (sum of TCGI for all months and
all grid points) climatologically are the same.

By comparing Fig. 13a with Fig. 7a and la, we note a
few biases in the TCGI in the ERA-Interim reanalysis,
in particular low values of the TCGI in the eastern

North Pacific and higher values in the South Pacific than
in the South Indian Ocean, which is the opposite from what
occurs in the observations. In the case of the GISS model
(comparing Fig. 13b with Figs. 7b and 1b), the TCGI
captures the maximum activity in the western Pacific Ocean
in both hemispheres, as well as the low level of activity
in the eastern North Pacific and North Atlantic. However,
the anomalously high model TC frequency in the central
North Pacific and North Indian Ocean model is not
represented by the model TCGI.

The differences in TCGI in the future runs (Fig. 13d—f)
may partly explain the changes in TC frequency in the
model. The largest increase in TCGI in the p2K and
p2KCO, simulation occur in the western North Pacific,
where the largest increases in the TC frequency occur.
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In contrast, in the CO, simulation there is a reduction of
TCGI in that region of the Pacific. The TCGI is reduced in
most of the Atlantic in all three climate change simulations,
especially in the p2KCO2 simulation. The changes in TCGI
in the Southern Hemisphere are much smaller than in the
northern Indo-Pacific region, in the p2K and p2KCO,
simulations, similarly to what occurs with the TC frequency
in the model. There are some discrepancies, for instance,
although there is an increase in the number of TCs in the
model in the North Indian Ocean for the p2KCO, scenario,
the TCGI decreases in that region, similarly to the western
part (100°E—120°E) of the western North Pacific. The
discrepancy in the North Indian Ocean could potentially be
related to the inability to distinguish between monsoon
depressions and TCs in that region.

6. Conclusions

At 1° x 1° horizontal resolution, the GISS ModelE2 still
performs similarly to lower resolution climate models,
in that it produces relatively weak TC-like vortices. We
analyse it using a detection and tracking scheme which
accounts for that, setting thresholds for detection which are
lower than those observed. With this accommodation, the
GISS model is able to replicate various characteristics
of the observed TC characteristics, such as the global
number of TCs, a higher number of TCs in the Northern
Hemisphere and a lifetime distribution with a peak around
10d. The regional characteristics of TC activity still have
significant biases, however. In particular, the model is too
active in the central North Pacific and North Indian Ocean
and does not produce enough TCs in the eastern
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The model TCGI in all simulations has been normalised by the ratio of the integrated value of the annual TCGI in the control and

ERA-Interim.

North Pacific, North Atlantic and South Indian Ocean.
Many of these biases are common in models with similar
and lower horizontal resolution. The characteristic of the
model that has the largest bias, even compared with models
of similar horizontal resolution, is the model intensity,
which is too low overall.

Global TC frequency increases in the p2K simulation
and decreases in the CO, simulation, while these two sig-
nals approximately cancel, resulting in almost no change
in the global TC frequency, in the p2KCO, simulation.
These changes in the global TC frequency are mostly due to
changes in the Northern Pacific and North Indian basins,
with much smaller changes in the other regions. These
results are similar to Yoshimura and Sugi (2005) and Held

and Zhao (2011), in that the p2KCO, TC global frequency
change corresponds approximately to a linear sum of those
from the p2K and CO, simulations, but differs in that the
effects of CO, and SST increases oppose each other here,
whereas both lead to frequency reductions in Yoshimura
and Sugi (2005) and Held and Zhao (2011). While there is
no significant change in TC intensity in the future runs,
there are increases in MACE in these basins, reflecting the
changes in TC frequency. These results are in contrast with
other global climate models’ simulations, which tend to
have a slight decrease in TC frequency and an increase in
the occurrence of the most intense storms in global
warming simulations (Knutson et al., 2010; Walsh et al.,
2015).
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The GISS model climatologies of PI and vertical shear
have patterns very similar to those derived from the ERA-
Interim reanalysis. The biases in these two quantities,
however, may partly explain the biases in TC activity in
the model, in particular in the North Atlantic, where the
model PI is too low and the vertical shear too high in most
of the basin. In contrast, in the western North Pacific,
where the model TCs are most active, the PI has a high bias
and the vertical shear a low bias.

Projections of TC activity with the GISS model in
1° horizontal resolution in future climates have to be
considered carefully. Recent papers have shown that TC
projections are strongly dependent on horizontal resolution
(e.g. Strachan et al., 2013; Wehner et al., 2015). The prog-
ress that has been made in this field in the last few years is
enormous, as discussed in Camargo and Wing (2016). The
GISS model now has resolution high enough so that its TC
activity could be analysed in detail. We hope that in the
next generations of the model, studies like this will help
improve the quality of the TC climatology in the GISS
model leading to more reliable TC projections.
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