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ABSTRACT

The sensitivity of tropical cyclones (TCs) to changes in parameterized convection is investigated to improve
the simulation of TCs in the North Atlantic. Specifically, the impact of reducing the influence of the Relaxed
Arakawa—Schubert (RAS) scheme-based parameterized convection is explored using the Goddard Earth
Observing System version 5 (GEOS-5) model at 0.25° horizontal grid spacing. The years 2005 and 2006,
characterized by very active and inactive hurricane seasons, respectively, are selected for simulation.

A reduction in parameterized deep convection results in an increase in TC activity (e.g., TC number and longer
life cycle) to more realistic levels compared to the baseline control configuration. The vertical and horizontal
structure of the strongest simulated hurricane shows the maximum wind speed greater than 60ms ™! and the
minimum sea level pressure reaching ~940 mb, which are never achieved by the control configuration. The radius
of the maximum wind of ~50 km, the location of the warm core exceeding 10°C, and the horizontal compactness
of the hurricane center are all quite realistic without any negatively affecting the atmospheric mean state.

This study reveals that an increase in the threshold of minimum entrainment suppresses parameterized deep
convection by entraining more dry air into the typical plume. This leads to cooling and drying at the mid to upper
troposphere, along with the positive latent heat flux and moistening in the lower troposphere. The resulting
increase in conditional instability provides an environment that is more conducive to TC vortex development and
upward moisture flux convergence by dynamically resolved moist convection, thereby increasing TC activity.

1. Introduction

This article is inspired by a recent research on
tropical cyclone (TC) simulation coordinated by
the U.S. Climate Variability and Predictability
(CLIVAR) Hurricane Working Group (http://www.
usclivar.org/working-groups/hurricane) Among vari-
ous science issues raised in the research, it was found

Corresponding author address: Young-Kwon Lim, Bldg. 33, Code
610.1, 8800 Greenbelt Rd., Global Modeling and Assimilation Office,
NASA GSFC, Greenbelt, MD 20771.

E-mail: young-kwon.lim@nasa.gov

DOI: 10.1175/JCLI-D-14-00104.1

© 2015 American Meteorological Society

that many current general circulation models (GCMs)
seriously underestimate TC activity over the North
Atlantic when run at ~0.5° latitude/longitude or
coarser horizontal grid spacing as opposed to some
other basins such as the North Pacific (Walsh et al.
2013; Shaevitz et al. 2014). Only a few recent GCMs
simulate TC activity in the North Atlantic with some
success (e.g., Zhao et al. 2009). A question is raised as
to whether horizontal grid spacing finer than ~0.5° is
necessary to achieve reasonable TC numbers over the
North Atlantic, even though resolution appears less
critical for simulating TC numbers than the intensity
(Strachan et al. 2013). Compared to TC numbers,
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FIG. 1. Profile of Ao (km ™ ") as a function of x in Eq. (1) with n = /2
(solid curve). A straight dashed line represents the deterministic Ag =
a/D, which applies the Tokioka constraint identically at every time
step. The entrainment rate of convective plumes needs to be higher
than A, which range is represented with the black hatched area for the
deterministic method. The entrainment rate allowed for the stochastic
method is represented with both the black and gray hatched areas.

simulating realistic TC intensity and spatial structure
appears more unattainable at these grid spacings
(~0.5° or coarser), with generally weak and poorly
organized systems occurring in all the GCMs (more
than 10) involved in the working group. Higher reso-
lution may be more appropriate to allow for a better
representation of African easterly waves and the as-
sociated strong low-level vorticity, leading to more
realistic simulation of Atlantic TC activity including
number, intensity, life cycle, and spatial structure
(Atlas et al. 2005; Knutson et al. 2007; Caron et al.
2011; Putman and Suarez 2011; Daloz et al. 2012;
Emanuel 2013).

Several previous studies have identified deficiencies in
the simulation of moist convective processes as sub-
stantially affecting the ability to simulate TC characteris-
tics (Slingo et al. 1994; Zhang and McFarlane 1995; Smith
2000; Sanderson et al. 2008; Zhao et al. 2012). Smith
(2000) suggests that major improvements in TC pre-
dictions will depend on improvements in the representa-
tion of convection in hurricane models. Knutson and
Tuleya (2004), LaRow et al. (2008), Ma and Tan (2009),
and Reed and Jablonowski (2011) performed model ex-
periments to examine the sensitivity of the global TC
numbers to changes in the convective parameterizations.
Shen et al. (2006) and Stan (2012) examined the impact
of disabling the convective parameterizations [in partic-
ular the schemes developed by Arakawa and Schubert
(1974) and Moorthi and Suarez (1992)] on GCM hurri-
cane forecasts. Both studies agreed on that explicit
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representation of cloud processes produces a larger
number of TC events, with stronger intensity and longer
life cycles (Reed and Jablonowski 2011; Stan 2012).
However, the details of the atmospheric processes re-
sponsible for altering TC activity were not the focus of the
above studies. Some of the atmospheric responses to
changes in deep convective activity are discussed in Zhao
et al. (2012), which focuses on the impacts on vertical
velocity, temperature, and humidity. That study identifies
stronger sensitivity of midtropospheric vertical motion to
the minimum entrainment compared with the other var-
iables (humidity and vertical wind shear); the importance
of the response of vertical motion is also discussed in
Oouchi et al. (2006).

The sensitivity of the atmospheric response to the
convective parameterization and its impact on TC ac-
tivity motivates the current study to improve the simu-
lation of TC activity over the North Atlantic in GCMs.
As in Tokioka et al. (1988), Held et al. (2007), and Kang
et al. (2008), we find that increasing the threshold of
minimum entrainment rate makes the convective plume
entrain more dry air as it ascends, losing in-cloud
buoyancy more rapidly when entraining. As a result,
deep convection is inhibited from occurring in updrafts
with a lateral entrainment rate A lower than a threshold
value Aq (Tokioka et al. 1988; Held et al. 2007). Param-
eterized deep convection, including the subgrid-scale
cloud representation, is restricted by increasing Ag
(Held et al. 2007; Kang et al. 2008), while the fraction
of large-scale condensation by nonconvective clouds
increases through the large-scale cloud/condensation
module (Tiedtke 1993) as opposed to the convection
module (Kang et al. 2008). Wang (2014) found that this
nondeep convection plays a role in moistening the lower
to middle troposphere whereas deep convection moistens
the upper troposphere. Zhao et al. (2012) also found that
an inhibition of the convective parameterization through
enhanced lateral mixing into convective plumes leads to
increased TC genesis, along with a colder and drier upper
troposphere.

The main objective of this study is to improve the
simulation of North Atlantic TC activity in the Na-
tional Aeronautics and Space Administration (NASA)
Goddard Earth Observing System version 5 (GEOS-5)
model (Rienecker et al. 2008; Molod et al. 2012),
including the TC number, intensity, life cycle, and
horizontal/vertical structures. We focus on the cumulus
entrainment rate in the GEOS-5 model run at a rela-
tively fine grid spacing (0.25°) to determine the
thresholds of minimum entrainment that reliably re-
produce the TC activity over the North Atlantic. An
important aspect of this study is that we also focus on
maintaining a realistic mean climate state—an aspect
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TABLE 1. The number of TCs (from third to fifth column) detected for the period of June—November each year over four different
regions listed on the first column. Rightmost column represents the observed TC numbers archived at the International Best Track
Archive for Climate Stewardship (IBTrACS) (Knapp et al. 2010). The values in parentheses are the number of strong TCs up to the level

of hurricane or typhoon.

ExpA ExpB ExpC (control run) Observation
Atlantic 2005 36 (24) 25 (15) 18 (8) 29 (15)
2006 27 (21) 13 (8) 8 (6) 10 (5)
Western Pacific 2005 28 (14) 24 (15) 12 (10) 20 (11)
2006 32 (17) 25 (17) 14 (11) 22(7)
Eastern Pacific 2005 28 (9) 9(4) 503) 15 (6)
2006 29 (12) 18 (7) 8(3) 20 (10)
Indian Ocean 2005 3 (0) 4 (2) 3(1) 3(0)
2006 5(0) 3(0) 2 (0) 4 (0)

of the simulations (the response of the mean state to
the changes in deep convection) that many previous
studies have not emphasized. The analysis of the runs is
geared to better understanding the atmospheric re-
sponse determining the TC activity over the North
Atlantic with a particular focus on the atmospheric
instability over the TC genesis region, the thermody-
namic and radiative balance, the low-level fluxes and
circulation, and the mean climate state response.

The organization of the paper is as follows. Section 2
describes the GEOS-5 model and the experimental
design. The results of the sensitivity experiments are
presented in section 3, including TC numbers, in-
tensity, life cycle, and spatial structure of the strongest
hurricanes. We investigate in section 4 the relevant
atmospheric dynamics and physics to explain the TC
activity changes that occur as a result of the modifi-
cations to the parameterized deep convection. Some
verification of the atmospheric basic state changes due
to the deep convection changes is also provided in
section 4, followed by concluding remarks and dis-
cussion in section 5.

2. Model and experimental design
a. Model

We utilize the NASA GEOS-5 model (Rienecker
et al. 2008; Molod et al. 2012) for our experiments. The
model is run with 72 hybrid-sigma vertical layers, extending

to 0.01 hPa, and ~0.25° latitude/longitude horizontal grid
spacing. The convection scheme in the GEOS-5 model is
a modified version of the relaxed Arakawa-Schubert
(RAS) scheme of Moorthi and Suarez (1992). In this ver-
sion, multiple convective plumes in RAS have the con-
vection base level at the top of the planetary boundary
layer. The adjustment time scale of plumes is a function of
the vertical depth of the plumes, which varies from 0.5 h for
the shallowest plume to 12h for the deepest. Another
major modification to RAS, which affects convective
variability of the model substantially and hence the
intensity of simulated TCs, is the stochastic determination
of the minimum entrainment threshold. This is basically
the same as in Tokioka et al. (1988), limiting the frequent
adjustment of deep convection and increasing the vari-
ability of deep convection (Lee et al. 2003; Lin et al. 2008).
For the Tokioka constraint in this study, the threshold
value is determined randomly with a predetermined
power function:

Ay= oy, 0=x=1, (1)

D

where « is a free parameter, D is the depth of the sub-
cloud layer, and x is a random number chosen at every
model integration time step. Here the depth of the
subcloud layer, D, is assumed to be related to the plume
radius (Simpson and Wiggert 1969). The stochastic de-
termination allows one to consider the spatial statistics
of the observed cloud widths (or radius) and volumes

TABLE 2. List of the threshold values for detecting the TC using the detection/tracking algorithm based on Vitart et al. (2003).

Local relative Minimum
vorticity maximum Minimum sea level lower-level ~ Minimum
Variables (850 hPa) Warm core pressure (SLP) wind speed duration
Criteria 1.0 X 107 #s7! Distance between the TC center Minimum SLP defines the TC 17ms™? 4 days

and the center of the warm core

must not exceed 2° lon/lat

center and must exist within
2° X 2° radius of the vorticity
maximum
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Atlantic TSC tracks (2005)
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FIG. 2. TC tracks for 2005 for (a) ExpA, (b) ExpB, (c) ExpC, and (d) observations.

that have been found to follow a power-law distribution
by Bacmeister and Stephens (2011) using CloudSat data
(Stephens et al. 2002). Figure 1 compares the minimum
entrainment threshold values between the conventional,
deterministic method of Tokioka et al. (1988) and the
stochastic method in this study. Entrainment rate of
convective plume needs to be greater than Ay (minimum
entrainment threshold value) to allow deep convection,
which is represented by hatched area in Fig. 1. In case of
n = ', which is used in this study to consider power-law
behavior in the observed cloud width distribution, the
threshold curve increases with the square root function
(Fig. 1), and reverts to the conventional Tokioka con-
straint. This tends to impose restrictions on the entrain-
ment rate in most cases, but occasionally allows a very
deep and less entraining convection plume. Putman and
Suarez (2011) used the same version of GEOS-5 that was
used in this study for their tropical cyclone simulation, but
with much finer grid spacing of ~7 km.

Increasing the Tokioka constraint (i.e., an increase in
the threshold of minimum entrainment) restricts the
development of subgrid-scale deep convection, while at
the same time favoring resolved-scale nonconvective

clouds, leading to more active large-scale cloud/
condensation and precipitation processes.

b. Experimental design

Three types of experiments were carried out by apply-
ing different Tokioka constraints in the model simulations
for 2005 and 2006, which are very active and inactive
hurricane years, respectively. Experiment A (ExpA) has
the strongest Tokioka constraint, so that it has the greatest
possibility of large thresholds of minimum entrainment,
while experiment B corresponds to an intermediate range
of thresholds (ExpB) and experiment C (ExpC), which is
a baseline control run, corresponds to the lowest mini-
mum entrainment range that allows more parameterized
deep convection relative to ExpA and ExpB. These were
implemented in the model with the minimum values
a/D = 2km ' (ExpA), 0.7km ' (ExpB), and 0.45km '
(ExpC) in Eq. (1). Each type of experiment consists
of three ensemble members. All simulations are done
with prescribed weekly sea surface temperature (SST)
forcing [theHadley Centre Sea Ice and Sea Surface
Temperature dataset (HadISST) values from Rayner
et al. (2003)], and are initialized from the Modern-Era
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Retrospective Analysis for Research and Applications
(MERRA; Rienecker et al. 2011) data on 1, 8, and 15 May
of each year.

3. Sensitivity of TC characteristics to changes in
parameterized deep convection

TCs are detected for June through November of each
year (2005 and 2006) and for each experiment (ExpA,
ExpB, and ExpC). The number of detected tropical
storms and hurricanes for the North Atlantic domain is
shown in the second and third row of Table 1. The basic
algorithm of TC detection and tracking is the same as
that used in Vitart et al. (2003), Knutson et al. (2007),
and LaRow et al. (2008). Threshold values for wind
speed, relative vorticity, warm core, sea level pressure
(SLP), and minimum duration time are assigned in the
algorithm to define TC (Table 2) at a quarter-degree
grid spacing based on suggestions in Walsh et al. (2007).
The threshold values used here can be considered re-
alistic because they are very close to the thresholds to
detect TCs from observational data. ExpA produces an
excessive number of tropical storms and hurricanes,
compared with observations shown on the rightmost

EQ f
100w 80w

2, but for 2006.

BOW 40W 20

column (Table 1). In particular, it produces too strong
TC activity (more than 20 hurricanes) even in 2006,
which was recorded as a relatively calm hurricane year
over the North Atlantic (see the third row in Table 1)
(Knapp et al. 2010). ExpB produces more reasonable
TC numbers, as they are closer to observations than
either ExpA or ExpC. ExpC shows generally weak TC
activity and produces much weaker than observed TC
activity during the active hurricane season of 2005. This
basic result of the model producing an excessive number
of TCs in ExpA and a more reasonable number of TCs
in ExpB is also true for the other basins including the
western Pacific and eastern Pacific (the fourth through
seventh rows in Table 1). One limitation found in ExpB
is that the number of hurricanes is significantly over-
estimated for the western Pacific in 2006. It suggests that
the western Pacific region would need smaller reduction
of parameterized deep convection than that applied to
ExpB for more realistic TC simulation. Walsh et al.
(2013) also addressed that most global models tend to
produce more realistic TC activity over the western
Pacific than the Atlantic.

The number of TCs simulated over Indian Ocean
ranges between 2 and 5 for the three experiments with
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FIG. 4. Scatter distribution of sea level pressure (SLP; hPa) and lower-level wind speed (ms™') of TCs in 2005 for
(a) ExpA, (b) ExpB, and (c) ExpC. Wind speed in blue dots represents observed maximum sustained wind (Knapp
et al. 2010) while wind speed in black dots represents model-produced wind at lower levels from the surface to

850 hPa.

slightly more TCs in ExpA and ExpB, compared to
ExpC (the bottom two rows in Table 1). The results,
summarized in Table 1, demonstrate that a reduction of
parameterized deep convection tends to increase TC
frequency not only in the Atlantic, but also in the other
ocean basins. Such a global increase in the TC numbers
was also discussed in Zhao et al. (2012), while Murakami
et al. (2012) produced increases in TCs in all but the
eastern Pacific region through a reduction in parame-
terized deep convection.

TC tracks are plotted for each experiment. During the
2005 season (Fig. 2), a variety of tracks were observed: 1)
Cape Verde-type TC systems that crossed the Atlantic
making landfall over the American continent, 2) early
recurvers, 3) Gulf of Mexico TCs, and also 4) eastward
tracking systems embedded in the westerlies. Compari-
son between the experiments indicates that ExpA and
ExpB both display a variety of tracks much larger than
ExpC, and closer to the observation. The results for 2006
(Fig. 3) show features similar to those obtained for 2005
in the sense that the increased thresholds of minimum
entrainment produce larger number of TCs with longer
life cycles and a track variety more similar to the

observation over the Atlantic. This model response is
consistent with Emanuel et al. (2008) and Stan (2012),
who showed a sensitivity of TC activity to changes in the
cumulus parameterization in the Community Climate
System Model (CCSM; Gent et al. 2011). We addition-
ally calculate the accumulated cyclone energy (ACE) to
account for the number, intensity, and duration of all
TCs plotted in Figs. 2 and 3. For 2005, the approximate
ACEs (10*kt?) for three experiments are, respectively,
340, 210, and 120, while ACEs for 2006 are 215, 100,
and 55, respectively [observation: ~270 (2005) and ~80
(2006); http://www.cpc.ncep.noaa.gov/products/outlooks/
background_information.shtml]. ACE values confirm an
excessive TC activity in ExpA for both years (cf. ob-
served ACEs). In contrast, ExpC represents much
weaker TC activity than observation in 2005. ExpB
demonstrates a better job than the other two experiments
as the ACEs for ExpB are closest to the observed ACEs.

Additional details of the model responses (including
TC activity, TC intensity, and vertical hurricane struc-
ture) produced in each experiment are shown in Figs. 4-8.
Scatterplots of low-level (surface to 850 hPa) wind versus
SLP for 2005 (Fig. 4) show that the maximum wind speed
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SLP & Wind scatter diagram (2006)
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FIG. 5. As in Fig. 4, but for 2006.

isupto61ms !in ExpA,60ms 'in ExpB, and less than
60ms lin ExpC. The minimum SLP is down to 935, 943,
and 958 hPa respectively in the three experiments. ExpA
and ExpB reveal improved distributions of SLP and wind
speed compared with ExpC. However, the observed wind
speed is up to 80ms ' and minimum SLP deeper than
920 hPa for extremely strong hurricanes—something not
reproduced by the model in any of the experiments. It is
likely that the simulation of category 5 hurricanes re-
quires horizontal resolutions higher than the quarter-
degree grid spacing used here (Shen et al. 2006; Reed and
Jablonowski 2011; Bacmeister et al. 2014). Murakami
et al. (2012) produced category 5 TCs using the Meteo-
rological Research Institute Atmosphere General Circu-
lation Model, version 3.2 (MRI-AGCM3.2) at a smaller
grid spacing of 0.1875°. Still finer horizontal grid spacing
(finer than 10 km) such as that of the models considered in
Noda et al. (2012) and Putman and Suarez (2011) has been
shown to be beneficial for explicitly simulating convection
and capturing such extremely strong hurricanes. Mallard
et al. (2013) explored the resolution dependence of TC
simulations by comparing runs with 6-km and 18-km grid
spacing, using the Weather Research and Forecasting
Model (WRF). That study found that TC frequency and

the detailed spatial structure of strong TC such as smaller-
scale maxima embedded in the eyewall, greater spiral
band activity, and storm asymmetry were remarkably
improved with the 6-km grid spacing. It is noteworthy
that the maximum wind speeds identified in ExpA and
ExpB in the present study are comparable to those
found in the idealized hurricane experiment of Reed
and Jablonowski (2011). They simulated maximum
wind speeds of ~60ms ' at a quarter-degree horizontal
grid spacing.

Figure 5 is the same as Fig. 4 but for 2006. The results
show that the simulated wind speeds and minimum
center SLP deepening for very strong hurricanes is
comparable to or stronger than those for the observa-
tions (ExpA and ExpB). In contrast, ExpC exhibits
weaker maximum wind and minimum SLP distribution
compared with the observations.

The vertical structure of the strongest hurricane for
ExpA is plotted in Fig. 6. The top left panel shows the
wind speed (shaded) and temperature (contoured), and
the right panel shows the warm core. Note that Fig. 6a
displays a latitude-height cross section as this hurricane is
moving westward over Gulf of Mexico as it reaches its
maximum intensity, with the peak wind speed occurring
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FIG. 6. (top) Vertical cross section of the strongest hurricane in 2005 simulated by ExpA. (a) Shaded and contoured
are the latitude-height cross sections of wind speed (ms~') and temperature (K), respectively. (b) The longitude—
height cross section of warm core (K) computed as temperature deviation from zonal mean over 40° longitudes with
a hurricane core centered. (c) The black line denotes the time evolution of the maximum wind speed at hurricane
center whereas the blue line indicates the minimum SLP. (d)—(f) As in (a)—(c), but for 2006.

on the right side of westward moving hurricane rather
than on the left side. In contrast, Figs. 7a and 8a display
longitude-height cross sections as the hurricanes move
northward. The results for 2005 show a compact core and
hurricane eye that is well defined. The maximum wind
speeds (greater than 60ms ™) and the radius of maximum
winds (less than 50 km) both correspond to very realistic

TC representation. The warm core value is greater than
10°C and situated in the upper troposphere, quite similar
to the typical structure of observed hurricanes (Frank
1977). The bottom panel is the time series of the minimum
SLP and maximum wind speed following the moving
hurricane. The minimum SLP drops to 935hPa and
maximum wind speed reaches 61 ms™~'. The main features
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FIG. 6. (Continued)

for 2006 are quite similar to those found for 2005, showing
a well-defined hurricane characterized by a maximum
wind speed of 65ms ™! and minimum SLP of 935 hPa.
The vertical structures of the strongest hurricanes in
ExpB are shown in Fig. 7. Compared with ExpA, they
are a little weaker, but still show a reasonable vertical
structure in terms of compactness of the core, with the
radius of the maximum wind less than ~50 km (two grid
points in longitudinal direction), the maximum wind
value near 60 ms ™, the minimum SLP of about 940 hPa,
and vertical profile of the warm core reaching 10°C at

upper-troposphere in 2005. However, as already dis-
cussed in connection with Fig. 4, quarter-degree hori-
zontal grid spacing appears to be too coarse to produce
an extremely strong hurricane showing wind speed
greater than ~70ms ' and SLP lower than ~930hPa.
In 2006, the model produces a major hurricane with
56ms ! (wind speed) and 955hPa (SLP), which is the
strongest hurricane found also in the observations that
year (blue dots in Figs. 5 and 7d-f).

ExpC, which is the control run, also shows reasonable
results (Fig. 8), although the storms are less organized
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FIG. 7. As in Fig. 6, but for ExpB. Note that (a),(b),(d), and (e) are longitude-height cross sections.

than those found in the other two experiments. The
warm core is weak with a value of approximately 6°-8°C
and located in the midtroposphere. The wind speed,
SLP, and compact structure of the hurricane core are
also not as realistic as those in ExpA and ExpB. The
weak hurricane structures found in ExpC are not in-
consistent with the study of Vitart et al. (2001), which
found that the vertical structures of hurricanes simu-
lated by RAS tend to be less intense and have lower
warm cores than those produced with moist convective
adjustment (MCA) schemes (Manabe 1969), although

the RAS scheme produces more TCs and higher relative
humidity than MCA schemes. In any event, the hurri-
cane vertical structures shown in Figs. 6-8 provide
compelling evidence that the suppression of parame-
terized deep convection tends to produce more intense
hurricanes with better organized vertical structures.

4. Atmospheric response to parameterized deep
convection
The physical mechanisms by which the suppression of
the cumulus parameterization promotes TC activity are
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investigated next. For this analysis we first remove the
regions occupied by the TCs from the model data in
attempt to better focus on the environmental changes
resulting from suppression of the parameterized deep
convection. We recognize, however, that the resulting
time-averaged patterns in Figs. 9-14 in which TCs were
removed contain both 1) the environmental structure
that promotes TC activity through suppressed deep
convection and 2) the result of TC activity, which is
known to stabilize the atmosphere and cannot be easily
removed. Nevertheless, the results shown in Figs. 9-14

should provide useful information on the role of envi-
ronment, by comparing the patterns between the three
experiments. The role of atmospheric moist static
stability—a factor known to affect TC characteristics
(Smith 2000)—is shown in Fig. 9, where the vertical
profile of moist static energy (left panel) and the ver-
tical gradient of equivalent potential temperature
(right panel) are computed over the TC genesis region,
which covers most of the central and eastern tropical
Atlantic (5°-20°N, 60°-15°W). Profiles from ExpA,
ExpB, and ExpC all exhibit a decrease with height in
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FI1G. 8. As in Fig. 7, but for ExpC.

moist static energy at low levels (below 700-800-hPa
height) and an increase at upper levels, implying the
possibility of conditional instability. The ExpA result
shows the possibility of stronger instability than ExpB
and ExpC. The vertical gradient of equivalent potential
temperature (—d6,/0P) (Fig. 9b) also shows that
lower tropospheric vertical column with the negative
—(06,/9P) is more extensive in ExpA than the other
two experiments, indicating that the most unstable at-
mosphere occurs in ExpA, followed by ExpB and
ExpC.

The vertical temperature and humidity profiles are
plotted over the TC genesis region in Fig. 10 to indicate
how they are linked to the atmospheric instability. Here
we plot the differences in the vertical profiles of
temperature/humidity between two experiments. The
most striking feature of these results is the mid- to upper-
tropospheric cooling (Fig. 10a) and drying (Fig. 10b) and
lower-tropospheric moistening (Fig. 10b) resulting from
the reduction in parameterized deep convection. This
vertical structure of the humidity is in good agreement
with the results of Zhao et al. (2012). With a larger
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threshold of minimum entrainment, it is not unexpected
that more dry air will be entrained into the plume, re-
sulting in a drier upper atmosphere with decreased
buoyancy (Held et al. 2007). The reduction of in-cloud
buoyancy leads to the suppression of parameterized
deep convection and less upper-tropospheric conden-
sation heating. Figure 10 reflects such a change in the
vertical profile of temperature and moisture, associated
with an unstable atmosphere. Upward moisture flux and
dynamically resolved convection are more likely to oc-
cur after the lower troposphere is moistened enough

(Wang 2014) under this unstable atmospheric condition.
Shen et al. (2000) also addressed the role of instability in
the environmental conditions associated with increasing
TC activity by showing that TC intensity is well corre-
lated with the maximum surface evaporation (moisten-
ing) and the environmental convective available
potential energy (CAPE) (Fig. 11c¢).

Figure 11 shows the latent heating and evaporative
flux with a focus on the near-surface moisture flux. We
note that the differences between ExpB and ExpC exhibit
very similar patterns although with smaller magnitude
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FIG. 9. Vertical profile of area-averaged (a) moist static energy (Jkg™ ') and (b) vertical gradient of equivalent
potential temperature (—a6,/dP) (K hPa~') from ExpA (black), ExpB (blue), and ExpC (red) for the 2005 hurricane
season (June-November). Geographical domain for area-averaging covers the typical TC genesis region over the

Atlantic that spans 5°-20°N, 60°-15°W.

(not shown). Figure 11a shows that the latent heat flux is
significantly increased in ExpA throughout the Atlantic
basin. The enhanced evaporative flux from the ocean
(Fig. 11b) gives rise to the increase in latent heat flux.
We will see later (Fig. 12) that the upward flux at the
surface is also enhanced by increased ascending motion
in the unstable atmosphere. This is consistent with Zhao
et al. (2012), who found that surface heat fluxes in-
cluding latent heat flux were influenced by vertical mo-
tion, and that this was important for making the
resolved-scale convection more favorable for tropical
cyclone genesis.

Figures 11c quantifies the increase in conditional in-
stability we inferred from Figs. 9-11b, in terms of CAPE.
It shows that CAPE is significantly enhanced in ExpA
(compared with the control) through the constraint on
the parameterized deep convection. CAPE exists within
the conditionally unstable layer of the troposphere,
when a lifted parcel of air is warmer than the ambient
air. It is to be expected, based on Fig. 10, that strong
upper-tropospheric cooling overlying relatively warmer
air at lower levels, accompanied by sufficient moisture,
contributes to a build-up of CAPE. The larger CAPE in
ExpA compared with the control run (ExpC) is also
associated with an enhancement of the dynamically

resolved convective processes leading to an increase in
large-scale condensation and precipitation (see the
fractional precipitation change in Fig. 15).

Figure 12a clearly illustrates the vertical motion (see
also Oouchi et al. 2006) resulting from the restriction of
parameterized deep convection. As expected, the sup-
pression of parameterized deep convection leads to in-
creased ascending motion over the TC genesis region
throughout the vertical column with the largest increase
occurring in ExpA, followed by ExpB and then ExpC.
The enhanced vertical ascent is associated with en-
hanced low-level convergence (Fig. 13). This low-level
convergence, combined with low-level moistening (Fig. 10)
and positive latent heat flux (Fig. 11a), plays a role in in-
creasing the moisture flux convergence at low levels
(Fig. 12b), with the largest values occurring in ExpA, fol-
lowed by ExpB and ExpC.

Figure 13 shows the distribution of the differences
between ExpA and ExpC in some other atmospheric
quantities. The results show that low-level vorticity
(850 hPa), near-surface wind variance (10 m), low-level
convergence (925hPa), and vertically integrated mois-
ture flux convergence are all enhanced over the eastern
Atlantic. The enhancement is more pronounced over
the TC genesis region between about 10° and 15°N (for
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(kgkg 1) for the 2005 hurricane season (June-November). Black curve denotes difference between ExpA and ExpC
(ExpA minus ExpC) while the blue curve denotes difference between ExpB and ExpC (ExpB minus ExpC).
Geographical domain for area-averaging covers the typical TC genesis region over the Atlantic that spans 5°-20°N,

60°-15°W.

genesis latitudes, see also Figs. 2 and 3). These spatial
patterns emphasize once again that, as the parameter-
ized deep convection is suppressed through an increase
in the minimum entrainment threshold, the resulting
increase in atmospheric instability makes dynamically
resolved moist convection more active by enhancing
low-level atmospheric motions (e.g., convergence, vor-
ticity, and wind variance).

To quantify that the atmospheric structures discussed
so far provide a favorable TC genesis environment, we
next calculate the genesis potential index (GPI). Here,
the original version of GPI (Emanuel and Nolan 2004)
has been modified following Murakami et al. (2011) to
include the influence of vertical motion in contributing
to TC genesis. The modified GPI' is given by

RH 3 [ 3 —w + 01
5132 pot 2

= i +0.1V ER——
GPI |10 n| < > ( )(1 0.1 S) ( 1 ),

50
)

! The source code for the FORTRAN version of the maximum
potential intensity [V, in Eq. (2)] calculation is available from
ftp://texmex.mit.edu/pub/emanuel/ TCMAX/pcmin_revised.f.

where 7 is the absolute vorticity at 850-hPa level, RH is
the relative humidity in percent at 700 hPa, Vi, is the
maximum potential intensity (MPI; ms™') defined
in Emanuel (1995), Vi is the vertical wind shear
[V(850hPa) minus V(200hPa)], and o is the vertical
wind velocity (Pas™') at 500hPa. Note that Voot 18
modified by Bister and Emanuel (1998) from the origi-
nal version of Emanuel (1995) so that

V2 — Ck TS

= (CAPE* — CAPE?),
pot Cd T(]

®)

where C; and C, are the exchange coefficient for en-
thalpy and the drag coefficient, respectively. Also, Ty is
SST and T, is the mean outflow temperature. Two
CAPE-related quantities, CAPE* and CAPE?, are the
CAPE of the air displaced upward from saturation at sea
level with reference to ambient air and the CAPE of the
air at boundary layer, respectively.

The GPI formulation considers the influence of all the
horizontal and vertical atmospheric structures and at-
mospheric instability discussed in reference to Figs. 9—
13. As shown in Fig. 14, the GPI exhibits larger values in
ExpA and ExpB than in the control run (ExpC). Large
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values occur over the Atlantic in low latitudes, the Ca-
ribbean Sea, and the Gulf of Mexico, where a majority of
TC genesis takes place.

An important consideration is whether the above
modifications in the convective parameterization pro-
duce changes in the atmospheric mean state and its
variability (e.g., seasonal cycle) that are within acceptable
ranges. Slingo et al. (1994) and Zhang and McFarlane
(1995) found some sensitivity of the tropical mean cli-
mate to the parameterized moist convection. Figure 15
shows the differences between each experiment in the
mean precipitation for 2005. We plot both the large-scale
precipitation and convective precipitation to identify the
fractional precipitation changes. The left panels show the
difference between ExpA and ExpC in total precipitation
(Fig. 15a), large-scale precipitation (Fig. 15b), and con-
vective precipitation (Fig. 15c). The results show that
both total and large-scale precipitation increase notice-
ably over the tropics for ExpA, whereas there is a sub-
stantial reduction in convective precipitation. In
contrast, for ExpB (the right panels) there is only a very
small change in total precipitation over the tropics
(Fig. 15d), while the large-scale precipitation over the
TC genesis region increases slightly (Fig. 15¢) along
with a decrease in convective precipitation (Fig. 15f).

This fractional precipitation change is known to be
due to an increased activity of grid-scale cloud/
condensation (i.e., large-scale precipitation) along with
a suppression of parameterized deep convection (i.e.,
convective precipitation) (Held et al. 2007, Reed and
Jablonowski 2011; Zhao et al. 2012).

The area-averaged difference in total precipitation
over the Atlantic basin between ExpB and ExpC
(Table 3) is 0.03mm day ' in 2005 and 0.09 mm day
in 2006, while for ExpA the precipitation increases with
respect to ExpC by 0.5 and 0.6 mm day ! in those two
years, respectively. Globally (50°S-50°N, 0°-360°E),
ExpA precipitation increases with respect to ExpC
by 0.19mmday ' in 2005 and 0.22 mmday ' in 2006,
while ExpB produces nearly the same precipitation
rate as ExpC. However, all three experiments over-
estimate the observed precipitation (left column in
Table 3; see also Fig. 16a) obtained from Tropical
Rainfall Measuring Mission (TRMM) dataset
(Huffman et al. 2007). Table 3 indicates that the ex-
cessive total precipitation in ExpA makes it a less than
ideal model to use even though it has more intense
hurricanes. Also, ExpA produces an excessive number
of TCs during the inactive hurricane year of 2006
(Table 1). In contrast, ExpB seems a better option since
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FIG. 12. The vertical profile of area-averaged (a) omega velocity (X10 >hPas™ ') and (b) moisture flux conver-
gence (X108 kgkg 's™!) for the hurricane season (June—-November) of 2005. The geographical domain for area-
averaging covers the typical TC genesis region over the Atlantic that spans 5°-20°N, 60°~15°W. Black, blue, and red
curves denote results for ExpA, ExpB, and ExpC, respectively.

it has minimal impact on the total precipitation
(amount and spatial distribution) produced by the
control (ExpC) and has improved three-dimensional
hurricane structures, intensities, and numbers, com-
pared with the control (ExpC).

Figure 16 compares for each experiment the seasonal
variation (June through November) of precipitation,
SLP, surface temperature, upper-level wind speed,
MPI as an instability value [see Eq. (3)], and GPI over
the North Atlantic. We see that ExpB tends to remain
close to ExpC in all the variables (precipitation, SLP,
temperature, and wind speed) with a slight increase in
MPI and GPI, whereas ExpA shows a noticeable in-
crease in total precipitation, MPI, and GPI and a de-
crease in SLP compared to the control run. A
comparison with observations (black dashed lines) in-
dicates that, except for the upper-level wind speed,
ExpA tends to have larger biases than either ExpB or
the control (ExpC). Overall, our results suggests that
a small reduction in the influence of the RAS convec-
tive parameterization (ExpB) produces improved
North Atlantic TC activity without having a negative
impact on the mean climate of the model when run at
0.25° horizontal grid spacing.

5. Concluding remarks and discussion

This study investigated the sensitivity of the North
Atlantic TC activity to changes in parameterized deep
convection in the NASA GEOS-5 model run at 0.25°
latitude/longitude horizontal grid spacing. The study
found that reduction in the influence of the RAS scheme
resulting from an increase in minimum entrainment for
parameterized deep convection improves/enhances
(compared to the standard control model) the TC activity
in terms of numbers, intensity, life cycle, and the three-
dimensional storm structures. Our case studies for the
2005 (very active) and 2006 (very inactive) hurricane
seasons revealed that only a modest increase in mini-
mum entrainment (ExpB) was necessary at a quarter-
degree grid spacing to produce TC numbers reasonably
close to observations. The strongest hurricane reached
a minimum SLP of 940 hPa and low-level maximum
wind speeds greater than 60ms ™ '. The vertical struc-
ture is characterized by a well-defined hurricane eye,
an upper-tropospheric warm core value exceeding
10°C, and maximum winds located at low levels within
50km of the hurricane center. These magnitudes are
comparable to, or an improvement over, those of Shen
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et al. (2006) and Reed and Jablonowski (2011) at sim-
ilar resolution. Furthermore, we found that a stronger
constraint on the parameterized deep convection (i.e.,
ExpA) produced even stronger hurricanes (with mini-
mum SLP of 935hPa, and a maximum wind speed of
65ms~ ), but this strong reduction in parameterized
convection was not desirable as it produced strong TC
activity even in a weak hurricane year (2006) and led to
increased bias in the atmospheric mean state.

Our analysis of the causes of the TC changes suggests that
the following processes are at work. First, an increase in the
threshold of minimum entrainment causes more entrain-
ment of dry air into the convective plume. This entraining
process leads to a reduction in buoyancy, resulting in less
favorable conditions for deep convection. Reduced deep
convection leads to a reduction in condensation heating in
the upper troposphere, resulting in upper-tropospheric
cooling. As a result, the mid to upper troposphere be-
comes drier and cooler, while the lower troposphere be-
comes moister. This moistening appears associated with the
upward flux of the positive latent heat flux (evaporative flux)
from the ocean to the lower atmosphere. This change in
the vertical structure of the atmosphere is apparent over
the Atlantic basin, easing the condition for enhancing

atmospheric instability. The greater instability is evidenced
by changes in the profile of moist static energy, the vertical
gradient of equivalent potential temperature, and the dis-
tribution of CAPE. As a consequence to the changes in
atmospheric instability there is an increase in 1) low-level
positive vorticity and convergence, 2) upward motion, and 3)
low-level moisture flux convergence. These changes help the
development of explicit-scale convection and subsequent
large-scale condensation of water vapor, and represent
a transition of the moist deep convection from the pa-
rameterized kind to that occurring at the resolved scales.
This is reflected by a decrease in convective precipitation
contributed by parameterized convection and an increase
in large-scale precipitation. The above interpretation is
supported by the changes in the GPI (Emanuel and
Nolan 2004; Murakami et al. 2011) showing an en-
hancement in the TC activity over the Atlantic, with more
and stronger TCs than the control run (e.g., strong hur-
ricanes with wind speed and SLP close to 60ms ™' and
940 hPa, respectively, were produced, whereas the con-
trol never produced such a strong hurricane).

While our focus has been on atmospheric instability and
associated circulatory structure to explain change in TC
activity, there is evidence to suggest that parameterized
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convective momentum adjustment (CMA) may also be
important (e.g., Han and Pan 2006). The effect of CMA in
the RAS scheme (Moorthi et al. 2001) tends to decrease as
the activity of RAS scheme reduces, resulting in diminution
of the role of CMA as a TC-inhibiting factor. We checked
zonal wind tendency due to moist process (ZWTM), as an
example to have some sense as to how substantially the
CMA can change with the RAS scheme reduction. Global
average of tropospheric ZWTM:s in ExpA was a little less
than a half of the global mean ZWTM in control run,
whereas the ExpB showed about 90% of the ZWTM in
control run. It indicates that the reduced CMA in ExpA
could be influential to change TC activity, while the CMA
in ExpB may play much less role in changing TC activity
seen in control run. More critical exploration of the role of
CMA will be performed in further detail in the next study.
The explicit-scale moist convection favored by atmo-
spheric instability appears to compensate for the upper-
tropospheric cooling and drying produced by the
reduction in parameterized deep convection, with the
atmosphere acting to maintain thermal equilibrium in
the upper troposphere. This likely explains why, at least
for the experiment with only a modest change in the
threshold of minimum entrainment (ExpB), the total
precipitation remains close to that of the control.

Because of the limited number of cases investigated
here, it is premature to say that ExpB truly represents an
optimal setting for the reliable simulation of TCs at this
grid spacing. Nevertheless, the current set of experi-
ments are encouraging in that they demonstrate how
years with widely differing TC activity (2005 and 2006)
can be reproduced by global climate model with a rather
minor change to the convective parameterization, and
that this can be done without degrading the mean state.

This article suggests that a quarter-degree may be the
minimum horizontal grid spacing necessary for achiev-
ing realistic TC simulations via modifications to the pa-
rameterized convective process (Reed and Jablonowski
2011), while still maintaining a realistic mean state. This
conclusion is based in part on other experiments we
carried out at one-half and one-third degree grid spacing
(not shown), in which realistic TC numbers were difficult
to achieve without modifying the threshold values for TC
detection. Of course the results at 0.25° grid spacing still
have several limitations. Key among them is the inability
to produce the most intense (category 5) hurricanes. It
appears that even at substantially finer than a quarter-
degree grid spacing, finescale hurricane structure can be
improved through the modification of the convective
parameterization. For example, Putman and Suarez
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(2011) concluded from the analysis of GEOS-5 forecasts influence of the RAS convective parameterization,
run at 7-km horizontal grid spacing that intense pre- compared to a control in which RAS was not modified.
cipitation was better formed within the hurricane eyewall ~ As such it appears that, even at considerably higher grid
and surrounding rain bands with a reduction in the spacing than considered here, improvements in the

TABLE 3. Difference in total precipitation averaged over the North Atlantic basin (the second and the third row), which covers 0°N—
50°N, 90°W-0°E, and globally (50°S-50°N, 0°-360°E; the fourth and the fifth row). Difference between ExpA and control run is shown in
the middle column whereas the difference between ExpB and control run in the right column. The second and the fourth row represent the
results for the year 2005 whereas the third and the fifth row are for the year 2006. Observed precipitation on the left column is obtained
from the Tropical Rainfall Measuring Mission (TRMM) dataset, which is 0.25° lon/lat gridded.

ExpA minus ExpC ExpB minus ExpC

Total precipitation over North Atlantic 2005 (Obs. = 4.02) 4.89 — 4.40 = 0.49 4.43 — 4.40 = 0.03
2006 (Obs. = 3.88) 5.02 — 4.42 = 0.60 4.51 — 4.42 = 0.09

Global (50°S-50°N, 0°-360°E) total 2005 (Obs. = 2.92) 3.54 - 335=0.19 3.36 — 3.35=0.01

precipitation 2006 (Obs. = 2.93) 3.56 — 3.34 = 0.22 3.37 — 334 =0.03
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FIG. 16. The seasonal variation of the area-averaged (a) total precipitation (mm day '), (b) SLP (hPa), (c) 2-m air
temperature (°C), (d) 200-hPa wind speed (ms '), (¢) MPI (ms '), and (f) GPI for 2005. The geographical domain
for area-averaging covers the North Atlantic that spans 0°-50°N, 90°~15°W. Black, blue, and red solid lines represent
the results from ExpA, ExpB, and ExpC, respectively. The observed (TRMM) precipitation and remaining variables
and quantities (MPI and GPI) derived from MERRA are plotted with black dashed lines.

simulation of TC activity can still benefit from a proper
modification of the convective parameterization.
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