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ABSTRACT

The impact of enhanced atmospheric CO, concentrations on tropical convection and sea surface temper-
atures (SSTs) over the global tropics is assessed using five fully coupled atmospheric—oceanic general circu-
lation models (AOGCMs). Relationships between SST and either outgoing longwave radiation or convective
precipitation rates are evaluated for three climate states: present day, a doubled-CO, scenario, and a
quadrupled-CO, scenario. All AOGCMs capture a relationship between present-day outgoing longwave
radiation (OLR) and SST and between convective precipitation rate (PRC) and SST: deep tropical con-
vection (DTC)—signified by rapidly decreasing OLR and rapidly increasing PRC rates—occurs above an SST
threshold of around 25°C. Consistent across all AOGCMs, as concentrations increase to 2 X CO, and 4 X CO.,
the threshold SSTs for DTC to occur shift to 25.5°-28°C and 26.5°-30°C, respectively. Annual PRC rates in
the 20°N-20°S region increase for two AOGCMs [Meteorological Research Institute Coupled General
Circulation Model, version 2.3.2 (MRI CGCM2.3.2) and ECHAMS5/Max Planck Institute Ocean Model
(MPI-OM)] with increasing CO,, but PRC in the other three AOGCMs [Geophysical Fluid Dynamics
Laboratory Climate Model versions 2.0 and 2.1 (GFDL CM2.0 and CM2.1) and National Center for Atmo-
spheric Research (NCAR) Parallel Climate Model (PCM)] exhibits almost no change. Within this tropical zone,
increased CO, concentrations yield up to a 6.1% increase in the number of locations with monthly averaged
PRC exceeding two established DTC thresholds (12 and 14 mm day !). These results indicate that, al-
though the SST threshold for DTC is projected to shift with increasing atmospheric CO, concentrations,
there will not be an expansion of regions experiencing DTC. One implication of these findings is that there
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will be little change in regions experiencing tropical cyclogenesis in future climate states.

1. Introduction

Organization of tropical convection varies greatly
across spatial and temporal scales. Mesoscale convec-
tive systems (MCSs) and tropical cyclones (TCs) pro-
duce sustained, intense rainfall over the lifetime of the
respective system; the system lifetime increases with
increasing system organization from hours (MCSs) to
days, or even weeks for TCs. Further, increased convec-
tive system organization leads to increased rainfall rates,
with the greatest intensity being associated with TCs
(e.g., Shemo and Evans 1996). MCSs have typical life-
times of only 6-18 h, but occur so frequently through-
out the tropics that they are a dominant contributor to
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the annual tropical rainfall (e.g., Shemo and Evans
1996), while rainfall associated with TCs produces more
extreme rain events on regional scales such as the trop-
ical North Atlantic (Lau et al. 2008). Combined, these
types of organized convective systems have been shown
to be the dominant source of annual rainfall throughout
much of the tropics (Evans and Jaskiewicz 2001).
Malkus (1963) describes the cooperative role of deep
tropical convection (DTC) in driving the main ““firebox”
of the atmospheric heat engine, the Hadley circulation.
She notes that these tropical convective “hot towers”
are a vital link between the tropical and subtropical
moisture and radiation budgets and relates development
of DTC to tropical sea surface temperatures (SSTs).
Many subsequent investigations have supported these
insights into the links between tropical convection, ra-
diation, SST, and the Hadley circulation (e.g., Graham
and Barnett 1987; Lau et al. 1997; Dutton et al. 2000;
Evans and Jaskiewicz 2001; Fierro et al. 2009). Because
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perturbations in DTC may have a profound impact on
the general circulation (e.g., Oort and Yienger 1996),
it is essential to understand the potential changes in
tropical convection caused by increases in atmospheric
carbon dioxide (CO,) concentrations.

Low values of outgoing longwave radiation (OLR) at
the top of the atmosphere correspond to the very cold
cloud tops of deep tropical convection, while similar
OLR in the midlatitudes likely represents stratiform
clouds; OLR values less than 240 W m ™~ are commonly
used to signify DTC (e.g., Lau et al. 1997). Many in-
vestigators have linked the incidence of DTC to un-
derlying areas of warm SST (e.g., Graham and Barnett
1987; Zhang 1993; Dutton et al. 2000; Folkins and Braun
2003; Webster and Evans 2012, manuscript submitted
to Geophys. Res. Lett., hereafter WE). Lau et al. (1997)
identify a threshold temperature for DTC: they ob-
served a sharp increase in cloud-top height (decrease
in OLR) for a threshold SST between 25.5° and 28°C.
Consistent with Graham and Barnett (1987), Lau et al.
(1997) attribute the range of threshold SSTs to modu-
lation of the convection by the large-scale flow. Folkins
and Braun (2003) identify the threshold SST range to be
between 26° and 29°C; they relate this threshold to an
increase in the mass flux out of the boundary layer to
drive a more vigorous convection. The rapid increase in
tropical rainfall for this SST range has been reported by
many investigators (e.g., Gadgil et al. 1984; Zhang 1993;
Evans and Shemo 1996). Above this range, tropical
rainfall rates drop considerably due to a local balance
between the low equivalent potential temperature (6,)
air being transported into the convective boundary layer
via convective downdrafts, and high 6, near-surface air
being transferred into the boundary layer via the deep
convective source near the surface (Graham and Barnett
1987). Such a balance in the surface heat budget reduces
the boundary layer latent heat flux, thereby suppressing
convective activity. Dutton et al. (2000) examined the
impact of enhanced atmospheric CO, concentrations on
the SST-tropical convection relationship using the cou-
pled National Center for Atmospheric Research Climate
System Model, version 1 (NCAR CSM1). They found
that the simulated threshold temperature for tropical
convection increased as CO, concentrations (and trop-
ical SST) increased, a result that is also supported by
Williams et al. (2009). Furthermore, although annual
tropical precipitation rates increased somewhat, Dutton
et al. (2000) did not diagnose any expansion in the re-
gions of DTC even for warming corresponding to con-
centrations of 4 X CO,. Trenberth (2011) also found
that increased SSTs in future climates would have little
effect on annual precipitation in regions such as the
tropics, but proposed that regions currently experiencing
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DTC would experience more intense rainfall events. On
the other hand, Gualdi et al. (2008) suggest that the
increase in tropically averaged precipitation with in-
creasing CO, concentrations would be accompanied by
a reduction in convective activity due to an increase in
static stability. In their study of the South Asian sum-
mer monsoon response to anthropogenic climate change,
Fan et al. (2012) diagnosed a trend toward increased
precipitation rates in the warmer climate regime accom-
panied by increased static stability and a weaker monsoon
circulation in the majority of the AOGCM analyzed.

SST and DTC also have important implications for
tropical cyclogenesis (TCG) and TC intensity, so any
systematic modifications of SST or DTC in future cli-
mates should be expected to impact TC characteristics.
Gray (1968, 1979) recognized that TCs most commonly
develop in regions where, among other precursors, SSTs
are at least 26°C. Several studies have found that the
areal extent of DTC remains consistent as atmospheric
CO, concentrations and surface temperatures rise, sug-
gesting little change in the areal extent of TCG (Dutton
et al. 2000; Walsh 2004; Gualdi et al. 2008). Next, there is
a common acceptance that a relationship exists between
increasing SST and TC rainfall intensity (Evans et al.
1994). Increasing SST leads to an increase in potential
evaporation near the surface, thereby enhancing con-
vective activity to drive intensification. Theories for TC
potential intensity support the likelihood that increases
in global surface temperatures may lead to an increase
in TC maximum intensity (e.g., Emanuel 1995), with
enhanced peak precipitation rates also diagnosed for a
small percentage of simulated TCs (Walsh 2004; Gualdi
et al. 2008). These results suggest that future climate
states with increased SSTs may cause stronger TCs with
higher rain rates to develop over the same regions. How-
ever, theoretical potential intensities are almost never
observed (e.g., Evans 1993) and no observed trend in
TC intensity is evident above a ~28°C SST threshold
(remarkably similar to the deep convection threshold
discussed above) (Evans 1993; Emanuel 2000).

Some researchers have evaluated how well atmosphere—
ocean general circulation models (AOGCMs) and GCMs
forecast TCG activity in enhanced CO, environments
using widely accepted seasonal TCG parameters that
are derived from large-scale environmental fields [such
as the seasonal genesis parameter of Gray (1968)]. The
resulting yearly genesis fields in future climate states im-
plied significant increases in TC frequency (Ryan et al.
1992; Royer et al. 1998; Druyan et al. 1999). In many cases,
the results were driven by simulated changes in the ocean
thermal energy term and the vertical equivalent potential
temperature gradients in the tropics. These results are
confirmed in the more recent study of Waters et al. (2012).
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TABLE 1. AOGCM name and resolution, modeling center, initial and maximum CO, concentrations, and the model 10-yr bands in
which threshold CO, concentrations of 355, 710, and 1144-1416 ppmv were reached (Randall et al. 2007). Additional background in-
formation on these simulations was obtained from PCMDI (2010). For the remainder of this paper, we will refer to these concentrations as

1 X CO,, 2 X CO,, and 4 X CO;, respectively.

Model 10-yr band for given

Initial/max CO, .
concentration (ppmv)

Modeling organization and concentration
AOGCM (resolution) model data reference (ppmv) 355 710 4 X CO,
GFDL CM2.0 (~2.0° X 2.5°/L.24) GFDL (2010a) 286/1144 22-31 91-100  140-149
GFDL CM2.1 (~2.0° X 2.5°L24) GFDL (2010b) (semi-Lagrangian) 286/1144 22-31  91-100  140-149
ECHAMS/MPI-OM (~1.9° X 1.9, T63/L)  Max Planck Institute (Roeckner 2010) 286/1144 22-31 91-100  140-149
MRI-CGCM2.3.2 (~2.8° X 2.8°, T42/L30)  MRI (2010a,b) 348/1392 2-11  72-81 140-149
NCAR PCM (~2.8° X 2.8°, T42/L.26) NCAR (2010) 354/1416 1-10  70-79 140-149

Other studies have focused more on TC intensity and
size in future climate states. For example, Bengtsson
et al. (2007) and Oouchi et al. (2006) suggest that a
markedly warmer climate may lead to an increase in TC
intensity but a decrease in TC size; an overall reduction
in the global number of TCs is simulated, but changes
vary by region. In the projected climate state, an in-
crease in static stability causes convection to follow
a less steep lapse rate in a warmer and moister climate.
Furthermore, the increase in temperature and atmo-
spheric water vapor content (longer residence time of
water in the atmosphere, which weakens tropical circu-
lation) provides more energy for the storms so that when
they do occur, these components contribute toward a
more intense storm. Likewise, Emanuel et al. (2008)
produce synthetic TCs in five ocean basins using output
spanning two time periods (1981-2000 and 2181-00)
from seven GCMs. As with the previous two studies,
Emanuel et al. (2008) conclude that global warming
should reduce the global frequency of TCs, but these
frequency shifts will vary by region and their intensities
may increase in some locations. Such findings have also
been supported by Sugi et al. (2009), who suggest that
regional change in TC frequency is strongly affected
by changes in tropical circulation, SST, and convective
activity.

The purpose of this study is to document the relation-
ship between DTC and SST over the global tropics and
subtropics as simulated by five fully coupled AOGCMs
(Table 1) from the most recent Intergovernmental Panel
on Climate Change (IPCC) Fourth Assessment Report
(AR4) (Randall et al. 2007). In particular, we revisit the
question of the impact of enhanced atmospheric CO,
concentrations on DTC and its relationship to SST. Us-
ing these evaluations, our main goal is to infer changes
in convective support for tropical cyclones in an evolving
background climate and to explore how the SST—tropical
convection relationship in enhanced CO, conditions dif-
fers from present conditions. Details of the AOGCMs
used and the analysis methodology applied are provided

in section 2, assessments of the AOGCMs’ skill at repli-
cating the observed relationships between deep convec-
tion and SST and the results of comparisons between
current and possible future climate states are discussed in
section 3, and these results are summarized and couched
in a broader context in section 4.

2. Method

Variations in DTC and SST and the interrelationships
between them are investigated for five IPCC AR4
AOGCM experiments driven by the transient IPCTTO4X
scenario (information online at http://www.ipcc-data.org/
sres/ddc_sres_emissions.html#1pto4x) (Table 1; Randall
et al. 2007). Under this scenario, atmospheric CO, con-
centrations increase 1% yr~ ! until initial concentrations
quadruple and then are held fixed.

Our analyses focus on variations in the monthly values
of the top-of-the-atmosphere outgoing radiative flux
(OLR in W m~?), open-ocean SST (°C), and convective
precipitation rate (PRC in mm day '). Either land
fraction or surface altitude is used (depending on the
AOGCM) to exclude grid points that intrude over
land. We focus on three threshold concentration levels:
1 X CO, (taken as 355 ppmv), 2 X CO, (710 ppmv), and
4 X CO, (when the initial CO, concentration for each
AOGCM reaches 4 times its initial value') (Table 1).
The decade beginning at each of these years was ana-
lyzed for all AOGCMs at each CO, threshold.

! The final CO, concentration for each AOGCM was 4 times
its initial value, and since the models began with varied CO, con-
centrations but increased at 1% yr~ ', “quadruple CO,” occurred
in all cases at simulation year 140 and spanned the range 1144—
1416 ppmv for the AOGCMs examined here (Table 1). The choice
of “standard” values for the analyses at 1 X CO, and 2 X CO,
concentrations allows for direct comparison with Dutton et al.
(2000). Use of the individual model 4 X CO, concentrations captures
the most extreme forcing for each model simulation examined.
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TABLE 2. SST averaged over the band 40°N-40°S for each 10-yr band of the three CO, concentrations analyzed and SST change
(4 X CO, — 1 X COy).

Increase (°C)

AOGCM 1 X CO, 2 X CO, 4 X CO, (4 X CO, — 1 X COy)
GFDL CM2.0 23.1 24.5 25.6 2.5
GFDL CM2.1 234 24.7 25.9 25
ECHAMS/MPI-OM 24.7 26.8 28.7 4.0
MRI-CGCM2.3.2 242 25.9 27.4 32
NCAR PCM 23.8 24.7 25.9 2.1

A variety of AOGCM fields are considered as proxies
for DTC, but we report here on OLR and the convective
precipitation rate, PRC. We analyze the relationships
between monthly averaged OLR and SST (OLR/SST)
and between monthly averaged PRC and SST (PRC/
SST) over the latitude band 40°N-40°S for the three
representative CO, concentrations (Tables 2 and 3).

Evolution of the relationship between collocated
values of monthly averaged OLR and SST across the
three atmospheric CO, doubling scenarios for each of
the five AOGCMs is analyzed (Figs. 2 and 3). We com-
pare changes in these distributions to the SST averaged
over 40°N—-40°S for each AOGCM and for each suc-
cessive CO,-doubling scenario (Table 2). We repeat this
process for PRC and SST across each CO,-doubling
scenario (Figs. 4 and 5). OLR and PRC from each
AOGCM are binned by SST in 0.5°C increments from
10° to 40°C (Figs. 3 and 5). If any bin lacks data, the
average OLR and PRC values are set to zero. Note that
for this analysis (Figs. 2-5), we produce results at the
grid resolution of the models (as opposed to inter-
polating data over a common grid) as a method to
capture differences in model response due to resolu-
tion and the genuine features of each model.

Annual precipitation rates over the tropical oceans
(20°N-20°S) most strongly influence the monthly and
annually averaged precipitation rates for the larger
tropical and subtropical region (40°N-40°S; Fig. 6). We
use three different analyses to examine the response of
convection to enhanced atmospheric CO,. In the first
approach, which is based on a similar method described
in Dutton et al. (2000), we calculate annually averaged
tropical precipitation rates across the 20°N-20°S tropical
zone (Table 3). In the second approach, time series of
spatially averaged annual precipitation rates are com-
puted, then normalized by the full 140-yr (model years
1-140) average (Fig. 7, Table 3). In the third and final
method, the spatial extent of high tropical precipitation
rates is explored: the number of model ocean grid points
with monthly averaged tropical precipitation rates ex-
ceeding 12 and 14 mm day ! is computed relative to the
total number of grid points in the domain (Figs. 8a
and 8b, Table 4).

3. Results

We analyze a set of AOGCMs selected to exclude
model outliers while capturing a sufficient range of cli-
mate sensitivity in the IPCC simulations. Climate sen-
sitivity metrics characterize the response of the global
climate system to a given atmospheric, oceanic, or ra-
diative forcing. The magnitude of the sensitivity is de-
termined by the combination of internal positive and
negative feedbacks in response to the applied forcing.
Two sensitivity metrics are commonly used: the equi-
librium climate sensitivity (ECS) and the transient cli-
mate sensitivity (TCS). ECS is calculated from the
global annual mean surface temperature change result-
ing after the climate system has reached a new equi-
librium in response to a doubling of CO,. TCS is the
difference in the global annual mean surface air tem-
perature change averaged over a 20-yr period centered
at the time of CO, doubling. Making use of the ECS
and TCS, we see that the National Center for Atmo-
spheric Research (NCAR) Parallel Climate Model
(PCM) AOGCM exhibits the lowest climate sensitivity
by either measure (Table 5) while the ECHAMS/Max
Planck Institute Ocean Model (MPI-OM) and Meteo-
rological Research Institute Coupled General Circu-
lation Model, version 2.3.2 (MRI CGCM2.3.2), have
the highest climate sensitivities of the AOGCMs ana-
lyzed here and are near the top of the TCS range for the
full set of IPCC AR4 models (Randall et al. 2007).
Thus, this subset of AOGCMs provides a varied set of

TABLE 3. Annual PRCs averaged over the band 20°N-20°S
during the first and last 10-yr periods of each AOGCM simulation
and their respective differences.

PRC (mm day )

Years Years Change
AOGCM 1-10 131-140  Change (%)
GFDL CM2.0 3.89 4.01 +0.12 31
GFDL CM2.1 4.29 4.33 +0.04 0.9
ECHAMS/MPI-OM 427 4.83 +0.56 13.1
MRI-CGCM2.3.2 3.52 3.97 +0.45 12.8
NCAR PCM 4.90 5.08 +0.18 37
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TABLE 4. Percentage of model ocean grid points per month exceeding 12 and 14 mm day ' thresholds in the band 20°N-20°S.

Percentage of model ocean grid points
20°N-20°S > 12 mm day

Percentage of model ocean grid points
20°N-20°S > 14 mm day

AOGCM Years 1-10 Years 131-140 Change Years 1-10 Years 131-140 Change
GFDL CM2.0 8.71 9.66 +0.95 5.58 6.20 +0.62
GFDL CM2.1 9.31 10.04 +0.73 5.75 6.24 +0.49
ECHAMS/MPI-OM 8.25 14.37 +6.12 4.22 9.43 +5.21
MRI-CGCM2.3.2 5.15 7.43 +2.28 2.75 4.28 +1.53
NCAR PCM 12.02 13.61 +1.59 8.25 9.52 +1.27

scenarios for exploring the response of the convective
tropics to global climate change.

SST changes for increased levels of CO, averaged
over all oceanic locations in the band 40°N-40°S (Table 2)
track these climate sensitivities: the AOGCM with the
largest ECS and TCS—the ECHAMS5/MPI-OM—yields
the largest SST increase (4.0°C) and the least sensitive
AOGCM—the NCAR PCM—yields the lowest SST in-
crease (2.1°C); SST changes for the remaining AOGCMs
in the set lie within this range (Table 2). Changes in
the globally averaged surface temperature (based on
weighted area averages of each grid cell) with CO,
increase are substantially larger than the tropical SST
(or average tropical surface temperature) changes
(Tables 2 and 6). Inspection of the spread in globally
averaged surface temperature between the initial and
final CO; concentrations (Fig. 1, Table 6) is revealing.
The globally averaged surface temperature increase
across the AOGCMs analyzed here ranges from 2.8°
to 4.9°C, a substantial proportion of the variance in the
complete set of [IPCC4 AOGCMs (1.1°-6.4°C; additional
information online at http://www.epa.gov/climatechange/
science/futuretc.html#projections).

a. OLR versus SST (40°N—-40°S)

Relationships between SST and the two metrics of
tropical convection intensity used here (OLR and PRC)
are examined across this set of AOGCMs for the selected
CO, thresholds. There is a noticeable association be-
tween increased atmospheric CO, and the SST threshold
for DTC (Table 7). For 1 X CO, levels (355 ppmv), all
five AOGCMs indicate a strong relationship between
SST and OLR (Fig. 3). OLR generally increases as SST
increases until a threshold ocean temperature, above
which the OLR values drop considerably (15%-25%),
indicative of a sharp increase in DTC activity. These
threshold SST values are around 25°C across all AOGCMs
(Table 7) and are all warmer than the tropical average
SST for the corresponding climate state (vertical lines in
Figs. 2-5). This decreasing OLR trend continues until
a capping threshold SST is met (around 29°-30°C across
all AOGCMs). Here in the warmest SST regions, OLR

values begin to increase once again as large-scale sub-
sidence warms and dries the lower troposphere above
the boundary layer (Graham and Barnett 1987; Lau
et al. 1997). The relationship between SST and OLR in
both future climatic scenarios (2 X CO, and 4 X CO,)
mirrors the SST dependence evident in the current cli-
mate; however, the SST thresholds for the correspond-
ing increase and decrease in DTC activity occur at warmer
temperatures (Figs. 2 and 3; Table 7). For example, the
Geophysical Fluid Dynamics Laboratory Climate Model
versions 2.0 and 2.1 (GFDL CM2.0) threshold SST in-
creases from 25°Cto 27°C between 1 X CO, and 4 X CO,
(Fig. 2, Table 7), while the more sensitive and higher-
resolution AOGCMs (i.e., ECHAMS5/MPI-OM) yield
amplified SST responses (+5°C) to increased CO, con-
centrations, as expected (Table 7). In contrast to SST,
as CO, concentrations increase, values of the OLR ex-
tremes are relatively stable (Figs. 2 and 3), suggesting
little correlation exists between the two. Thus, as CO,
concentrations increase, the minimum (maximum) SST
threshold necessary for DTC initiation (suppression) also
increases, but changes in the character of the DTC are
not detected. These results are consistent with the ob-
servational studies of Graham and Barnett (1987) and
WE and with the AOGCM analyses of Dutton et al.
(2000), among others.

b. PRC versus SST (40°N—-40°S)

Utilizing PRC as a proxy for DTC (Figs. 4 and 5) re-
veals relationships with SST and CO, concentrations
consistent with the OLR results above. Once again, the
threshold SST above which relatively low precipitation

TABLE 5. ECS and TCS values for each AOGCM in Table 1
(Randall et al. 2007).

AOGCM ECS (°C) TCS (°C)
GFDL CM2.0 2.9 16
GFDL CM2.1 2.9 1.6
ECHAMS/MPI-OM 34 22
MRI-CGCM2.3.2 32 22
NCAR PCM 2.1 13
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TABLE 6. Globally averaged annual mean surface temperature for the three 10-yr bands corresponding to the three reference CO,
concentrations used here and the 4 X CO, — 1 X CO, surface temperature difference.

Global-average surface temperature (°C)

Global-average surface

AOGCM 1 X CO, 2 X CO, 4 X CO, temperature increase (°C)
GFDL CM2.0 13.8 15.6 16.9 3.1
GFDL CM2.1 14.4 15.8 17.3 2.9
ECHAMS/MPI-OM 15.3 17.9 20.2 4.9
MRI-CGCM2.3.2 14.7 16.7 18.6 3.9
NCAR PCM 13.7 14.9 16.5 2.8

rates begin to increase significantly exceeds the tropical
average SST for that climate state. Similarly, as CO,
concentrations increase, so do the threshold SST ranges
for DTC (Table 7, Figs. 4 and 5). Each AOGCM simu-
lates an increase in threshold SST from the 1 X CO,
to the 4 X CO, climate state of between 1.5° and 5.0°C,
with the ECHAMS/MPI-OM yielding the highest thresh-
old SST increase and the NCAR PCM simulation yield-
ing the lowest (Fig. 5). The evolving relationship between
PRC and SST reported here confirms that a shift in the
SST threshold necessary for DTC should be expected in
a warmer climate.

c¢. PRC versus SST (20°N-20°S)

As discussed above, variations in the monthly aver-
aged PRC over the tropics and subtropics (40°N-40°S)
are dominated by activity in the 20°N-20°S band (Fig. 6),

A

—GFDLCM2.0
m—GFDL CM2.1
- ECHAMS-OM
——-CGCM2.3.2
—==-NCARPCM

20

Globally Averaged Surface Temperature (°C)

so we now evaluate annually averaged oceanic PRC
within this 20°N-20°S tropical band (Table 3). The base-
line for comparison is the PRC normalized by model
years 1-140 of each AOGCM simulation. The AOGCMs
have varied PRC responses to enhanced atmospheric
CO, concentrations in this region: annually averaged
rainfall rates experience little change over time in three
of the five AOGCMs (GFDL CM2.0, GFDL CM2.1,
and NCAR PCM); however, the two AOGCMs with
the highest climate sensitivities (ECHAMS/MPI-OM
and MRI-CGCM2.3.2; Table 5) yield between a 12.8%
and 13.1% increase in annual rainfall rates across the
same region from the first 10 model years to the last 10
model years (Table 3, Fig. 7). Based on these findings, it is
clear that the AOGCM climate sensitivities are identifying
significant feedback mechanisms that have direct im-
pacts on SST and convective activity within the tropics
(Randall et al. 2007).

| 1 |
80 100 120 140

Model Year

FIG. 1. Annual globally averaged surface temperature across the 140 yr of simulation for each
of the AOGCMs listed in Table 1.
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TABLE 7. DTC threshold SST bins for each AOGCM for each CO, scenario. The threshold temperature was calculated as the SST bin
corresponding to the maximum 10-yr mean binned (using a bin of 0.5°C) OLR value for SSTs less than 31°C. For each SST bin, the

corresponding SST range is + 0.25°C.

DTC threshold SST bin (°C)

DTC threshold temperature increase (°C)

AOGCM 1 X CO, 2 X CO, 4 X CO, (4 X CO, —1XCOy)
GFDL CM2.0 25.0 26.0 27.0 2.0
GFDL CM2.1 25.0 26.0 27.5 2.5
ECHAMS/MPI-OM 25.0 28.0 30.0 5.0
MRI-CGCM2.3.2 25.0 27.0 28.5 35
NCAR PCM 25.0 25.5 26.5 1.5

How does the spatial extent of DTC change with in-
creasing CO, concentrations and a warming climate?
Following Dutton et al. (2000), we analyze the number
of AOGCM grid points per month exceeding established
convective threshold values of 12 and 14 mm day
(Table 4). The three AOGCMs that yielded little change
in annual rainfall rates also exhibit no trend in spatial
extent of these threshold rainfall rates, with 8.7%—
13.6% of the tropical oceans having DTC exceeding
12 mm day ' and 5.6%-9.5% exceeding 14 mm day '
in both the 1 X CO, and 4 X CO, regimes (Table 4). The
AOGCMs exhibiting high climate sensitivities and the
largest increases in annual rainfall rates (ECHAMS/
MPI-OM, MRI-CGCM2.3.2) also display a positive trend

in the spatial extent of DTC exceeding these rain-rate
thresholds; the net effect is an increase in the spatial ex-
tent of PRC exceeding 12 mm day ' (14 mm day ') of
2.3%-6.1% (1.5%-5.2%). Based on these results, in-
creasing levels of CO, will either sustain or increase
annual convective precipitation rates in the tropics; how-
ever, they may—or may not—expand the areal coverage
of intense tropical rainfall.

4. Discussion and conclusions

The relationship between tropical convection and SST
over the global tropics and subtropics (oceanic locations
40°N-40°S) has been explored for one of the transient
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FIG. 2. Distribution of collocated, monthly averaged tropical SST (°C) and OLR (W m™?)
across select model 10-yr bands (22-31, 91-100, 140-149) depicting atmospheric CO, con-
centrations of (a) 1 X CO,, (b) 2 X CO,, and (c) 4 X CO, for the GFDL CM2.0. Vertical lines
denote the 10-yr-averaged SSTs over 40°N—40°S for the 1 X CO, (dashed),2 X CO; (thin solid),
and 4 X CO, (thick solid) scenarios. (d) Mean values of the same OLR data binned by 0.5°C
SST increments are plotted for 1 X CO, (dashed), 2 X CO, (thin solid), and 4 X CO, (thick
solid). In all panels, values of OLR decrease upward so that “‘high” values correspond to more
active DTC.
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FIG. 3. Mean monthly averaged OLR (W m™2) binned in increments of 0.5°C monthly av-
eraged SST (collocated) across model 10-yr bands depicting atmospheric CO, concentrations
of 1 X CO, (dashed), 2 X CO; (thin solid), and 4 X CO, (thick solid) for (a) GFDL CM2.0,
(b) GFDL CM2.1, (c) ECHAMS/MPI-OM, (d) MRI-CGCM2.3.2, and (¢) NCAR PCM. As in
Fig. 2, values of OLR decrease upward in all panels so that high values correspond to more
active DTC and the vertical lines denote the 10-yr-averaged SST over 40°N—40°S for 1 X CO,
(dashed), 2 X CO, (thin solid), and 4 X CO, (thick solid).

CO, forcing experiments (1% annual CO, increase to
4 X CO,, experiment 1PCTTO4X) described in the
most recent IPCC assessment (Randall et al. 2007). Five
AOGCMs are analyzed for 1X, 2X, and 4 X CO, sce-
narios. Monthly averaged OLR and PRC are used as
proxies for deep convection activity. These diagnostics
yield consistent results in representing the area-averaged
and monthly averaged relationships between DTC and
SST, but differ when the spatial extent of intense con-
vection is analyzed.

Simulated OLR and PRC variations with SST indicate
a 25°C lower SST bound required for DTC to occur
(Table 7). This result is consistent with both observa-
tional (Graham and Barnett 1987; Lau et al. 1997) and
previous AOGCM/GCM studies (Dutton et al. 2000;
Folkins and Braun 2003) of tropical convection varia-
tions with SST. This SST threshold is in good agree-
ment with the lower bound for tropical cyclogenesis
diagnosed by many investigators (e.g., Miller 1958; Gray
1979; Evans 1993).

Analyses of the five AOGCMs are consistent: this 1 X
CO, SST threshold for DTC is not robust to climate
change. Increasing atmospheric CO, concentrations cor-
respond to an increase in the tropically averaged SST
and result in an increase in this SST threshold for
DTC. SST thresholds for DTC increase to 25.5°-28°C
for CO, doubling and 26.5°-30°C for a quadrupling of
CO, (Table 7; see also Dutton et al. 2000; Williams

et al. 2009). Equilibrium and transient climate sensi-
tivities track the amplitude of the changing response of
OLR and PRC to SST for these climate scenarios: the
ECHAMS/MPI-OM and MRI-CGCM2.3.2 AOGCMs
have the highest climate sensitivities (Table 5) and also
yield the largest increases in SST threshold (3.5°-5°C)
for both OLR and PRC (Table 7), while the three low-
sensitivity AOGCMs show only a weak response of the
SST threshold (1.5°-2.5°C) for OLR (Fig. 3) and a some-
what stronger sensitivity to PRC (Fig. 5).

Results from an assessment of changes in the an-
nual and monthly convective rainfall rates with chang-
ing atmospheric CO, are driven by climate sensitivity
metrics. As CO, concentrations increase by 1% yr~ !,
annual tropical PRC increases by over 12% for the
two high-sensitivity AOGCMs but exhibits little to no
change for the other three AOGCM (Figs. 6 and 7,
Table 3).

Finally, changes in the spatial extent of the tropical
regions experiencing monthly averaged threshold pre-
cipitation rates exceeding 12 and 14 mm day ! are exam-
ined (Figs. 8a and 8b, Table 4). Across all five AOGCMs, a
quadrupling of CO, concentrations yields only a 0.49%—
6.1% increase in the spatial extent of these PRC re-
gimes in the latitude band 20°N-20°S (Figs. 8a and 8b).
These results are consistent with Dutton et al. (2000)
and Trenberth (2011), which suggests that although en-
hanced atmospheric CO, concentrations effectively



7892

increase tropical SST and moisture availability, the re-

gions experiencing DTC will not expand significantly.
Results from this study have important implications

for climate change projections of TC activity. Empirical
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centrations of (a) 1 X CO,, (b) 2 X CO,, and (c) 4 X CO, for the GFDL CM2.0. Vertical lines
denote the 10-yr-averaged SST over 40°N-40°S for the 1 X CO,; (dashed), 2 X CO, (thin solid),
and 4 X CO, (thick solid) scenarios. (d) Mean values of the same PRC data binned by 0.5°C SST
increments are plotted for 1 X CO, (dashed), 2 X CO, (thin solid) and 4 X CO, (thick solid).
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diagnostics show that TCs most commonly form in re-
gions with SST exceeding the threshold values most fa-
vorable for DTC. We demonstrate here that all AOGCMs
simulate an increase in threshold SST necessary for DTC
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and (d) 20°-40°S.

with increasing globally and tropically averaged surface
temperatures. Thus, we conclude that the SST > 26°C
criterion for tropical cyclogenesis in the 1 X CO, climate
(e.g., Miller 1958; Gray 1979) is unlikely to be robust
in a changing base climate. Further, these AOGCMs
project small increases (~0.5%—-6%) in the areal extent
of DTC. This result is consistent with previous studies (e.
g., Dutton et al. 2000; Walsh 2004) and argues for a sta-
ble spatial domain for tropical cyclogenesis even
within a changing base climate.

Factors other than SST should certainly be considered
when projecting likely changes of TCs with climate
change. The variation of the SST threshold across cli-
mate regimes identified here has been argued to be less
important than variations in the tropical tropopause
temperature in explaining changes in the atmospheric
stability (Sobel et al. 2002; Tippett et al. 2011). The
potential for a slowing of the mean tropical circulation
could be expected to reduce the forcing for DTC (Vecchi
and Soden 2007a), consistent with the finding of de-
creased convective mass flux with global warming (Held
and Soden 2006). However, analyses of IPCC AR4 tran-
sient CO, simulations of the South Asian summer mon-
soon (a region favorable for tropical cyclogenesis) show
a weakening of the monsoon circulation and increases
in monsoon precipitation and latent heating accom-
panied by increased lower- to mid-troposphere static
stability (Fan et al. 2012). Many thermodynamic and
dynamic factors (e.g., PV, vertical wind shear) inter-
acting on daily to intraseasonal time scales continuously

modulate the conditions favorable for tropical cyclo-
genesis (Gray 1979; McBride and Zehr 1981; Vecchi
and Soden 2007b; Waters et al. 2012), so it is clear that
inferences on tropical cyclogenesis response to SST can-
not provide the full picture of TC sensitivity to a changing
base climate. Nonetheless, TCs are indisputably intense
convective systems, so their variation is necessarily tied
to variations in tropical convection.

While theoretical arguments indicate that the poten-
tial intensity for tropical cyclones should be expected

o
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20°N-20°S for each AOGCM.
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to increase in a warmer climate (e.g., Emanuel 1987;
Holland 1997), the small changes in spatial extent of
intense precipitation and in average precipitation rates
analyzed here do not support changes in the spatial do-
main for genesis, nor do they argue for large changes in
the realized intensity of typical tropical cyclones.
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