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Abstract An event-based assessment of the sea surface temperature (SST) threshold at the genesis of
tropical mesoscale convective systems (MCSs) is performed in this study. We show that this threshold (SST;)
has undergone a significant warming trend at a rate of ~0.2°C per decade. The SST shows a remarkable
correspondence with the tropical mean SST and upper-tropospheric temperature on interannual and longer
timescales. Using a high-resolution global climate model that permits realistic simulations of tropical MCSs,
we find that the observed features of SST; are well simulated. Both observation and model simulations
demonstrate that the upward tendency in SST primarily results from the environmental SST warming over
MCS genesis regions rather than the changes in MCS genesis location. A continuous increase in SSTj; is
projected in a warming simulation, but the relationship between SST; and upper-tropospheric temperature
remains unchanged, suggesting that the tropical tropospheric temperature generally follows a moist-adiabatic
adjustment.

Plain Language Summary The development of tropical ocean showers and thunderstorms requires
a warm ocean surface as an energy source fueling the storm. As a good example, a sea surface temperature
(SST) threshold of 26.5°C has long been recognized as a necessary condition for tropical cyclone genesis.
Here we examine the SST threshold at the genesis of tropical mesoscale convective systems, which occur so
frequently throughout the tropics that they play an important role in shaping the general circulation of the
atmosphere as they redistribute moisture and energy in the atmosphere. Using satellite observations and a
high-resolution global climate model, we show that this threshold has undergone a significant warming trend
during the past several decades and will continue to increase in the future. This warming trend is closely
related to the changes in the tropical mean SST. A constant relationship between the SST threshold and
upper-tropospheric temperature is found in both the current climate and a warming climate, which corroborates
the argument that tropospheric temperatures in the tropics approximately follow a moist adiabatic adjustment.

1. Introduction

The occurrence of tropical deep convection, including tropical cyclones (TCs) and mesoscale convective systems
(MCSs), is observed above an sea surface temperature (SST) threshold falling in the vicinity of 25°C~28°C for
the present climate (Dare & McBride, 2011; Defforge & Merlis, 2017a, 2017b; Evans & Waters, 2012; Graham
& Barnett, 1987; Johnson & Xie, 2010; Tompkins, 2001; Tory & Dare, 2015). Though the precise value of this
threshold has been a matter of debate (McTaggart-Cowan et al., 2015), the consensus is that these convective
systems generally occur more frequently and with stronger intensities over warmer SSTs. The SST threshold
for cyclogeneses has been extensively analyzed due to their reliable and sufficiently long observational track
records. A warming trend in SST at the time of TC genesis was observed although the magnitude of the trend
varies in those studies (Dare & McBride, 2011; Defforge & Merlis, 2017a). However, TCs only account for a
small fraction of tropical deep convection, as there are approximately 80 times more tropical deep convection
events than TC events (Defforge & Merlis, 2017a). Johnson and Xie (2010) made use of the monthly rainfall to
estimate the SST required for the more general tropical deep convection. They found an increasing trend of this
SST threshold at a rate of about 0.1°C per decade during 1980-2009. And this upward trend of the convection
threshold was projected to continue in the future based on the Coupled Model Intercomparison Project Phase 3
(CMIP3) simulations. Similar results have been found based on a set of warming scenarios that span a wide range
of CO, concentrations (Evans & Waters, 2012). These warming simulations demonstrated that the critical SST
for tropical convection, estimated using monthly outgoing longwave radiation, increases as the climate warms.
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Here we analyze the event-based SST at the genesis of tropical (defined as areas within 30° of the equator) MCSs.
As the largest form of cumulonimbus cloud complex, MCSs develop when convection aggregates and grows
upscale, forming mesoscale circulation that organizes the convection (Houze, 2004, 2018; Moncrieff, 2004;
Moncrieff & Liu, 2006). They occur so frequently throughout the tropics that they play an important role in
shaping the general circulation of our climate systems through the production of abundant rainfall and redistribu-
tion of energy in the atmosphere (Houze, 2018). MCSs are also common ingredients of various climate extreme
events that cause weather-related hazards in the tropics (Doswell et al., 1996; Kunkel et al., 2012; McCollum
et al., 1995). It is therefore of interest to examine the evolution of SST at the genesis of MCSs and its potential
response to a warming climate. By using a multi-year satellite observation and a new high-resolution global
climate model (C192AM4) developed at the Geophysical Fluid Dynamics Laboratory, we show that there is a
significant warming trend (~0.2°C per decade) in the SST threshold for the occurrence of tropical MCSs. This
upward trend is slightly larger than changes in the tropical mean SST, and it is primarily a result of temporal
changes in the environmental SST rather than changes in the location of MCS genesis. The C192AM4 can well
capture the observed interannual variability and long-term trend of this SST threshold, and a warming scenario
simulation suggests the upward trend will continue in the future. The robust relationship between this SST thresh-
old and upper-tropospheric temperature noted in the current climate is found to persist in a warming future, indi-
cating that the tropical atmosphere will follow a moist-adiabatic adjustment as climate warms.

2. Materials and Methods
2.1. MCS and SST Data Sets

Tropical MCSs identified and tracked in Dong et al. (2021) for both the observation and the C192AM4 model
are used in this study. The adopted MCS tracking algorithm was detailed in Huang et al. (2018). Here is a brief
summary of this two-step algorithm. It first identifies MCS candidates based on a brightness temperature (7))
threshold and a minimum area coverage threshold, which are set to 233 K and 5,000 km?, respectively, in this
study. After initial identification, a tracking procedure is performed to link those identified objects. Candidates
in consecutive timeframes with more than 15% overlapping area are classified as the same MCS. For those small
or fast-moving MCSs when no sufficient overlapping between two timeframes, the tracking procedure invokes a
Kalman Filter approach to provide an estimate for the movement of potential MCSs. A comprehensive comparison
between these two data sets was documented in Dong et al. (2021), which showed that the C192AM4 can capture
various aspects of the observed tropical MCSs reasonably well, including the spatial distribution, seasonality, and
interannual variability of MCS frequency as well as the strong relationship between MCS duration (intensity) and
size (i.e., longer-lived and stronger events tend to be bigger). For each identified MCS, its genesis is defined as
the first point along its track when the T, and minimum area coverage thresholds are met. The location of each
MCS is defined by its centroid (weighted center of T, within the identified MCS) rather than all the grid points
occupied by this MCS. Results based on all grid points show very similar features of SST; as those discussed here
(figures not shown). This selection is adopted to minimize the potential impacts associated with the MCS size,
which has been found to be biased large in the model simulations (Dong et al., 2021). The corresponding SST
value is the threshold for the genesis of MCS, shortened as SST; afterward. The daily Optimal Interpolation Sea
Surface Temperature (OISST; Reynolds et al., 2007) at a resolution of 1/4° is matched with observed MCSs. This
product was developed using an optimum interpolation technique to merge various satellite observations with in
situ measurements. To compensate for the biases in the satellite data (e.g., cloudy or rainy regions), a bias correc-
tion using in situ data is applied with the error correlation length scales in the tropics to be about 150-200 km and
3 days (De Meyer & Roca, 2021; Reynolds et al., 2007). To account for these uncertainties, we consider a time lag
analysis of SST; up to 2 days (De Meyer & Roca, 2021; Tory & Dare, 2015). Similar analysis has been done for
the model simulations except that the C192AM4 model is driven by the Hadley Centre Sea Ice and Sea Surface
Temperature (HadISST; Rayner et al., 2003) data set (See more details of C192AM4 model setup below). Two
reanalysis products, the ERAS (Hersbach et al., 2020) and the NCEP/NCAR Reanalysis 2 (NCEP-R2; Kanamitsu
et al., 2002), are used to probe the linkage between SST and the upper-tropospheric temperatures.

2.2. C192AM4 Model and Experiment Design

The C192AM4 model is a moderately high-resolution (~50 km) version of the latest GFDL atmospheric GCM
AM4 (Zhao et al., 2018a, 2018b). C192 denotes 192 X 192 grid points in each of its six cubed-sphere faces.
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This model was used for GFDL's participation in the Coupled Model Intercomparison Project Phase 6 (CMIP6)
HighResMIP project (Haarsma et al., 2016). A three-member ensemble of the C192AM4 historical simulations
spanning 1950-2014 (referred to as C192AM4-PD) is used to evaluate the simulated SST; in the present-day
climate. They are driven by the observed daily SSTs and sea-ice concentrations, greenhouse gases, and natural
and anthropogenic aerosol emissions with slightly different initial conditions. We also examine the SST in a
warming scenario covering 2015-2050 (referred to as C192AM4-FU). The future SSTs and sea ice concentra-
tions were generated by the ensemble mean of the CMIP5 coupled model projections based on the representative
concentration pathway 8.5 (RCP8.5) scenario (Haarsma et al., 2016). The specifications of the future radiative
gases and aerosol emissions follow the CMIP6 Shared Socioeconomic Pathways 5 (SSP5). In addition to tropical
MCSs, C192AM4 has been found to be able to well represent other features of tropical disturbances, including
atmospheric rivers andTCs (Zhao, 2020, 2022). Analysis of the C192AM4-PD simulation covers 1985-2008 to
coincide with the observation. While for C192AM4-FU simulation, a same length of 24-year is used when we
calculate its difference from C192AM4-PD simulation. This is adopted to reduce the potential biases associated
with different sample size though the results do not change if the whole 36-year is used.

2.3. Definition of SSTE‘“’ and SSTi:"c

Changes in the SST can arise from both variations in the geographic location of MCS geneses (SSTE"“) and
temporal changes in the environmental SST (SSTE“V). Here, following previous studies (Defforge & Metlis, 2017b;

Kossin, 2015), the values of SSTE"C are obtained by replacing the daily time-varying SSTs with the long-term
(climatological) monthly mean SSTs, which are calculated for each grid point and each month by averaging over
the overlapping period of 1985-2008 for the observation and C192AM4-PD simulation while 2015-2050 for
C192AM4-FU simulation. This choice is to keep the seasonal cycle of SST but remove its interannual variability
and long-term trend. The values of SSTErlv are obtained by assigning MCS genesis information (location, day, and
month) to a particular year during the period analyzed. For each year, we randomly repeated this process 10 times
(equivalent to a total of ~300,000 MCSs) and averaged the resultant SST; over the 10 realizations to obtain the
value of SSTE"V. This process shuffles the location of MCS genesis and thus removes any trends from potential
changes in MCS tracks.

3. Results
3.1. Observed and Simulated Features of SST

Consistent with previous studies (Dong et al., 2020; Houze, 2018), frequent MCS geneses are observed over the
tropical Indian Ocean and the Warm Pool region (Figure S1 in Supporting Information S1). Additionally, large
values are noted over the intertropical convergence zone (ITCZ) and South Pacific convergence zone (SPCZ).
The C192AM4-PD simulation captures the observed distribution pattern fairly well, with a centered pattern
correlation of 0.89 (p < 0.001). The tropical mean bias in the simulated oceanic MCS genesis is —5.1%. The mean
SST patterns based on the OISST data set and the HadISST data set show very similar distributions (r = 0.99,
p < 0.001) with only slight differences in the tropical Indian Ocean and the Warm Pool region (Figure S2 in
Supporting Information S1).

The observed probability density distribution of SST; over the entire tropics is negatively skewed, a shape
that favors warmer SST (Figure 1a). It clearly shows that the majority of SSTs are greater than 26°C, with
only 11% of the observed MCSs generated over colder SSTs (Figure 1). This result is consistent with previous
studies that show tropical convection is weak and rarely observed over regions where SSTs are less than 26°C
(Zhang, 1993). The tropical mean SSTj is about 28°C, two degrees larger than the tropical mean SST (SST,),
with a small seasonality of less than 0.5°C based on OISST (Table S1 in Supporting Information S1). To calculate
the spatial distribution of SST;, we resample the MCS geneses into 5° X 5° latitude-longitude grid boxes. This
coarse-graining procedure ensures reasonable sample sizes for each grid and provides robust estimates of SST;.
As shown in Figure 2a, the spatial distribution of SST; generally corresponds to the mean SST distribution, with
larger SST, observed over the tropical Indian Ocean and the Warm Pool region. But the spatial distribution of
SST is more flat compared to the mean SST distribution with smaller zonal gradient (Figure S3 in Supporting
Information S1). All the above features are well simulated in the C192AM4-PD simulations (Figures 1 and 2;

DONG ET AL.

30of 10



A7t |

M\\JI Geophysical Research Letters 10.1029/2022GL101950
a
0.40 .
O 0.30
= ]
z i
C .
8 0.20 —
2 |
5 .
2 ]
S 0.10 .
o i
0.00 — 1 T T T 1 T T T
15.0 18.0 21.0 24.0 27.0 30.0 33.0
SST (°C)
b
0.40 —
$ 030 — 0BS
> i ——C192AM4-PD
@ ] ———C192AM4-FU
8 020 —
> ]
E -
3 ]
S 0.10 ]
o i
0.00 T I | | | T
-12 -9 6 -3 0 3 6
RSST, (°C)

Figure 1. Probability density plot of (a) sea surface temperature (SST) at the genesis of mesoscale convective systems (MCS)
(SSTy) and (b) relative SST at the genesis of MCS (RSST;) based on observation (black; 1985-2008), C192AM4-PD (blue;
1985-2008), and C192AM4-FU (red; 1985-2008). The relative SSTs are calculated with respect to the corresponding
monthly tropical mean SST.

Figure S3 and Table S1 in Supporting Information S1), albeit that they overestimate MCS genesis with SSTg less
than 26°C (19%) and the simulated SST is slightly larger over the Warm Pool region. Note the difference among
the three ensemble members is very small.

Figure 3a shows the observed time series of SST,, and SST. Both metrics show significant (p < 0.05) positive
trends based on the Mann-Kendall test, with the increasing rate to be 0.22°C per decade for SST; and 0.16°C per
decade for SST,;, respectively. The SST shows a remarkable correspondence with the SST,,. The interannual
correlation coefficient between them after detrending is 0.83 (p < 0.001). These values remain almost unchanged
if the HadISST data set is used instead of the OISST data set (Figure S4 in Supporting Information S1). The
SST exhibits substantial variability on shorter timescales as well. It is clear to see variability associated with
ENSO events. The C192AM4-PD simulations well reproduce the warming trends of SST; (0.19°C per decade)
and SST,; (0.13°C per decade) as well as a similarly strong correspondence (r = 0.91, P < 0.001) between these
two metrics (Figure 3b).

We replicate the above analysis using the lagged SST to test the robustness of the SST; features. Both the 1-day
lagged and 2-day lagged SST (SSTElgl and SSTlGagz) show almost identical results (mean differences are less than
0.06°C) in terms of the probability density of SST; and RSST; despite their respective maximum differences for
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Figure 2. Tropical distribution of the sea surface temperature (SST) at the genesis of mesoscale convective systems (MCS)
(SST,;) based on (a) observation and (b) the CI92AM4-PD during 1985-2008. (c) The difference between C192AM4-FU
(2027-2050) and C192AM4-PD (1985-2008). Circles in (a) through (c) denote grids where sample size are less than 200
while stippling in (c) denotes where differences are statistically significant at the 95% confidence level (p < 0.05 based on a
two-sided 7 test).

individual events can be as large as a few degrees (Figure S5 in Supporting Information S1). The impact of the
lagged SST on the spatial distribution of SST; (Figures S6 and S7 in Supporting Information S1) as well as their
linear trends (Figure S8 in Supporting Information S1) are also pretty small. This differs from previous studies
examining the SST at the genesis of TCs (Tory & Dare, 2015) or SST associated with extreme precipitation
(De Meyer & Roca, 2021), which found robust relationships when lagged SST was used. This might be partly
attributed to the much larger sample size (>700,000 for both observation and model simulations) analyzed in this
study. When the observed change in SST; is further decomposed into SSTE"C and SSTE“V, the increasing trend is
found to primarily stem from SSTE"V (0.19°C per decade) with a negligible trend of SST(L;’C (0.04°C per decade)
(Figure 3d). This indicates that the warming trend of the SST; is dominated by the changes in environmental SST
over the frequent MCS genesis regions rather than the changes in the genesis location of MCSs. Such a character-
istic is borne out in the C192AM4-PD simulations (Figure 3e). The simulated linear trends of SSTE"C and SST(EJ“v
are 0.17°C per decade and 0.01°C per decade, respectively. Similar results are obtained based on the HadISST
data set (Figure S4 in Supporting Information S1).

3.2. Dependence of SST, on the MCS Features

Both the observed and simulated duration, size, and intensity of tropical MCSs have been assessed extensively
in our previous study (Dong et al., 2021). Consistent with Roca et al. (2017), all these three key MCS features
are found to be highly non-normally distributed. MCSs with shorter duration, smaller size, and weaker intensity
largely outnumber those longer-lived, larger and more intense systems. As a result, one may query the results
presented here could be biased toward those relatively short-lived, small and weak systems. To probe if SST
is sensitive to different MCS catalog, we study the dependence of mean SST and its linear trend on the MCS
duration, size, and intensity, respectively. The observational data set shows a peak-like structure between the
mean SST; and the MCS duration, with the SST slightly increasing with the MCS duration prior to 21-hr
but decreasing afterward (Figure S9a in Supporting Information S1). A weak though statistically significant
(p < 0.001) dependence is simulated in the model for both PD and FU simulations, with the increasing rate to
be about 0.03°C per 3-hr increase in duration (Figures S9b and S9c in Supporting Information S1). Neither the
observed nor the simulated trend of SST; shows any dependency on the MCS duration. Similarly, the observed
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Figure 3. (a—c) Time series of tropical mean sea surface temperature (SST) (SST,;) and SST at the genesis of mesoscale
convective systems (MCS) (SST;) based on (a) observation and (b) C192AM4-PD during 1985-2008, and (c) C192AM4-FU
during 2015-2050. (d—f) Same as (a—c) but for SST, SSTEnV and SSTE"“. For each time series, the linear trends (dashed
lines) and the 95% confidence intervals (shaded area) are shown. The asterisk indicates that the linear trend is statistically
significant at the 95% confidence level.

mean SST shows no dependence on the MCS size (Figure S9d in Supporting Information S1) while the depend-
ences simulated by the model for PD and FU simulations (Figures S9e and S9f in Supporting Information S1) are
pretty small (0.05°C per 10,000-km? increase in size; p < 0.001). And no dependence is noted between the SST;
trend and the MCS size for both observation and model simulations. However, for the MCS intensity (third row
in Figure S9 in Supporting Information S1), both the observed and simulated mean SST; demonstrate a strong
dependence on the MCS intensity at a similar rate of 0.1°C per 1-K decrease in 7, (p < 0.001). Such dependencies
are more prominent at lower intensity (i.e., larger T, values). Moreover, the observed SST trend decreases as the
MCS intensity increases (0.006°C per dec per 1-K decrease in 7,; p < 0.001), but this dependence is not found in
model simulations. In summary, the SST; shows negligible dependences on the MCS duration and size, but it has
a strong dependence on the MCS intensity, with stronger MCS corresponding to larger SST;. The SST; trends
show no dependence on MCS duration and size, but larger trends are observed for weaker systems.

3.3. Response of SST, to a Warming Climate and Its Implications

The model's considerable skills in simulating tropical MCSs and SST; during the historical period lend credibil-
ity to the model-projected future changes. Based on the C192AM4-FU simulation, the genesis number of tropical
MCSs is projected to decrease by 2% with uneven spatial distribution (Figure S1c in Supporting Information S1).
Significant decreases are projected over the tropical Indian Ocean, subsidence regions, and Atlantic while
increases are projected over the Warm Pool region and tropical Eastern Pacific. By contrast, the spatial distri-
bution of SST; shows significant increases over nearly all tropical oceanic grids except the subsidence regions
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Figure 4. Scatter plot of sea surface temperature (SST) at the genesis of mesoscale convective system (SST, black dots) and tropical mean SST (SST,;, blue dots)
versus tropical mean upper-tropospheric (300 hPa) temperature (T300) based on (a) observation, (b) C192AM4-PD, and (c) C192AM4-FU. (a and b) cover the period
of 1985-2008 while (c) covers the period of 2015-2050. Darker (lighter) dots in (a) denotes results from NCEP-R2 (ERAS). Regression equations and correlation
coefficients are shown for each fitting line. Asterisk indicates the correlation coefficient is statistically significant at the 95% confidence level.

over Southeast and Southwest Pacific (Figure 2c). It shares a large similarity with the pattern of mean SST
change (Figure S2 in Supporting Information S1). The probability density distribution of SST in C192AM4-FU
simulation has shifted toward higher values compared to the C192AM4-PD simulation (Figure 1a). Moreover,
the upward trend of SST; is projected to increase at a faster rate of 0.28°C per decade, in sync with the trend
of SST,, at the rate of 0.26°C per decade (Figure 3c). The larger rate in SST,; is because of the use of RCP8.5
warming scenario in C192AM4-FU simulation. Similar to the C192AM4-PD simulation, the increase in SST in
C192AM4-FU is dominated by changes in SST’énV (Figure 3f).

The strong coupling of SST; with SST,, has been reported in previous studies (Defforge & Merlis, 2017b; Johnson
& Xie, 20105 Sobel et al., 2002), which is argued to be associated with the quasi-uniform change of SSTj; relative
to SST,,. This is evident in Figure 1b, in which the uniform shift of SST between warming and historical simu-
lations has diminished if relative SST (SST; minus tropical mean) is used, indicating that SST; are projected
to change little with respect to the tropical mean SST under global warming. This has been found in TC-related
rainfall areas in previous study based on both satellite observation and model simulations (Lin et al., 2015). The
spatial distribution of the difference between SST and SST,, is projected to stay the same as the current climate
(Figure S3c in Supporting Information S1). The ratio between tropical mean SST and SST), is close to 1.1 in
both observation and C192AM4-PD simulation and remains almost unchanged as climate warms (Figure S10 in
Supporting Information S1). This invariant ratio between SST; and SST,; suggests little change in the fraction of
convectively active areas over the tropical ocean. In practice, the fractional area of tropical ocean exceeding three
MCSs per 5° X 5° per month (the tropical mean oceanic MCS genesis number in current climate) has decreased
by 2% per degree of global warming (Figure S1 in Supporting Information S1) based on the model simulations,
while the fractional area exceeding 26°C SST isotherm has increased by 4% per degree global warming (Figure
S2 in Supporting Information S1).

Besides, SSTj; is strongly related to tropical upper-tropospheric temperatures considering that the tropical atmos-
phere is dominated by these saturated convective updrafts (Johnson & Xie, 2010; Sobel et al., 2002). Changes
in SST, could be a useful indicator of the tropospheric temperature changes, which have remained controver-
sial for a long-time due to the non-climatic artifacts found in radiosonde and satellite-derived data sets (Fu
et al., 2004; Randel & Wu, 2006; Sherwood et al., 2005). Figure 4 shows the scatter plot between the SST and
upper-tropospheric (300 hPa) temperature (T300). Remarkable correspondences are noted between SST; and
T300 based on both the ERA5 (r = 0.70, p < 0.001) and NCEP-R2 (r = 0.73, p < 0.001). The regression coef-
ficients are 0.42°C per °C for both ERAS and NCEP-R2 data sets. This relationship is well reproduced by the
C192AM4-PD simulations. The simulated regression coefficient is 0.46°C per °C (r = 0.85, p < 0.001), which
remains almost unchanged in the C192AM4-FU simulation (0.45°C per °C, r = 0.91, p < 0.001). It is not clear
to what extent these results might be model dependent, but they are consistent with previous findings based on
the theory of moist adiabatic lapse rate adjustment (~0.43°C per °C, Johnson & Xie, 2010). Such a consistency
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indicates that the tropical atmosphere will follow a moist adiabat as climate warms to first order. Given the inti-
mate relationship between SST; and SST,; shown above, one might expect a close correspondence between SST,,
and T300. However, much weaker correlation coefficients are noted between SST,; and T300 (Figure 4). This
is because SST,, also includes non-convecting regions, in which the SST has no direct way to influence the free
troposphere. In this regard, SST; may provide more important information than the tropical mean SST on tropical
tropospheric temperature change. This has been noted and discussed in previous studies (Flannaghan et al., 2014;
Fueglistaler et al., 2015), which found that the precipitation-weighted SST, an index that give more weight to SST
in regions where it rains more, can partly reconcile observations and simulations of tropical upper tropospheric
temperature trends while other factors, like the convection parametrization and associated small-scale processes
in the models, are also responsible (Keil et al., 2021). Moreover, the different evolution of tropical mean SSTs
and SSTs in regions of deep convection may help to explain the discrepancy between the trends in SST and
SST,, (Figure 3).

The moist adiabatic lapse rate adjustment, found in both observation and model simulations, suggests an overall
reduction in tropical convection with the increase in SSTj; since the environment for tropical systems formation,
like MCSs, is becoming more stable as climate warms. Such changes manifest as a reduction of the upward
mass flux over the convective regions (Held & Soden, 2006), leading to a notable reduction in observed MCSs
globally (Dong et al., 2021). At a regional scale, non-uniform SST changes can cause shifts in active convective
regions, other factors such as large-scale circulation, internal climate variability and localized aerosol effects can
also lead to shifts in those areas of active convection, making it difficult to detect and attribute any long-term
changes in regional systems. To put it in a more general context, the temperature of near surface air has to reach
a certain threshold for it to rise. As climate warms, the tropical atmosphere follows the moist adiabat and the crit-
ical temperature increases along with the surface warming. The upper-tropospheric temperature needs to adjust
accordingly to keep up, which in turn creates conditions less favorable for the formation of convection. These
arguments have been discussed in many idealized or climate model simulations studying TCs (Chand et al., 2022;
Sobel et al., 2021). Recent studies based on observation have shown a decreasing trend of global TC frequency
with duration larger than 2 days since 1990 (Klotzbach et al., 2022), while an increase in SST at the genesis of
TCs was observed at the same time (Defforge & Merlis, 2017b). Our analysis thus extends the previous study
on tropical TCs to more frequently occurring MCSs, providing another piece of evidence that can increase our
confidence in future projections of fewer tropical systems associated with global warming.

4. Conclusions

This work is the first study to extend the analysis of the linkage between tropical convection and underlying SST
to MCS. The event-based evaluation of SST at the genesis of MCS fills in the gap between pioneer works based
on either limitedTCs (~90 per year) or general convection estimated by monthly precipitation data set. The capa-
bility of the model in capturing the observed SST, features suggests it is a useful tool to study future projections.
The variability of the tropical SST threshold for MCS genesis is robust and clearly detectable in both observations
and the high-resolution C192AM4 model. The tropical mean SST; is about 28°C in the current climate with a
small seasonality. Both observations and the C192AM4-PD simulation show that SST; has undergone a signifi-
cant warming trend at a rate of ~0.2°C per decade during their overlapping period of 1985-2008. Moreover, the
SST, shows negligible dependences on the MCS duration and size, but it has a strong dependence on the MCS
intensity, with stronger MCS corresponding to larger SST,. The SST; trends show no dependence on MCS dura-
tion and size, but larger trends are observed for weaker systems. The SST; shows a remarkable correspondence
with the tropical mean SST on interannual and longer timescales. The relative influence of the MCS genesis
location changes on the upward trend of SST is negligible when compared to the environmental SST warm-
ing, which predominantly determines the positive trend of SST;. A warming simulation projects a continuous
increase in SST;, but a constant relationship between SST; and upper tropospheric temperature is found in both
the current and warming simulations, which confirms the notion that the tropical troposphere has warmed and
will continue to warm in a way following the moist adiabatic adjustment. Consequently, we may expect fewer but
stronger tropical systems, such as TCs and MCSs, in warming projections.
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