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Abstract Two proxies for lightning predict very different responses to global warming: the CAPE times
precipitation proxy predicts a large increase in lightning over both the continental United States and the
tropical oceans, while the ice flux proxy predicts a small increase over the United States and a decrease
over the tropical oceans. To date, however, these proxies have been studied only in global climate models
with parameterized convection. Here, cloud-resolving simulations are used to assess their predictions of
future lightning rates. Over the United States, all proxies predict a large increase in the lightning rate in the
range of 8-16%/K. On the other hand, in the tropics as modeled by radiative convective equilibrium, half of
the proxies predict an increase (of 5-12%/K), while the other half predict a decrease (of 1-4%/K). The
reasons for the different responses of these proxies is explored, but it remains unclear which proxy is best
suited to predicting future lightning rates.

1. Introduction

In recent years, two meteorological proxies for lightning have been proposed: the product of convective avail-
able potential energy (CAPE) times the precipitation rate P (Romps et al., 2014) and the midtropospheric
convective flux of ice (Finney et al., 2014). The CAPE X P proxy has been shown to be a good match to obser-
vations (Romps et al., 2014, 2018; Tippett et al., 2019) as has the ice flux proxy (Finney et al., 2014, 2016). But
it appears that these proxies make very different predictions for the impact of global warming on lightning
strike rates. Over the continental United States (CONUS), the CAPE X P proxy predicts a 12 + 5% increase
in CONUS lightning strike rate per kelvin of global-mean temperature increase (Romps et al., 2014), while
the ice flux proxy predicts an increase over CONUS of only 3.4%/K.

For the tropics, the predictions are even more divergent. Because tropical CAPE is expected to increase by
about 8%/K (Romps, 2014, 2016; Seeley & Romps, 2015) and tropical precipitation is expected to increase
by about 2%/K (Held & Soden, 2006; Jeevanjee & Romps, 2018; Lambert & Webb, 2008; Stephens & Ellis,
2008), we expect tropical CAPE X P and, therefore, tropical lightning to increase at about 10% per K of
local surface-air temperature change. But the simulations of Finney et al. (2018) found a 5%/K decrease in
tropical lightning. (Finney et al. (2018) report in their Table S1 a 28.3% decline in the tropical flash rate
from a global-mean temperature change given in their Figure S2 as 4.87 K. From these, we can calculate
log(1.283)/4.87 = 0.05/K.)

To date, these proxies have been evaluated only in global climate models (GCMs) with parameterized con-
vection. Here, we take advantage of two preexisting cloud-resolving simulations of global warming in an
attempt to (1) evaluate the performance of these and other lightning proxies over CONUS in today's cli-
mate, (2) assess whether the CONUS lightning flash rate will increase at O(10)%/K or just a few %/K, and
(3) ascertain whether lightning over the tropical oceans should increase or decrease with warming.

2. Simulations

The analysis presented here will take advantage of two sets of simulations available from other studies:
a pair of 13-year-long cloud-resolving simulations over CONUS (RM. Rasmussen & Liu, 2017) and three
4-year-long cloud-resolving simulations of tropical radiative convective equilibrium (RCE) over a slab ocean.

2.1. WRF Simulations of CONUS
The pair of cloud-resolving simulations over CONUS were conducted with the Weather Research and
Forecasting (WRF) model v3.4.1 using a 4-km horizontal grid spacing (RM. Rasmussen & Liu, 2017).
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The simulations used the Thompson aerosol-aware, six-class, bulk microphysics scheme (G. Thompson &
Eidhammer, 2014) and the Rapid Radiative Transfer Model for General Circulation Models (RRTMG;
Clough et al., 2005; Iacono et al., 2008). The first simulation was a control (CTRL) simulation covering 13
years from October 2000 to September 2013, and data are analyzed here over the 7-year period from 1 January
2006 to 31 December 2012. To reproduce the broad outlines of the actual weather, the model's temperature,
geopotential height, and wind were nudged on large scales to the ERA-Interim reanalysis (Dee et al., 2011;
Liu et al., 2017; KL. Rasmussen et al., 2017). The second simulation is a pseudo global warming (PGW) sim-
ulation that was identical to CTRL except that the nudging targets were set equal to ERA-Interim plus the
model-ensemble-mean changes in monthly climatology over the 21st century (mean over 2071-2100 minus
mean over 1976-2005) from the CMIP5 simulations of the RCP8.5 scenario. This modeling approach cap-
tures the effect of global warming on thermodynamic fields but does not capture possible changes to the
large-scale circulation, such as a shift in the storm track. For both CTRL and PGW, lightning proxies are
calculated here using the three-dimensional snapshots that were saved every three hours.

2.2. DAM Simulations of RCE

The three cloud-resolving simulations of tropical, maritime RCE were conducted with Das Atmosphérische
Modell (DAM; Romps, 2008) using a 1-km horizontal grid spacing on a 108-km-wide square domain. The
simulations used a six-class, single-mode, bulk microphysics scheme (Krueger et al., 1995; Lin et al., 1983;
Lord et al., 1984) and RRTMG (Clough et al., 2005; Iacono et al., 2008). The three simulations were identi-
cal except for the concentrations of carbon dioxide, which were set to 280, 1,120 (i.e., 4x), and 4,480 ppmv
(i.e., 16x). By definition, RCE does not have any large-scale circulation that could export energy out of the
column, so a cooling of 112 W/m? was applied to the slab ocean to guarantee that the 280-ppmv simulation
equilibrated to a sea surface temperature (SST) of 300 K (to give values of CO, and SST that are represen-
tative of the preindustrial tropics). The 4x and 16x simulations equilibrated to an SST of 306 and 315 K,
respectively. In this study, lightning proxies are calculated at every time step during a 100-day simulation
that was restarted from the end of the 4-year equilibration period.

3. Proxies

With these cloud-resolving models, we will look at the behavior of four lightning proxies: two proxies based
on storm intensity and precipitation rate (CAPE x P and PW10) and two proxies based on the properties of
ice in storm clouds (IFluxT and I x G).

3.1. CAPEXx P

CAPE x P was introduced by Romps et al. (2014) and has been validated extensively over CONUS (Romps
et al., 2014, 2018; Tippett et al., 2019). In the cloud-resolving simulations over CONUS used in section 4,
CAPE is calculated instantaneously, the precipitation rate P is averaged over the ensuing three hours, and
CAPE x P is defined as their product. In the cloud-resolving simulations of RCE used in section 5, CAPE is
calculated from mean profiles and P is taken to be the mean precipitation rate.

3.2. PW10

A closely related proxy, which we define here and denote by PW10, is the precipitation rate conditioned on
there being a vertical velocity exceeding 10 m/s in the column above. This proxy is motivated by evidence
that a sufficiently high vertical velocity, of around 10 m/s, is needed to generate lightning (E. Zipser & Lutz,
1994; EJ. Zipser, 1994). We might expect PW10 to behave similarly to CAPE X P since higher CAPE will
tend to generate more updrafts with vertical velocities exceeding 10 m/s. Unlike CAPE x P, however, it is
typically not possible to calculate PW10 from reanalysis or GCMs since the relevant convective velocities
are not resolved.

3.3. IFluxT

In their study of future lightning rates, Finney et al. (2018) used a proxy that has been referred to as IFLUX
(Finney et al., 2014) and ICEFLUX (Finney et al., 2016) and is defined as the vertical flux of ice mass at
a pressure of 44 kPa. Let us refer to this proxy as IFluxP, with a P to denote the fact that this is evaluated
on a surface of constant pressure. We calculate it here as the upward mass flux of cloud ice on the 44-kPa
surface where the vertical velocity exceeds 1 m/s. Both WRF and DAM use a bulk microphysics scheme
with six classes (vapor, cloud water, cloud ice, rain, snow, and graupel) and only the ice class is used in
this calculation (i.e., “QICE” in WRF and “qi” in DAM). The vertical-velocity restriction focuses the proxy
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on convective updrafts and should exclude, for example, cirrus clouds that are gently oscillating due to
gravity waves.

As shown in supporting information Figure S1, the IFluxP proxy greatly exaggerates the lightning over the
mountainous Western United States in all but the summer months. Another problem with the IFluxP proxy
is that its definition on a fixed isobar makes it poorly suited to the study of global warming. To see why, note
that lightning is caused by charging that takes place in the mixed-phase region of clouds (Williams et al.,
1991), and the mixed-phase cloud region is bounded by the 273-K isotherm (where ice can first form) and
the 240-K isotherm (where liquid drops freeze homogeneously). Therefore, the charging layer will follow
the isotherms with global warming, not the isobars. In addition, many related properties of the atmosphere
have also been shown to follow isotherms much more closely than isobars, for example, relative humidity
(Romps, 2014), cloud anvils (Hartmann & Larson, 2002), the tropopause (DWJ. Thompson et al., 2017; Seeley
et al., 2019), and radiative cooling (Jeevanjee & Romps, 2018). Therefore, we use here IFluxT, defined to be
the convective ice flux on the 260-K isotherm, which lies within the mixed-phase regions of clouds and is
close to the 440-mbar isobar in a modern-day tropical sounding. As shown in Figure S1, the use of IFluxT
instead of IFluxP eliminates the spurious values over the Western US.

34.I1xG

Laboratory experiments show that electrification is generated by the collision of ice particles with riming
graupel in the mixed-phase region of a cloud (Takahashi, 1978). All else equal, the rate of collisions between
ice and graupel, and so the rate of electrification, will be proportional to the product of their respective
number concentrations. The phrase “all else equal” is a significant leap of faith here since the “all else”
includes size distributions, free-fall speeds, and riming rates, but it is no more a leap of faith than is required
for the other lightning proxies. In this spirit, let us define the I X G lightning proxy as the vertical integral of
the product of the densities of ice and graupel.

In summary, the four proxies are defined as

“CAPE X P"(x, y, t) = CAPE(x, y, )P(x, , 1) (1)

“PW10"(x, y, £) = P(x, y, )M (mzaxw(x, 1.2, —10 m/s) )

“IFluxT”(x, y, 1) =p,(x, .2, Ow(x, y, 2/, OH [w(x, 3,2/, 1) = 1 m/s] 3
where T(x, y,7) = 260 K

“IXG"(x,y,0) = /O ) dz p(x, y, 2, D)pg(x, y, 2, 1), €))

where CAPE (J/kg) is the convective available potential energy calculated for isentropic ascent of
near-surface air, P (kg:-m~2-s71) is the precipitation rate, H is the Heaviside unit step function, w (m/s) is the
vertical velocity, p; (kg/m?) is the mass of ice per volume of air, Pg (kg/m3) is the mass of graupel per volume
of air, and T (K) is the air temperature.

4. CONUS Lightning

Using the cloud-resolving WRF simulations over CONUS, we can address the first two questions from
section 1: whether these four proxies are reliable in today's climate and whether they predict a small (few
%/K) or large (~10%/K) increase in CONUS lightning with global warming.

4.1. Proxy Validation Over CONUS

To evaluate these proxies in today's climate, we can use the monthly mean maps of lightning flash rates
over CONUS from the National Lightning Detection Network (NLDN; Orville & Huffines, 2001; Wacker &
Orville, 1999). Figure 1 shows scatterplots of the horizontally averaged monthly climatology of each proxy
in the WRF CTRL simulation (averaged over 2006 to 2012) against the horizontally averaged monthly cli-
matology of NLDN lightning strike rate (averaged over 2006 to 2012) for each of four quadrants of CONUS
defined by boundaries at 99°W and 39°N. Despite biases in the WRF simulation (e.g., low biases in CAPE
and precipitation in the Central United States, not shown here), we see that all of the proxies perform well
in comparison to the monthly climatology of observed lightning strikes, with R? values of 0.75 and higher.
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Figure 1. Monthly climatology of flash rate per area versus proxy for each of the four proxies (the four panels) and each of the four regions of CONUS (the four
colors within each scatterplot) calculated with WRF and NLDN data from 2006 through 2012. Each scatterplot has 4 x 12 = 48 points corresponding to a
monthly climatology for each of the four regions.

WRF's biases in CAPE and precipitation are a particular hindrance to the performance of CAPE X P here.
When the calculation is repeated using CAPE x P from the National Centers for Environmental Predic-
tion (NCEP) North American Regional Reanalysis (NARR; Mesinger et al., 2006) the R? jumps to 0.86; see
Figure S2.

4.2. CONUS Projections
The global-warming-induced increase in annual-mean, CONUS-mean proxy values can be expressed as a
fractional change per degree of mean warming according to

log(X,) — log(X,)

— ) 5
T2 - Tl

Fractional change in X per K of warming =

where the overbar is a horizontal and temporal average, T is the near-surface air temperature, and sub-
scripts 1 and 2 correspond to the CTRL and PGW simulations, respectively. The fractional changes in the
proxies over CONUS are shown in Figure 2a. We see that CAPE X P, PW10, IFluxT, and I x G all increase
with warming; they increase at rates of 9%/K, 16%/K, 8%/K, and 13%/K, respectively. The 9% per K of local
warming found here for CAPE x P here is consistent with the 12% per K of global warming obtained by
Romps et al. (2014) once we account for the 50% enhancement of land warming over ocean warming (Sutton
et al., 2007), which translates into a 30% enhancement of land warming over the warming of the global
mean: note that 1.3 X 9 = 12. Therefore, we conclude that all proxies, including IFluxT, predict an increase
in lightning over CONUS at the rate of O(10)%/K. In particular, the 8%/K increase predicted by IFluxT in
this cloud-resolving model is more than twice the increase of 3.4%/K predicted by Finney et al. (2018) using
TFluxP in a GCM with parameterized convection.
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Figure 2. (a) From CTRL to PGW in the simulations over CONUS, the increase in the annual-mean CONUS-mean lightning proxies expressed as a fractional
change per degree of annual-mean CONUS-mean surface-air temperature change. (b) From 1x to 4xCO, (dark gray) and 4x to 16xCO, (light gray) in the slab
ocean simulations of tropical, maritime RCE, the fractional change in proxies per degree of SST change.

5. Tropical Lightning

Using the cloud-resolving DAM simulations of RCE over a slab ocean, we can attempt to address the third
question from section 1: whether global warming will cause tropical maritime lightning rates to increase or
decrease.

5.1. Tropical Projections

To examine the predictions of the lightning proxies in a tropical atmosphere, we calculate the mean values
of the proxies in each of three slab ocean simulations (with 1%, 4x, and 16X the preindustrial concentration
of CO,). Fractional changes per degree of SST warming are calculated as in equation (5) with T representing
the slab ocean temperature and subscripts 1 and 2 corresponding to slab ocean simulations with different
atmospheric CO, concentrations. Figure 2b shows the fractional increases in the four proxies between the
1x and 4% simulations (dark gray bars) and between the 4x and 16x simulations (light gray bars). We see that
the proxies do not agree on the sign of the change: CAPE X P and PW10 predict increases of 9-12%/K and
5-8%/K, respectively, but IFluxT and I X G predict decreases of 1-3%/K and 3-4%/K, respectively. Consistent
with expectations, the increases in CAPE X P are driven by increases in CAPE of 7-9%/K and increases in P
of 1-3%/K.

Even though IF1uxT is predicting a decrease in lightning, the decrease is at a rate of 1-3%/K, which is smaller
than the 5%/K decline for the tropics predicted by the GCM modeling of Finney et al. (2018). This difference
may be due, in part, to the fact that the latter result is for the entire tropics, including both ocean and land.
Nevertheless, these RCE simulations confirm, within a cloud-resolving model, that the CAPE X P and IFluxT
proxies make very different predictions for the future of maritime tropical lightning.

5.2. Proxy Validation in the Tropics

One possible explanation for the discrepancy between CAPE x P and IFluxT is that CAPE X P simply does
not work in the tropics. To check this, we can compare tropical oceanic CAPE X P calculated from reanal-
ysis with tropical oceanic lightning measured by the World Wide Lightning Location Network (WWLLN;
Hutchins et al., 2012; Jacobson et al., 2006; Virts et al., 2013). The reason for focusing on the oceans here is
twofold: (1) for consistency with the RCE simulations and (2) because an analysis of both land and ocean
would run afoul of the fact that both CAPE x P and IFluxP greatly underestimate the land/ocean lightning
contrast (Finney et al., 2014; Romps et al., 2018).

For this analysis, we will look at the monthly climatology of CAPE x P and lightning in the seven tropical
ocean basins demarcated at the top of Figure 3. The European Centre for Medium-Range Weather Forecasts
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Figure 3. Monthly climatology of observed flash rate per area versus the monthly climatology of reanalysis CAPE X P for each of seven ocean basins (the seven
colors in the scatterplot). The scatterplot has 7 x 12 = 84 points corresponding to a monthly climatology for each of the seven ocean basins.

(ECMWEF) reanalysis, referred to as ERA-Interim (ERA; Dee et al., 2011), is used to calculate 3-hourly global
maps of CAPE X P over 11 years (from 2005 to 2015, inclusive). These are then averaged to give a monthly
climatological value within each of these basins. Plotting the 7 X 12 = 84 monthly per-basin WWLLN flash
rate densities against the corresponding 84 ECMWF CAPE x P values, we get the scatterplot in Figure 3. We
see that CAPE X P does a very good job of capturing the month-to-month and interbasin variations in tropical
lightning. (Note that both the flash rate and CAPE X P are expressed as rates per area so that differences in
basin size are not contributing to the correlation here.) The fact that this correlation is so strong is all the
more remarkable given that reanalyses are poorly constrained by observations over the oceans. We conclude,
therefore, that CAPE X P cannot be discarded as a tropical maritime lightning proxy based on a comparison
with the current climatology. Finney et al. (2016) subjected the IFluxP proxy to a related test and found that
it also performed well in this regard. So, we are left with two proxies that both perform reasonably well in
today's climate but which predict very different responses of tropical lightning to global warming.

6. Discussion

To help understand how IFluxT and I X G could decrease at the same time that CAPE X P and PW10 increase,
Figure 4 plots some relevant vertical profiles from the three slab ocean simulations, color-coded as blue,
black, and red for the 1%, 4%, and 16xXCO, simulations, respectively. We know that global warming increases
CAPE (Romps, 2014, 2016; Seeley & Romps, 2015; Singh & O'Gorman, 2013), and higher CAPE should
give updrafts a higher buoyancy. This is confirmed by Figure 4a, which plots the mass-flux-weighted mean
buoyancy of updrafts, defined as regions with w > 1 m/s, plotted against temperature as a height variable.
We see that the buoyancy of updrafts increases with warming, consistent with the increase in CAPE. A
natural consequence of higher buoyancy is a higher vertical velocity, and this plays out as expected, as seen
in Figure 4b.
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Figure 4. For the (blue) 1x, (black) 4x, and (red) 16xCO, tropical RCE simulations, mean profiles, plotted against
temperature as a height coordinate, of (a) mass-flux-weighted updraft buoyancy, (b) mass-flux-weighted updraft

vertical velocity, (c) updraft mass fluxes of various categories of water, and (d) domain mean product of the densities of
ice and graupel.

Although convective vertical velocities increase with warming, Figure 4c shows that the mass fluxes of var-
ious water substances are roughly invariant functions of isotherm. Here, the mass flux of total liquid is
calculated as the horizontal and temporal average of (p, + p,)WH(w — 1 m/s), where p, and p, are the den-
sities of cloud liquid and rain. (Note that rain falls relative to the dry air, so this is not the net flux of liquid
water in updrafts.) Similarly, the mass flux of total solid is calculated as (p; + p; + p,)WH (W — 1 m/s), where
pi» ps» and p, are the densities of cloud ice, snow, and graupel, respectively.

The invariance of these mass fluxes is remarkable, but not entirely unexpected. Recent work has demon-
strated that, in RCE, both relative humidity and radiative cooling rates are approximately invariant functions
of temperature (Jeevanjee & Romps, 2018; Romps, 2014). To the extent that net radiative cooling above a
given isotherm is balanced by the vertical eddy flux of latent enthalpy at that isotherm, the invariance of
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that net radiative cooling (Jeevanjee & Romps, 2018) implies that Mq; (1 — RH), where M is the convective
mass flux and g; is the saturation mass fraction, is an invariant function of isotherm. Since RH is also an
invariant function of isotherm (Romps, 2014), we conclude that the water vapor mass flux Mg} must be an
invariant function of isotherm. Indeed, we see that this prediction is borne out to good approximation in
Figure 4c. It is harder to explain the concomitant invariance of the mass fluxes of condensates, but note that
these condensates ultimately derive from the condensation of water vapor, which is directly related to the
vertical gradient of Mg} (1 — RH), which is temperature-invariant. And, while Figure 4c shows that the water
mass fluxes are approximately conserved, there are some variations on fixed isotherms from one simulation
to the next. For ice, whose mass flux is a small fraction of the total solid mass flux, those small variations
produce the small fractional changes of IFluxT in Figure 2b.

While the IFluxT proxy is a measure of the flux of ice, the I X G proxy is a measure of the stock of ice
and graupel. In Figure 4d, we see that the domain mean product of ice and graupel densities—that is,
pipg—experiences much bigger fractional changes with warming. We note that this would be expected even
if the mass fluxes were exact functions of isotherm, and we would expect this because of the higher CAPE.
Higher CAPE leads to greater updraft buoyancy, which leads to higher vertical velocities (as seen in panels
a and b). Those higher vertical velocities imply that an invariant water mass flux must be occurring over a
smaller fractional area. Or, in other words, by having the same ice flux at a higher vertical velocity, the pres-
ence of condensates in updrafts is more fleeting, and so I x G is smaller; as shown in Figure S3, the domain
mean densities of both ice and graupel decrease with warming.

In summary, we can understand the different responses of the four proxies in tropical, maritime RCE in
the following way. We expect small changes in water mass fluxes since they are approximately described
as fixed functions of isotherm (thus, the IFluxT proxy predicts very little change in tropical lightning). At
the same time, we expect much higher CAPE and higher updraft velocities (thus, CAPE x P and PW10
predict large increases in tropical lightning). However, those higher vertical velocities lead to a decrease in
the column-integrated stock of cloud ice (thus, I X G predicts a marked decrease in tropical lightning). But
it remains to be seen which of these proxies, if any, is accurately forecasting the future of tropical lightning
in a warmer world.
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