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ABSTRACT: Entrainment of dry tropospheric air can dilute cloud buoyancies and strongly affect the occurrence and

intensity of convection. To measure this dry air influence on tropical precipitation, rainfall values that would occur when

convection is ‘‘protected’’ from dry air dilution are estimated. An empirical relationship between tropical oceanic pre-

cipitation and entraining buoyancy in the lower troposphere (from the surface to 600 hPa) is leveraged. Protected buoy-

ancies are computed by allowing a plume model to entrain saturated air at environmental temperature. These buoyancies

are then used to estimate precipitation from protected convection. In most regions, the protected precipitation greatly

exceeds the observed precipitation. Warm waters adjoining continents display striking disparities between observed and

protected rainfall pointing to rainfall climatologies severely limited by dry air. The most prominent of these regions include

the Red Sea and the Persian Gulf, followed by the Caribbean Sea, the Gulf of Mexico, and the seas surrounding the

Maritime Continent. We test if similar large precipitation values are realizable in the Community Atmospheric Model

(CAM5), wherein the parameterized convection in small (;28 3 28) pockets is allowed to only entrain saturated air. The

precipitation within these pockets shows strong enhancement that is maintained over time, and is compensated by slight

reductions in neighboring regions. In the model, protecting convection yields larger precipitation values over ocean than

over land; protected precipitation also intensifies in a uniform SST warming experiment. The model experiments suggest

that protected pockets in numerical simulations could be used to mimic the consequences of meteorological pro-

tection—from closed circulation or moisture shielding effects—that generate extreme precipitation.
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1. Introduction

It is well known that dry air impacts tropical rainfall. Early

researchers recognized that cloudy air properties are diluted

upon mixing with environmental air (Stommel 1947; Austin

1948;Warner 1955). They also deduced that themixing process

is a consequence of entrainment due to vertical acceleration in

deep convective clouds (Houghton and Cramer 1951). In the

tropics, the dilution of cloud properties is known to be perva-

sive enough (Zipser 2003; Fierro et al. 2009; Romps and Kuang

2010) to regulate the occurrence and depth of moist convection

(Brown and Zhang 1997; Sherwood 1999; Jensen and Del

Genio 2006; Holloway and Neelin 2009; Schiro et al. 2016).

When cloudy elements are protected from dry air dilution,

the result appears to be a concomitant increase in precipitation

intensity. For instance, high-resolution modeling studies have

shown thatmoist protective shells (Dawe andAustin 2011; Yeo

and Romps 2013; Hannah 2017; Becker et al. 2018) around

tropical convective elements arrest dilution. As a result, ag-

gregated convective elements are hypothesized to benefit from

greater mutual protection (Feng et al. 2015; Moser and Lasher-

Trapp 2018) that can prolong lifetimes and increase pre-

cipitation rates. A similar mechanism may allow tropical

coastal precipitation to occur in relatively dry environments

(Bergemann and Jakob 2016). Closed circulations in critical

layers of easterly waves are hypothesized to limit dilution

and support the growth of pretropical storm disturbances

(Dunkerton et al. 2009; Montgomery et al. 2010; Wang et al.

2010). The inner core of developed tropical cyclones (TCs) is

also shielded by ‘‘moist envelopes’’ (Braun et al. 2012; Kimball

2006; Fritz and Wang 2013) that emerge as a consequence of

the inertial stability (Schubert and Hack 1982; Willoughby

et al. 1984) limiting radial inflow above the boundary layer.

Thermodynamic properties that are consistent with the lack of

dilution have also been observed in severe midlatitude storms

(Davies-Jones 1974; Bluestein et al. 1988; Bryan et al. 2003).

The geographical distribution of precipitation that would

result from the absence of dry air dilution—or ‘‘protected’’

precipitation—is a key target of this study. This distribution

will be used highlight regions whose precipitation climatology

is most limited by dry air. To construct the protected precipi-

tation climatology, we require an estimator of area-averaged

precipitation for the tropics that also contains an explicit de-

pendence on dry air dilution. A recently documented empirical

relationship (Ahmed and Neelin 2018, hereafter AN18; Schiro

et al. 2018, hereafter S18; Ahmed et al. 2020) between area-

averaged tropical precipitation and a measure of buoyancy in

the lower troposphere (BL) proves adequate for this purpose.

The BL variable condenses environmental moisture and temper-

ature information through the buoyancy of a bulk, entraining

plume (Betts 1975; Jakob and Siebesma 2003; Holloway and

Neelin 2009). The BL variable measures the environmental sup-

port for convection and does not directly correspond to the

buoyancy of convecting entities. EveryBL value is associated with

an area-averaged precipitation expected value; the precipitation

increases with BL above a threshold value in a relationship that

holds robustly across tropical oceans. This precipitation–BL

relationship explains geographical variations noted in other

empirical relationships, including those between tropical pre-

cipitation and column-integrated moisture and temperatureCorresponding author: Fiaz Ahmed, fiaz@ucla.edu
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variables (Bretherton et al. 2004; Peters and Neelin 2006; Neelin

et al. 2009; Ahmed and Schumacher 2015; Kuo et al. 2018;

Rushley et al. 2018). Prior results using column-integrated

moisture (Ahmed and Schumacher 2015, 2017) suggest that

area-averaged precipitation changes with BL are primarily due

to changes in the areal coverage of precipitation. This is consis-

tent with radar-based studies that report a strong link between

area-averaged precipitation and the precipitating area fraction

(Davies et al. 2013; Kumar et al. 2015; Louf et al. 2019; Powell

2019). There are likely other such finer-scale details that un-

derpin the physics of the precipitation–BL relationship; for ex-

ample, the cloud microphysics, the measurement of entrainment

(Romps 2010; Yeo and Romps 2013), the fundamental structure

of convecting entities (Sherwood et al. 2013; Romps and Charn

2015; Morrison et al. 2020), and their true local buoyancies. In

this study, we sidestep these considerations and instead leverage

the robustness of the precipitation–BL relationship to directly

estimate protected precipitation.

The buoyancy measure BL combines information about

(i) the boundary layer moist static energy (or equivalent po-

tential temperature) relative to the free tropospheric temper-

ature, akin to convective available potential energy (CAPE),

and (ii) the lower-free-tropospheric saturation level. The BL

measure can be partitioned to separately account for contri-

butions from a saturated component (BL-sat) and effects of

dilution (BL-sub). Specifically BL-sat provides an estimator of

the precipitation that potentially could occur when the en-

trained environmental air is saturated at environmental tem-

perature—with the further assumption that other factors

affecting precipitation remain constant. The latter caveat is

more likely satisfied over the tropical oceans, where the large-

scale balances enforce relatively invariant boundary layer

properties (Emanuel 1995; Raymond 1995; Emanuel 2019) and

free tropospheric temperature profiles (Sobel and Bretherton

2000; Sobel et al. 2001). Our analysis will therefore primarily

focus on ocean regions. In the first part of the study, we create a

climatology of protected precipitation using BL-sat. In the

second part of this study, we use version 5 of the Community

Atmospheric Model (CAM5) to test the consequences of

protecting parameterized convection in the model. A brief

description of the reanalysis data and modeling tools is pro-

vided in section 2. Section 3 outlines the method used to create

the empirical protected precipitation product from reanalysis

information. Section 4 highlights noteworthy dry air limited

regions of the tropical and subtropical oceans using the pro-

tected precipitation product. Section 5 reports the preliminary

consequences of artificially enforcing protection of convection

in CAM5. In section 6, additional experiments probe the sen-

sitivity of parameterized CAM5 convection to the details of

protection and to uniform surface warming. Section 7

contains a summary and discussion of our main results.

2. Data, models, and methods

a. Reanalysis data

We use profiles of temperature and specific humidity on

pressure levels from the ERA5 reanalysis (Hersbach et al.

2020) sampled every 3 h on a 0.258 horizontal grid. The ERA5

information was regridded to match the 0.258 gridded, 3-hourly
precipitation data from the Tropical Rainfall Measuring

Mission (TRMM 3B42; Huffman et al. 2007). The thermody-

namic and precipitation data were used for a 13-yr period

spanning from 2002 to 2014.

b. Entraining plume model

We use an entraining plumemodel to compute the empirical

buoyancy measure BL. The plume is initialized near the sur-

face, and conserves the ice–liquid water potential temperature

(ueil; Emanuel 1994) during phase change. Plume liquid water

content exceeding 1 g kg21 is assumed to rain out. The plume is

assumed tomix environmental air in accordance with the deep-

inflow mixing profile (Holloway and Neelin 2009; Schiro et al.

2016; S18). In this mixing profile, the plume incorporates nearly

the same mass of environmental air at every level between the

surface and the freezing layer. The assumptions of the deep-

inflowmixing formulation are consistent with observed reports

of vertically deep lateral inflow into strong tropical convection

(Ferrier and Houze 1989; Kingsmill and Houze 1999; Mechem

et al. 2002). Upon translating the mixing profile to fractional

mixing coefficients (expressed in km21), the obtained coeffi-

cients are inversely proportional to altitude [see ‘‘Deep inflow

B’’ in Holloway and Neelin (2009) and Schiro et al. (2016)].

The plume computation then yields the plume virtual tem-

perature, which is used to define BL:
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whereTyp andTy are the virtual temperatures of the plume and

the environment, respectively; g is a constant acceleration due

to gravity (9.8m s22), and ps is the surface pressure. We use

pL 5 600 hPa, since an average over the lower troposphere is

adequate to construct the precipitation statistics. The measure

of BL in (1) is a close numerical analog to the analytic version

used in AN18, in which BL is a function of layer-averaged

equivalent potential temperature ue. In contrast, the function

in (1) uses the full vertical structure of ERA5 temperature and

moisture in the lower troposphere, and therefore includes ef-

fects of any sharp vertical gradients. This sensitivity allows BL

computed using (1) to better discern features such as local

temperature inversions. Protected buoyancies are computed

by allowing the plume model to only entrain saturated air at

the environmental temperature; the entrainment associated

with both turbulent and coherent inflow to convective plumes

may still be present. Allowing the plume to entrain saturated

air nearly renders the plume undilute since differences be-

tween plume and environmental sensible heat values are neg-

ligible (Waite and Khouider 2010). Hereon, we will use the

terms ‘‘protected’’ and ‘‘undilute’’ interchangeably to refer

to plume-specific quantities computed by entraining satu-

rated air.

To examine the relative importance of protection in differ-

ent vertical layers, we also consider ‘‘partially protected’’

buoyancies. These are computed by allowing the plume model

to entrain saturated air in the bottommost 200-hPa layer
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(;1000–800 hPa over tropical oceans), and observed unsatu-

rated environmental air through the rest of the lower tropo-

sphere (;800–600 hPa). The dilute, fully protected, and partially

protected versions of the plume model are run over all tropical

ocean points on the ERA5 grid between 358N and 358S for a

13-yr time period between 2002 and 2014.

c. Community Atmospheric Model experiments

The CAM5 model (Neale et al. 2012) at a horizontal reso-

lution of 0.98 latitude 3 1.258 longitude is used to test the im-

plications of our empirical predictions. This model is equipped

with the Zhang–McFarlane (ZM) cumulus parameterization

scheme (Zhang andMcFarlane 1995) that characterizes subgrid-

scale convection using the properties of a bulk plume. The clo-

sure in the ZM scheme consumes dilute CAPE (DCAPE; Neale

et al. 2008). Protection from dilution is enforced within small

specified regions such that the parameterized convection only

mixes with saturated environmental air. In the ZM scheme, the

mixing between the plume and the environmental air is specified

in two different locations. The first of these locations is the

convective closure, in the FORTRAN subroutine closure. In the

second location—within the FORTRAN subroutine cldprp—a

spectrum of convective updrafts and downdrafts also mix in

environmental air at different entrainment rates than the pre-

scribed value in the closure. The launch level for the model

convection is still determined by the nonprotected environ-

mental properties—which in the ZM scheme is governed by the

level of maximum moist static energy. The different model ex-

periments used are detailed below; these experiments vary in the

type of protection enforced, parameter values, and surface

boundary conditions.

1) STANDARD PROTECTED AND CONTROL RUNS

The CAM5 model is initialized on 1 January 1979 with

observed sea surface temperatures (SSTs) and is allowed

three months of spinup. A 3-yr control run (CTRL) is sub-

sequently produced. Protection is enforced in the standard

protected run (PROT) by (i) computing DCAPE with satu-

rated environmental air in the subroutine closure, (ii) en-

suring that the convective updrafts and downdrafts only mix

saturated environmental air in the subroutine cldprp, and (iii)

suppressing the re-evaporation of convective rain within the

subroutine zm_conv_evap. These modifications to the ZM

scheme are consistent with the physical assumption that the

air being entrained is saturated. The PROT run is generated

for the same 3-yr period as CTRL.

2) TWO VARIANTS OF STANDARD PROTECTION

Two additional variants of the PROT run are also generated.

In the first variant, termed ENTOFF, only the closure is

modified by setting entrainment to zero in the DCAPE com-

putation. In contrast to the PROT run, the spectrum of up-

drafts and downdrafts in ENTOFF still interact with the

environmental unsaturated air, and re-evaporation of rainwa-

ter is present. The protection from unsaturated air is therefore

weaker in ENTOFF than in PROT. The ENTOFF run is

produced for two years and is used to test the sensitivity of

CAM5 convection to changes in the degree of protection.

Within the ZM scheme, the precipitation efficiency coeffi-

cient in the ZM scheme (C0) controls the fraction of the cloud

water flux that is converted to rainwater [see Eq. (7) in Zhang

and McFarlane 1995]. In the standard version of CAM5, this

coefficient takes different values over land (C0 5 0.0059m21)

and ocean (C0 5 0.045m21). A second variant of the standard

protected run is generated by retaining same modifications to

the ZM scheme as in PROT, but changing C0 to have the same

value over both land and ocean (C0 5 0.045m21). This run is

hereafter termed C0EXP, and is used to investigate certain

land–ocean differences in protected precipitation magnitudes.

The C0EXP run like ENTOFF is produced for two years.

3) FIXED SST RUNS

To investigate how the properties of protected convec-

tion vary with climate, two sets of experiments with fixed

SSTs—similar to Cess et al. (1990) andCess et al. (1996)—were

performed. First, a pair of 2-yr runs—with and without pro-

tection—termed CLIM runs are generated with present-day

climatological SSTs. These CLIM runs are equivalent to CTRL

and PROT in all aspects apart from the SST forcing. A second

pair of 2-yr control and protected runs termed CLIM2K runs

are producedwith an SST field that is uniformly warmer by 2K.

Table 1 summarizes themodel experiments used, and details

the changes to the ZM scheme and the SST field. The modified

ZM codes are publicly available at the web address provided in

the acknowledgments section. The DCAPE values are com-

puted online within the ZM scheme in the FORTRAN sub-

routine buoyan_dilute. The protected version of DCAPE is

simply termed CAPE, and is computed by entraining saturated

TABLE 1. Summary of the different model runs used in this study.

Experiment Run length (years) Description

CTRL 3 Control run with observed SSTs, initialized on 1 Jan 1979.

PROT 3 As in CTRL, but with the modified ZM scheme. In selected locations,

saturated air is entrained in DCAPE closure, and by updrafts and

downdrafts. No re-evaporation.

ENTOFF 2 As in CTRL, but with no entrainment in DCAPE closure.

C0EXP 2 As in PROT, but precipitation efficiency (C0) same over land and ocean.

CLIM (PROT and CTRL) 2 As in PROT and CTRL, but with climatological SSTs.

CLIM2K (PROT and CTRL) 2 As in CLIM, but with uniform 2-K SST increment.
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environmental air within the same subroutine.We output daily

averaged values of total precipitation, DCAPE, and CAPE.

3. An empirical precipitation estimator

We now explore how BL can be employed as a statistical

predictor of precipitation. We use the predictor to ask what the

precipitation would be if the entrained environmental air were

saturated, assuming that the temperature in the environment

remains approximately unchanged. The temperature variabil-

ity is smaller over tropical oceans due to strong constraints on

the boundary layer thermodynamic properties (Emanuel 1995;

Raymond 1995; Emanuel 2019) and the free-tropospheric

gravity wave response (Sobel and Bretherton 2000; Sobel

et al. 2001). Over land, however, the boundary layer thermo-

dynamic properties are more variable due to the diurnal cycle

of solar radiation and soil moisture feedbacks (Eltahir 1998;

Cook et al. 2006; Hohenegger et al. 2009).We therefore restrict

our analysis of protected precipitation in empirical estimates

to the tropical ocean regions. We comment on protected

convection over tropical land using results from CAM5 in

sections 5 and 6.

The black dots in Fig. 1a show the tropical oceanic precipi-

tation from the 3-hourly, 0.258 TRMM 3B42 dataset condi-

tionally averaged by spatiotemporally matched BL values.

Here, BL is computed using the entraining plume model run

for a single year (2014), since this supplies sufficient samples to

construct robust precipitation statistics. The sharp pickup in

conditionally averaged precipitation, hPi is captured by the

ramp function:

hPi5a(B
L
2B

c
)H(B

L
2B

c
) . (2)

Here,H is theHeaviside function. The parameters a andBc are

estimated using a linear fit for hPi values between 0.5 and

4mmh21, which yields the slope a’ 86mmh22 (m s22 )21 and

the x-intercept Bc 5 20.01m s22. These parameters are in-

variant to changes in the time period of analysis and, to some

extent, in the horizontal resolution of the dataset used (not

shown). The joint probability density function (pdf) between

precipitation and BL is also shown in Fig. 1a. For a given value

of BL, a vast majority of samples are weakly precipitating or

nonprecipitating, and occupy the smallest precipitation bin

(,0.1mmh21); the occurrence probabilities for higher pre-

cipitation values drop, albeit more slowly than a Gaussian

distribution. AsBL increases beyondBc, the relative fraction of

nonprecipitating points reduces, leading to increases in the

conditional mean precipitation. This dependence of the con-

ditional precipitation distribution on BL is similar to the de-

pendence on column water vapor (Kuo et al. 2018).

While the formulation of BL may appear similar to DCAPE

(Neale et al. 2008; Molinari et al. 2012; Singh and O’Gorman

2013), three key differences are emphasized. First, the levels of

integration in a traditional CAPE calculation only span posi-

tive buoyancy values, whereas BL includes both positive and

negative values, and is therefore impacted by convective in-

hibition. Second, in contrast to most CAPE computations

with a constant mixing assumption (e.g., Neale et al. 2008;

Molinari et al. 2012), the mixing coefficients in the BL com-

putation vary as z21, where z is the height above surface. Third,

the relationship between precipitation and DCAPE with con-

stant mixing (Schiro and Neelin 2019) tends to be weaker than

the precipitation–BL relationship (especially if the mixing is

not large).

It must also be recognized that theBLmeasure that is strongly

related to precipitation is nonunique. A family of related BL

measures similar to (1) can be generated by altering the para-

metric choices (e.g., the layer depth of integration, the plume

conserved variable, virtual temperature/condensate effects, etc.).

These variations do alter the fitting parameters a and Bc, but

do not impact the linearity of the precipitating regime or the

robustness of the relationship over tropical oceans, which we

leverage to construct the protected precipitation dataset.

The undilute version ofBL, in which the plume only mixes in

saturated environmental air, is termed BL-sat. Figure 1b com-

pares pdfs of BL and BL-sat and shows that the leading-order

effect of protection is a rightward translation of the BL pdf.

More detailed differences lie in the tails of the distribution; BL

has a sharp drop-off in occurrence beyond Bc, while the right

tail of BL-sat drops more slowly than BL. The differences be-

tween these pdfs, together with the precipitation–BL rela-

tionship in Fig. 1a, imply large precipitation values when

protection from dilution is enforced. Figure 1c shows BL-sat

conditionally averaged (or binned) by co-occurring BL values.

FIG. 1. (a) Conditionally averaged precipitation as a function ofBL (black scatter) and the ramp function fit (solid black line). The width

of each bin on the x axis is 0.005m s22, and only bins containing aminimumof 100 samples are shown. The joint pdf ofBL and precipitation

is shown in colored contours; the accompanying color bar shows the log10 of the joint pdf. (b) The probability density functions of the

protected (red) and diluteBL values (blue). (c) ProtectedBL conditionally averaged as a function of the diluteBL; the one-to-one line is in

gray, and the error bars denote the standard error in each bin.
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We see that when BL , Bc, BL-sat always exceeds BL—

indicating that dry air has a significant influence on plume

buoyancies below the critical value for precipitation onset. For

values ofBL.Bc, bothBL andBL-sat converge toward the one-

to-one line, suggesting that BL values farther above the pre-

cipitation onset are more likely to be protected, possibly due

to a near-saturated lower troposphere. However, the pdf of BL

suggests that such instances are relatively rare.

While the actual precipitation field is noisy, the moments of

precipitation are somewhat more amenable to prediction

(Raymond and Flores 2016). Our target field is a long-term

(seasonal and beyond) mean of precipitation deduced solely

from BL using (2). There are two sources of noise contained

within the relationship in (2): (i) variations in precipitation

for a given value of BL, and (ii) stochastic fluctuations in the

value of Bc. The first source of noise generates a precipitation

distribution for each value of BL, as seen from the joint pdf in

Fig. 1a. The second source of noise contributes to the curvature

in the conditionally averaged precipitation curve near Bc (e.g.,

Stechmann and Neelin 2011; Ahmed et al. 2020). This source

accounts for factors besides BL (e.g., the microphysics) that

impact precipitation. The relationship in (2) incorporates the

first source of noise, so variations in precipitation for a given

value of BL do not greatly affect the precipitation estimate.

The estimator is expected to fare less well if there are strong

stochastic fluctuations in the value of Bc.

4. Empirical protected precipitation

The BL-sat value for each tropical ocean grid point from

ERA5 and the analytic fit in (2) are used to construct an 8 times

daily protected precipitation field for the 13-yr period from

2002–14. An estimate of the observed precipitation field is also

constructed using the BL value instead of BL-sat for each grid

point to check how well the TRMM 3B42 precipitation is re-

constructed when observed moisture is entrained. Figures 2a

and 2b show the protected and reconstructed precipitation

fields respectively, averaged over the 13-yr time period,

alongside the corresponding mean TRMM 3B42 precipitation

in Fig. 2c. From Fig. 2a it is clear that protection from dry air

generally results in stronger precipitation. The precipitation

enhancement from protection is generally greater over warmer

waters, and varies from up to a factor of 2 in tropical conver-

gence zones to several orders of magnitude over the subtrop-

ical waters. Even though themeasure of potential precipitation

from protection is displayed as a continuous map in Fig. 2a, we

assume that only a small region (or limited number of well-

separated small regions) could reach these large precipitation

values at a given time. That the enhancement of mean pre-

cipitation under protection results from increases in both

persistence and intensity of precipitation can be inferred

from the pdfs in Fig. 1. Locations with strong trade wind in-

versions in the Pacific and Atlantic Oceans show weak-to-

nonexistent protected precipitation values. Even in a saturated

FIG. 2. (a) Protected precipitation, (b) reconstructed mean precipitation, and (c) TRMM

3B42 precipitation averaged between 2002 and 2014. The color bar range in (a) is different

from the range in (b) and (c). Protected and reconstructed mean precipitation are computed

using (2) along with ERA5 temperature and moisture values. See text for details.
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environment, the BL-sat values in these locations generally fall

short of Bc, pointing to the role of temperature inversions in

limiting precipitation from convection.

The reconstructed precipitation field in Fig. 2b calibrates the

fidelity of the estimator in (2). The broad features of the ob-

served mean tropical precipitation field (Fig. 2c)—including the

warm pool, intertropical convergence zone (ITCZ), and the

weakly precipitating subtropics—are well captured by the ramp

function estimator. The precipitating zones in the reconstructed

precipitation field are slightly less intense than in observation, as

exemplified by an underestimation over the ITCZ region. The

precipitation averaged over the tropical oceans in Figs. 2b and 2c

is;0.08 and;0.13mmh21 respectively, so that the estimator in

(2) has a bias of ;36%. With this calibration, we interpret the

estimated protected precipitation field in Fig. 3a as a lower

bound on the true annual mean precipitation that could result

fromprotection. The statistical estimator in Fig. 1awas produced

from only a single year (2014), yet shows out-of-sample skill in

estimating the precipitation averaged across 14 years. This skill

further highlights that the hPi 2 BL relationship is not signifi-

cantly impacted by year-to-year variations.

a. A metric for dry air influence

Seasonal variations in protected precipitation values are pre-

sented in Fig. 3. The averaging time period in this figure is sep-

arated by seasons: June–August (JJA), September–November

(SON), December–February (DJF), and March–May (MAM).

The values in Fig. 3 are interpreted as the potential precipitation

that could occur if environmental moisture were replaced by its

saturated value separately at each location. In Fig. 3, large pro-

tected precipitation amounts (.5mmh21) are mostly found

over warmwaters adjoining land. In the boreal summer (Fig. 3a),

these regions include the Caribbean Sea, the Gulf ofMexico, the

Red Sea, the Persian Gulf, the South China Sea, and the shallow

seas between Borneo and Sumatra. Waters to the northwest of

Australia and also waters west of Mexico show prominent local

maxima during SON andMAM (Figs. 3b,c), as do waters off the

west African coast in SON (Fig. 3b). In all of these regions, the

lower tropospheric temperature structure—mostly but not en-

tirely due to a warm surface—supports BL-sat values that con-

sistently exceed Bc. The warm tropical oceans also show

substantial amounts of protected precipitation. However, ex-

cepting the Indian Ocean in JJA (Fig. 3a), these values are

smaller (&4:5mmh21) than those discussed for warm waters

adjoining land. Conversely, the regions over the cold oceans

under the descent regions of the subtropical highs have near-zero

protected precipitation. In these regions, protecting convection

is insufficient to generate large precipitation amounts, suggesting

that convection is limited by factors other than dry air (i.e., a

stable temperature profile, commonly including the effects of

temperature inversions).

The large protected precipitation values highlighted in Fig. 3

are not realized in practice due to dilution by dry ambient air. In

Fig. 4, we measure the influence of dry air in limiting precipita-

tion by examining the protected precipitation values normalized

by observed precipitation at every location. Regions with greater

values of normalized protected precipitation are interpreted as

being more limited by dry air. This dry air influence metric

(Fig. 4) when interpreted alongside magnitudes of protected

precipitation (Fig. 3) highlights four sets of regions:

1) Large protected precipitation and small climatological pre-

cipitation. These regions display large values of precipita-

tion in the absence of dry air dilution (.6mmh21 in Fig. 3),

but are close to nonprecipitating in the mean (.102 in

Fig. 4), and mostly include warm waters adjoining arid

landmasses. The lower tropospheric temperature structure

supports convection, but the dryness of ambient air is a

significant limiting factor. In regions such as the Red Sea,

the Persian Gulf, and the Gulfs of Aden and Oman, a

combination of a warm surface (Chaidez et al. 2017; Noori

et al. 2019) and low climatological precipitation (Almazroui

2011; Almazroui et al. 2012) is particularly noteworthy.

These regions are exceptionally dry air limited: protecting

convection yields precipitation values that are nearly

three orders of magnitude greater than the background

precipitation.

FIG. 3. Seasonally averaged protected precipitation for four different 3-month periods.
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2) Large protected precipitation and moderate climatological

precipitation. Regions such as the Caribbean, the Gulf of

Mexico, the seas of the Maritime Continent, and, to some

extent, the northwestern Pacific Ocean all exhibit substan-

tial absolute values of protected precipitation in Fig. 3

(.5mmh21). These values exceed the background pre-

cipitation by about one order of magnitude (10–30). Such

regions are dry air limited, but to a lesser degree than those

discussed in the first group.

3) Large protected protection and large climatological precip-

itation. These regions show substantial values in Fig. 3

(.4mmh21) but relatively smaller values in Fig. 4, and

mostly include the climatologically precipitating oceans:

the Indo-Pacific warm pool, and the Atlantic and Pacific

ITCZs. These regions are impacted by protection, but the

impacts are relatively modest (a factor of ;2–3 in Fig. 4)

when compared to the subtropical waters. In such regions,

the ambient air is closer to saturation, so convection is

relatively less limited by dry air dilution.

4) Small protected precipitation and small climatological pre-

cipitation. These regions display large values in Fig. 4

(.102) but relatively smaller values in Fig. 3. Protecting

convection in these regions only yields modest changes in

absolute terms (,1mmh21), suggesting that they are also

influenced by stable temperature profiles. However, even

these modest values are sufficient to overwhelm the near-

zero background values, suggesting that these locations are

severely dry air limited. Examples of such regions are found

in the subtropics: on the eastern edge of the subtropical

anticyclones and descending zones of the Hadley circula-

tion, poleward of the Pacific and Atlantic ITCZs.

b. Possible drying mechanisms

We briefly discuss a few physical pathways that can suppress

free tropospheric and boundary layer humidity in the regions

of interest identified above. For warm waters adjoining land

regions, one candidate pathway is the advection of dry air from

arid land, such as off the West African coast (Zhang and

Pennington 2004). Another candidate mechanism is the cir-

culation associated with land–sea thermal contrasts (Yang and

Slingo 2001) and coastal orography (Houze 2012) that leads to

enhancement of precipitation over coastal land and suppres-

sion over neighboring waters (Ogino et al. 2016). For instance,

over the shallow seas surrounding the islands of the Maritime

Continent, a land–sea circulation is set up by the strong day-

time heating of the islands relative to oceans; the subsiding

branch of this circulation is known to suppress precipitation

over the sea (Neale and Slingo 2003; Mori et al. 2004; Qian

2008). Similar local land–sea dynamics are known to suppress

precipitation off the western Mexican coast (Douglas et al.

1993) at the expense of increased precipitation over nearby

land. This offshore rainfall signature could be obscured by

compensation from strong nocturnal propagation (Mapes et al.

2003;Wu et al. 2009; Li and Carbone 2015) but is clearly strong

enough to be seen over many regions. The large values of nor-

malized protected precipitation in such offshore regions suggest

that it is the drying that accompanies the subsidence—as op-

posed to temperature inversions—that limits precipitation.

The proximity of the Caribbean Sea and the Gulf of Mexico

to the North American coast suggests potential moisture in-

hibition due to land–sea dynamics. However, large-scale dry-

ing effects from midlatitude and Saharan dry air intrusions

(Sun et al. 2008; Dunion 2011), and the southward expansion of

the North Atlantic high pressure system (Gamble and Curtis

2008; Martinez et al. 2019) could also be present. Several

drying mechanisms can therefore act in combination with the

warm surface temperatures (Zavala-Hidalgo et al. 2002; Wang

et al. 2006) to produce the disparities between protected and

observed precipitation in this region.

Even over the warm oceans, the protected precipitation ex-

ceeds observed values by at least a factor of 2, suggesting a role

for dry air in shaping the warm ocean precipitation climatology.

Plausible sources of drying include dry air intrusions, which are

well documented in both regional studies (Numaguti et al. 1995;

Mapes andZuidema 1996; Yoneyama and Parsons 1999; Parsons

FIG. 4. As in Fig. 3, but for protected precipitation normalized by TRMM 3B42 precipitation. All land regions and

ocean regions with mean precipitation less than 10mmyr21 are masked.
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et al. 2000; Yoneyama 2003; Zuidema et al. 2006) and tropics-

wide surveys (e.g., Casey et al. 2009). Compared to deep tropical

oceans, precipitation is more dry air limited over the subtropical

oceans, likely because of subtropical descent zones. For instance,

the northwestern Pacific during the boreal summer (Fig. 4a) is

moderately dry air limited (normalized protected precipitation

;10) because of the presence of the summertimewestern Pacific

subtropical high (Liu and Wu 2004; Miyasaka and Nakamura

2005). Since the descent strength is weaker under the western

and central portions of subtropical highs when compared to the

eastern flanks (Rodwell and Hoskins 2001; Liu et al. 2004;

Miyasaka and Nakamura 2005), the lower tropospheric tem-

perature structure does not limit the precipitation enhancement

under protection (;4.5mmh21 in Fig. 3).

c. Relationship to tropical cyclone genesis indices

The use of undilute buoyancy as an index to diagnose TC

genesis can be traced back to Palmén (1948). Other commonly

used genesis indices such as the instability index (Gray 1975,

1998; DeMaria et al. 2001) and the potential intensity (Emanuel

and Nolan 2004; Camargo et al. 2007b) are implicit measures of

protected convection. These indices are used alongside other

relevant measures for cyclone genesis such as total cyclonic

vorticity and wind shear. A degree of spatial overlap therefore

exists between protected precipitation and TC genesis indices. A

subset of regions with large protected precipitation and moder-

ate climatological precipitation—the Caribbean Sea, the Gulf of

Mexico, and the northwestern Pacific Ocean during the

Northern Hemisphere summer—show pronounced signals in

both metrics [cf. Fig. 3a with Fig. 1 in Camargo et al. (2007a)].

These connections suggest that combining the protected pre-

cipitation metric with a measure of ambient vorticity could

possibly create another useful index for TC genesis.

d. Partial protection

It is instructive to identify the tropospheric layers in which

dilution is most impactful on precipitation—particularly over

regions with large protected precipitation. To this end, a

partially protected precipitation product is constructed by en-

forcing protection in only the 200-hPa layer closest to the

surface. Figure 5 shows the 200-hPa partially protected pre-

cipitation, separated by four seasons. A first-glance analysis is

sufficient to infer that the spatial structure in fully protected

precipitation (Fig. 3) can be captured with partial protection.

In the waters around the Arabian Peninsula during JJA and

SON (Figs. 5a,b), protecting only the bottom 200-hPa layer is

sufficient to produce precipitation values that largely exceed

the background climatology. In JJA and SON, protection in the

lowest 200-hPa layer is sufficient to account for over 80% of the

fully protected precipitation (not explicitly shown) over theGulf

of Mexico, the Indo-Pacific warm pool, and the Pacific and

Atlantic ITCZs.Dilution in a fairly thin lower-tropospheric layer

(200hPa thick) when compared to the full tropospheric depth is

therefore sufficient to influence precipitation across the tropics

and subtropics. When protection is separately enforced in 100-

hPa-thick layers closest to the surface and in the lower free

troposphere, the protected precipitationmagnitudes in Fig. 3 are

not fully recovered (not shown), suggesting that the dry air in-

fluence on precipitation spans both these layers.

5. Protected convection in CAM5

a. Motivations

We now turn to experiments with CAM5 to investigate if

and to what extent the predictions from the empirical analysis

in section 4 are borne out in a model with full physics. We

proceed with the caveat that some of the results in this

section could hinge on the details of parameterized convection

in CAM5. We have two primary motivations for the model

experiments:

1) The buoyancy relationships from AN18 and S18 imply that

regions protected from dry air can generate large precipi-

tation values well in excess of climatology. However, it is a

priori unclear to what extent these large precipitation

values can be sustained against negative feedbacks. For

FIG. 5. As in Fig. 3, but for precipitation computed using plume buoyancies protected in the lowest 200 hPa above

the surface.
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instance, in precipitating regions over tropical oceans, the

injection of low entropy air into the boundary layer is

the leading-order negative feedback on precipitation

(Raymond 1995; Emanuel 1995; Adames et al. 2021), which

is modeled within the ZM scheme [see Eq. (2) in Zhang and

McFarlane 1995]. Other negative feedbacks captured by

the model setup include limits imposed by conservation

laws on large-scale moisture availability and diabatic

heating induced tropospheric warming that reduces CAPE.

The use of prescribed SSTs precludes some negative feed-

backs such as SST reductions in precipitating regions due to

cloud-shading effects. However, for a first check, our model

setup is adequate to verify if large precipitation values in

protected regions can be sustained over time.

2) An empirical estimate of protected precipitation was not

offered over tropical land. This is because factors such as

strong surface heating, differences in microphysics (e.g.,

Matsui et al. 2016; Zipser et al. 2006) and unclear soil

moisture feedbacks (e.g., Eltahir 1998; Cook et al. 2006;

Hohenegger et al. 2009) are also expected to influence

precipitation. The model experiments will be used to

examine how protection from dry air influences precipita-

tion over land regions.

b. Protected precipitation in CAM5

Protection is directly enforced in the model’s convection

scheme using the method described in section 2c. Protection is

also enforced only within geographically restricted regions

termed ‘‘protected pockets.’’ Note the difference here from

climate model experiments that alter the dilution rates uni-

formly in space (Tokioka et al. 1988; Kim et al. 2011; Hannah

and Maloney 2011). Geographically restricting the protection

retains the competitive advantage afforded to convection due

to spatial variations in dilution rates. While the influence of

restricted protection could be examined one pocket at a time, it

is efficient both in computation and in presentation to simul-

taneously examine multiple pockets that are sufficiently sepa-

rated in space. The pockets used here are ;28 3 28 in size

and contain four grid points, each with a nominal resolution

;18 3 18. These pockets are distributed across the tropics and

the subtropics, over both land and ocean regions (denoted by

transparent white-edged boxes in Fig. 6a). Initial short exper-

iments with a single protected pocket suggested that this

spacing (roughly 1 pocket per 3 3 106 km2) yields little inter-

ference between them. The pockets are also preferentially

placed within regions displaying the strongest signal in

FIG. 6. (a) Protected locations shown in white-edged transparent boxes are arranged in a

lattice-like structure. Protected precipitation from Fig. 2a is shown within the protected lattice;

mean TRMM 3B42 precipitation is displayed outside the protected pockets. (b) Two-year-

averaged precipitation from the CAM5 PROT run with the protected lattice. (c) Difference

between (b) and mean precipitation from CTRL for the same period. The gray shading in

(c) denotes regions where the mean CTRL precipitation exceeds the mean PROT precipita-

tion. Each pocket contains more than one grid point, so precipitation variations do occur within

a single pocket.
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protected precipitation fromFigs. 2a and 3. Figure 6a shows the

precipitation map that we expect a priori from this spatially

restricted protection. The precipitation inside protected

pockets is the annual mean empirical protected precipitation

from Fig. 2a, while the precipitation outside the pockets is the

annual mean TRMM 3B42 precipitation. Since predictions for

protected precipitation over land were not empirically gener-

ated, the precipitation inside the land pockets is the same as the

background TRMM 3B42 precipitation.

Figure 6b shows the mean CAM5 precipitation in the stan-

dard protected run (PROT) averaged over the first two years.

Conforming to our expectation from Fig. 6b, the precipitation

is enhanced within the protected lattice—exceeding the CTRL

precipitation values by nearly an order of magnitude in many

locations. As in the case of empirical protected precipitation,

the enhancement is greatest over warm waters. Notably, the

pockets over the Red Sea and the Persian Gulf show sub-

stantial values of mean protected precipitation (;2.5mmh21),

consistent with the empirical results over the same regions.

Protection from dilution is less impactful over the strongest

subtropical subsidence zones in the east Pacific and Atlantic

Oceans, which is also in agreement with the empirical results.

The magnitudes of protected precipitation in CAM5 are no-

ticeably weaker than the ERA5 estimates; given the parame-

terized nature of CAM5 convection, we will not dwell on these

quantitative differences.

As anticipated, protection from dilution generates mixed re-

sults over land with strong precipitation enhancement over parts

of the Amazon, Congo, and the Maritime Continent, and weak

to no enhancement in other regions such as Australia, India, and

North America. Generally speaking, a protected pocket over

land shows a weaker precipitation enhancement than a nearby

ocean pocket. Pairs of land–ocean pockets exemplify this di-

chotomous precipitation response (e.g., Mexico and the Gulf of

Mexico, Borneo and the South China Sea, and Congo and the

Gulf of Guinea). The difference in mean precipitation between

the PROT and CTRL runs are shown in Fig. 6c. The gray

shading denotes regions where the CTRL run produced more

precipitation than PROT; the shading indicates that regions

outside the protected pockets are slightly drier in PROT than in

CTRL. The annual mean precipitation values in both the CTRL

and PROT runs are the same (3.3mm day21), when averaged

over the domain displayed in Fig. 6. The primary effect of spa-

tially varying dilution rates is therefore a redistribution of the

mean precipitation, where the protected pockets produce sub-

stantial rain at the expense of neighboring regions. The reduction

over the surrounding region is modest, since wave dynamics

spreads the compensating descent over distances on the order of

the Rossby deformation radius (;1000km), as for any localized

heating (Bretherton and Smolarkiewicz 1989). The precipitation

within each protected pocket of Fig. 6 is enhanced approximately

independently of other pockets. The seasonal variations in pro-

tected precipitation noted in Fig. 3 are also approximately re-

produced in the PROT run (not shown).

c. Thermodynamic controls on CAM5 precipitation

What explains the spatial variation in the intensity of pro-

tected precipitation in Fig. 6b, including the land–ocean

differences? To further probe this question, we first examine

the relationship between precipitation and DCAPE from the

ZM scheme. A strong relationship between these two quanti-

ties is built into the ZM scheme closure, which dictates that

positive DCAPE perturbations on the model grid scale be

consumed by subgrid-scale convection (Neale et al. 2008).

Note that within protected pockets the closure uses CAPE,

which is the protected version of DCAPE. Figure 7a shows the

total CAM5 precipitation conditionally averaged by DCAPE

(in CTRL) and CAPE (in PROT) only for ocean points within

the protected lattice. Figure 7b shows the corresponding figure

for land points. The conditional averages are constructed

separately for each of the three years (years 1–3) used in the

PROT and CTRL runs. A reference pressure depth Dp 5
490 hPa is used to scale DCAPE and CAPE such that the units

are in meters per second squared (m s22).

Over the oceans (Fig. 7a) the model precipitation appears to

be linearly related to DCAPE (in CTRL) and CAPE (in

PROT) over a substantial range. This range extends to much

larger values (*2:5mmh21) for PROT than for CTRL pre-

cipitation (&1:5mmh21). Nonlinearities are introduced at

higher CAPE values (.0.2ms22) where the PROT precipita-

tion changes sublinearly with CAPE and then flattens. The

PROT and CTRL precipitation values lie on the same curve;

protection therefore does not greatly impact the CAM5 pre-

cipitation relationship to its thermodynamic environment over

oceans. Moreover, the precipitation curves in Fig. 7a are fairly

invariant from year to year, suggesting a strong constraint from

the closure in the ZM scheme. By contrast, the precipitation

statistics over the land regions (Fig. 7b) show considerable

scatter; the precipitation curves from the PROT run do not

coincide with the curves in the CTRL run, and have smaller

slopes than the ocean curves in Fig. 7a. Moreover, there is

considerable year-to-year variability in the protected precipi-

tation curves. Even though a strong relationship between

DCAPE/CAPE and precipitation is built into the ZM scheme,

this relationship emerges more robustly over the ocean than

over land points. This suggests that factors besides thermody-

namic profiles influence precipitation over land in CAM5.

We now check if the knowledge of CAPE (the protected

version of DCAPE) alone provides any insight into under-

standing the spatial variations in Fig. 6b. From the closure in

the ZM scheme, we expect some skill to be present in the

CAPE values from CTRL in estimating protected precipita-

tion in PROT. To quantify this skill, the precipitation–CAPE

relationships (for the PROT run in Figs. 7a,b) from one year

are used to predict the protected precipitation for the subse-

quent year in a cyclic permutation. That is, the protected

precipitation curve from year 1 predicts the annual mean

precipitation for year 2 using daily-averaged CAPE values

from the year 2 CTRL run as inputs. We represent this process

by year 1/ year 2. Similarly, we also perform year 2/ year 3

and year 3 / year 1. Figure 7c shows that the precipitation–

CAPE estimator over oceans generates reasonable predictions

(as measured by the one-to-one line) over most of the oceanic

pockets. Considerable scatter exists around the one-to-one

line, and the mean precipitation predictor does show a slight

tendency tooverestimate the protected precipitationmagnitudes

3830 JOURNAL OF CL IMATE VOLUME 34

Brought to you by UNIVERSITY OF CALIFORNIA Los Angeles | Unauthenticated | Downloaded 04/13/21 11:40 PM UTC



over oceans. Over land (Fig. 7d), the precipitation–CAPE pre-

dictor can qualitatively capture the protected precipitation, but it

overestimates the weak and underestimates the strong protected

precipitation values, pointing to an influence from factors be-

sides CAPE. Over both land and ocean, we thus see that the

precipitation changes under protection are roughly dictated by

the CAPE values, which explains some of the spatial varia-

tions—including land–ocean differences—seen in Fig. 6b.

6. Additional CAM5 experiments

a. Uniform microphysics and weaker protection

The PROT run provides an affirmative answer—within the

scope of parameterized convection—to our queries as to

(i) whether precipitation is indeed stronger under protection,

and (ii) if it can be sustained over time against local negative

feedbacks. In this section, two additional tests are used to probe

these results. The first test uses the C0EXP run with identical

precipitation efficiency values over land and ocean. Figure 6b

shows that protected precipitation over land is generally weaker

than over oceans, which is only partly explained by smaller

CAPE values over land (Fig. 7). The C0EXP run is used to ask

whether differences in the treatment of microphysics over land

within the ZM scheme can also account for the weaker values of

land protected precipitation. The second test uses the ENTOFF

run to check if enforcing weaker protection than in PROT, with

stronger local negative feedbacks on the boundary layer due to

re-evaporation, and updraft and downdraft dilution negates the

effects of protection. As seen from Fig. 8, in both cases the dif-

ferences from PROT run are of degree and not of kind. In

Fig. 8a, using the same precipitation efficiency only minimally

alters the character of protected precipitation over land. A few

pockets such as the ones over the Congo and Borneo display an

FIG. 7. (a) CAM5 precipitation conditionally averaged by DCAPE (in CTRL) and CAPE (in PROT) for ocean

points inside the protected lattice; three separate years for both PROT andCTRL runs are shown. (b) As in (a), but

for land points. The scatter between protected precipitation estimated using CTRL and the annual mean protected

precipitation from PROT for three different years over the (c) ocean pockets and (d) land pockets. In (c) and

(d) Year 1 / Year 2 denotes the precipitation estimated for year 2 using the predictors in year 1 in (a) and (b),

respectively, and similarly for Year 2/Year 3 andYear 3/Year 1. The one-to-one line is shown in black in both

(c) and (d).
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enhancement in precipitation (not explicitly shown) when com-

pared to Fig. 6b, but the general lack of enhancement over other

protected land pockets remains. This suggests that differing treat-

ments of microphysics in the ZM scheme are one among several

factors—besides CAPE—that are responsible for land–ocean dif-

ferences in protected precipitation. In Fig. 8b, enforcing protection

by only switching off entrainment in the closure slightly reduces the

magnitude of protected precipitation, but this reduction still pales in

comparison to theenhancementover backgroundvalues.Evenover

the marine desert environments of the Red Sea and the Persian

Gulf, the competitive advantage offered by the protection in the

closure is sufficient to overcome increased negative feedbacks on

the boundary layer, and enhance the magnitudes of protected pre-

cipitation relative to background values.

b. Protected precipitation in a warmer climate

The results fromCAM5 demonstrate that protecting regions

from unsaturated ambient air can produce large precipitation

amounts. This observation raises the prospect that protected

pockets could serve as prototypes for the study of extreme

precipitation. This possibility is supported by scaling theories

for precipitation extremes, where the physical picture is one of

undilute plumes rising through saturated atmospheres

(O’Gorman and Schneider 2009; Muller et al. 2011; Loriaux

et al. 2013). The pockets could also mimic the protection

available within the inner core of TCs (Braun et al. 2012;

Kimball 2006; Fritz and Wang 2013). To illustrate some of the

behavior that could be investigated under this interpretation,

we examine the changes to protected precipitation under a

uniform 2-K SST warming. A robust prediction under global

warming is the increase in extreme precipitation in general

(Pall et al. 2007; Kharin et al. 2013; Pendergrass and Hartmann

2014; O’Gorman 2015), and precipitation from TCs in partic-

ular (Knutson et al. 2010; Wang et al. 2014; Knutson et al.

2020). If protected pockets are useful prototypes for the study

of extreme precipitation, then the a priori expectation is that

protected precipitation amounts will increase under warming.

Figure 9a shows the difference between the precipitation

changes in the CLIM2K PROT and CLIM PROT runs relative

to their corresponding CTRL runs. This double difference

accounts for changes in CTRL runs under warming, and em-

phasizes the changes to the protected regions. It is quite clear

FIG. 8. As in Fig. 6b, but for the (a) C0EXP and (b) ENTOFF runs.

FIG. 9. (a) The difference between precipitation changes under protection relative to control in the CLIM2K and

CLIM runs. (b) Scatterplot between protected precipitation in the CLIM and CLIM2K runs.
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that the protected precipitation increases under warming, with

the largest absolute differences occurring over the most in-

tensely precipitating pockets. Figure 9b shows the precipitation

within protected pockets in the CLIM2K run regressed against

the corresponding values in the CLIM run. The intensification

of the protected precipitation under warming is nearly uniform

at an average rate of;5%K21, as inferred from the regression

slope. The rate of change in protected precipitation is slightly

less than the Clausius–Clapeyron scaling rate (7% K21); this

departure possibly arising from saturation specific humidity

profile changes along a moist adiabat (O’Gorman and

Schneider 2009). The general behavior of protected precipi-

tation under warming supports the possibility that in certain

situations, protected pockets can isolate the physics of extreme

precipitation. A useful future step would be to check if pro-

tected pockets behave similarly under warming in models that

resolve convection.

7. Summary and discussion

a. Summary

We infer the influence of dry air on tropical precipitation by

first estimating the protected precipitation that would arise in

the absence of dilution, and then comparing these values to the

observed precipitation. To produce the protected precipitation

estimates, we leverage the empirical precipitation–buoyancy

relationship alongside buoyancies from an entraining plume

model that entrains saturated environmental air. The pro-

tected precipitation field normalized by the observed precipi-

tation is used to highlight regions where precipitation is greatly

limited by the presence of dry air. Equatorward of 358 latitude,
the most dry air limited regions are subtropical warm waters

adjoining land. The waters surrounding the Arabian Peninsula

are severely dry air limited but also display conspicuously large

values of protected precipitation. Regions including the Gulf

ofMexico, the Caribbean Sea, theMaritimeContinent, and the

northwestern Pacific Ocean all display substantial values of

protected precipitation, but are more moderately dry air lim-

ited. The ocean regions of the deep tropics are among the least

dry air limited owing to small ambient subsaturation values;

even in these regions protecting convection yields precipitation

values that are at least twice as large as observed. Protecting

regions on the eastern edge of subtropical highs only yields

minimal increases in precipitation values, pointing to addi-

tional limiting influences from capping inversions. Much of the

dry air influence on precipitation is ascribed to dilution in a

200-hPa-thick layer overlying the surface.

Experiments with CAM5 are used to illustrate the effects of

directly shielding parameterized convection from dilution in

small regions of the model grid. The model shows a strong

enhancement of precipitation within these protected pockets,

and a slight precipitation decrease everywhere outside. Ocean

points in the model show greater increases in protected precip-

itation, when compared to the land points at similar latitudes.

Under a uniform SST warming, the protected precipitation

values in CAM5 intensify, much like the projected increases for

precipitation extremes.

b. Meteorological protection

Given the considerable precipitation enhancement that

arises from artificial protection, it is worth detailing some

meteorological situations that enforce natural protection—and

their consequences. For instance, closely spaced convective

elements mutually shield themselves from dilution (Feng et al.

2015; Moser and Lasher-Trapp 2018), with the consequence

that large organized convective systems are more likely to

survive in a drier environment than scattered convection

(Mapes et al. 2017). Small-scale vortical hot towers

(Montgomery et al. 2006) are thought to possess intense cy-

clonic vorticity that makes them more resistant to lateral en-

trainment, with tropical cyclogenesis a possible consequence.

In fully developed cyclones, the inertial stability of the cyclonic

circulation can also shield a moist envelope in the inner core

from dilution (Braun et al. 2012), enhancing the longevity of

such systems. In the subtropics, partial protection from dilution

can take the form of lower tropospheric moisture influx from

the tropics (McGuirk et al. 1988; Zhu and Newell 1998; Guan

and Waliser 2015). In regions that are greatly dry air limited,

such moisture injections can produce extreme precipitation

events (de Vries et al. 2013, 2018). It could be useful to esti-

mate the degree of protection present in each of these exam-

ples, using the normalized protected precipitation metric.

Quantifying this degree of protection in weather systems could

aid forecasts by predicting precipitation amounts using only

temperature information. Similarities in the physical picture

and behavior under warming point to the potential utility of

protected-pocket experiments to study precipitation extremes

resulting from convection in a saturated environment. Such an

approach could help us better understand the physics under-

lying regional patterns of precipitation extremes (Fischer et al.

2013; Pfahl et al. 2017).

c. Land–ocean differences in protected convection

Protecting convection over CAM5 land generally results in

weaker precipitation when compared to the nearest ocean

pocket. In relation to naturally protected convection, the decay

of landfalling tropical cyclones (Tuleya and Kurihara 1978;

Tuleya 1994) exemplifies this land–ocean contrast. Protecting

convection over CAM5 land regions also generates a less

predictable precipitation response, pointing to a weakened link

between CAPE and protected precipitation on daily time

scales. For a given free tropospheric temperature, the undilute

buoyancy is strongly determined by the boundary layer moist

enthalpy, which is in turn tied to the surface energy budget.

This budget differs substantially between land and ocean

(Sutton et al. 2007; Andrews et al. 2009), particularly on the

diurnal time scale (Betts and Jakob 2002), and is therefore

comparable to the fast time scales of convection. The vari-

ability in the surface properties tends to make land convection

more complex in terms of whether it is ‘‘surface limited’’ versus

dry air limited.

Finally, we emphasize that our experiments with parame-

terized convection constitute a preliminary examination of

how protection affects precipitation. More realistic tests to

isolate the effects of protection in cloud-resolving modeling
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and large-eddy simulations are worthy targets for future

efforts.
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