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Our conceptual understanding of the tropical thermal struc-
ture is based on two complementary idealisations: convec-
tive quasi-equilibrium (QE) and the weak-temperature gra-
dient (WTG) approximation. Through QE, moist convection
provides a local vertical control on the thermal structure,
while underWTG, wave dynamics are assumed to provide a
non-local horizontal control. While it is clear thatmoist con-
vection plays an important role in setting the tropical mean
stability through QE, the extent to which it applies locally
in di�erent regions or whether the requirement for WTG
e�ectively inhibits the in�uence of local conditions on sta-
bility remains debated. Here we hypothesise that a strong
local vertical control of the thermal structure would imply
a relationship between humidity and stability in the tropo-
sphere, as convection within moister regions would be less
a�ected by entrainment of surrounding air. We utilise a
combination of ERA5 reanalysis and observational data to
examine the relationship between stability and local humid-
ity across the tropics. The results are compared to a predic-
tion based upon amodi�ed version of the theory of QE that
incorporates entrainment through a simple plume model.
We discover that, in convective regions, moist convection is
most in�uential and that the resulting relationship between
stability and humidity can be well approximated by the en-
training plume model. However, in non-convective regions,
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QE cannot be used to explain the thermal structure and
instead the WTG, and possibly other factors, act to set sta-
bility in the region. These results may help us understand
the controls on horizontal density gradients in the tropical
troposphere and the associated overturning circulations.
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1 | INTRODUCTION34

In the tropics there are two key idealisations that ground theoretical understanding of the thermal structure of the tro-35

posphere (Bao and Stevens, 2021). The �rst of these is the assumption that horizontal variations in free-tropospheric36

temperature are small. This stems fromwhat is known as the weak-temperature gradient (WTG) approximation (Sobel37

et al., 2001): since the in�uence of rotation in the tropics is weak, gravity waves are able to e�ciently remove density38

anomalies in the tropical troposphere (Bretherton and Smolarkiewicz, 1989), preventing strong temperature gradients39

from being maintained (Charney, 1963). The second idealisation, known as convective quasi-equilibrium (QE), states40

that, in regions of convection within the tropics, the thermal structure follows that of moist adiabatic ascent (Betts,41

1982; Xu and Emanuel, 1989). Together, these assumptions provide a simple picture of the tropical troposphere as42

having a horizontally homogeneous temperature with a pro�le close to that of a moist adiabat. It is important, how-43

ever, to note that both these principles are approximations; research has shown that substantial horizontal gradients44

in temperature do exist in the tropical troposphere (Bao and Stevens, 2021) and that the thermal structure does not45

necessarily adhere strictly to amoist adiabat (Mapes, 2001). Therefore, an important challenge in tropical meteorology46

is to understand the causes and implications of deviations from QE and WTG in the observed thermal structure.47

The processes that maintain weak temperature gradients within the tropical troposphere include wave dynam-48

ics that spread the e�ect of diabatic heating horizontally (Bretherton and Smolarkiewicz, 1989). Such mechanisms49

therefore provide a horizontal control on the tropical thermodynamic structure, that acts non-locally to reduce den-50

sity anomalies. However, this does not lead to perfect homogenisation of temperature (Fig. 1). Firstly, due to the51

virtual e�ect of water vapour, even when density is horizontally invariant, temperature variations can exist due to52

horizontal variations in moisture (Yang et al., 2022). Moreover, the existence of large-scale overturning circulations53

imply non-zero density gradients in the free troposphere. For example, (Bao and Stevens, 2021) showed that temper-54

ature variations (and density temperature variations) of 2-4 K are present seasonally in the upper tropical troposphere55

and could be related hydrostatically to pressure gradients required to maintain the circulation. Indeed, in studies that56

apply the WTG approximation to limited-area modelling, temperature anomalies are either implicitly (Kuang, 2008)57

or explicitly (Raymond and Zeng, 2005) related to large-scale vertical motion. Bao and Stevens (2021) found that58

the magnitude of the temperature anomalies were smallest in the mid-troposphere, suggesting the e�cacy of gravity59

waves in homogenising the density is greatest in the mid-troposphere.60

To understand deviations from strict WTG, Williams et al. (2023) introduced the conceptual "Circus Tents" model61

of the free-tropospheric temperature. In this model, temperature in the free-troposphere is maintained through moist62

adiabatic ascent in deep convective regions (the tent poles) and slowly decreases with distance from deep convection63

(the tent fabric) due to the imperfect e�cacy of gravity waves in removing density gradients. The model therefore64
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F IGURE 1 The time-mean virtual temperature anomaly at 500 hPa for the years 2000-2019, with respect to the
tropical-mean temperature at the same level between 30°N and 30°S according to the ERA5 reanalysis.

suggests that the deviations from strict WTG could be the result of gravity waves not eliminating all temperature65

gradients within the tropics. Other work has instead argued for the importance of balanced dynamics in the tropics66

(Raymond et al., 2015; Sessions et al., 2019; Adames, 2022), relating horizontal gradients in density to the balanced67

response to vorticity anomalies in the troposphere.68

In contrast to the above mechanisms, convection has a strong e�ect on the temperature pro�le within a given69

column, providing a local, vertical control on the tropical thermal structure. Through the analysis of soundings from70

deep convective regions, it was suggested that the action of convection was to bring the vertical temperature pro�le71

towards neutrality with respect to a reversible, adiabatic ascent (Betts, 1982; Xu and Emanuel, 1989). Later studies,72

however, pointed out the sensitivity of this result to the inclusion of ice (Williams and Renno, 1993) and assumptions73

about microphysics (Bao and Stevens, 2021). Moreover, while undilute ascent within convective cores has previously74

been seen as an important process for explaining the observed tropical thermodynamic structure (Riehl and Malkus,75

1958), observational studies near the end of last century provided evidence that undiluted air parcels are rare in the76

upper-troposphere (Jorgensen and LeMone, 1989; Lucas et al., 1994). Further observational studies pointed to a role77

of entrainment in determining cloud buoyancies in regions ofmoist convection (e.g. Zipser, 2003; Holloway andNeelin,78

2009). In addition to this, idealised cloud-resolving studies (Kuang and Bretherton, 2006; Romps and Kuang, 2010)79

concluded that undilute air parcels in the upper-troposphere were too infrequent to be relevant. This then brought80

to question the e�ect the entrainment of environmental air would have on the tropospheric thermal structure.81

To examine the impact of entrainment on the tropical temperature pro�le, Singh andO’Gorman (2013) introduced82

the conceptual zero-buoyancy plume (ZBP) model. Essentially, the model assumes that the aggregate e�ect of con-83

vection is to bring the temperature pro�le to one neutral to an entraining plume rather than a moist adiabat. While84

the model was originally applied to simulations of radiative-convective equilibrium as a model for the mean strati�ca-85
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tion in the tropics, if applied locally to given columns, it suggests a connection between stability and humidity (Singh86

et al., 2019). In drier regions, entrainment has a stronger e�ect on rising air parcels, causing the environment to be-87

come more unstable. A number of studies have also reported that tropical lapse rates generally decrease as moisture88

in the troposphere increases (Singh and O’Gorman, 2013; Gjorgjievska and Raymond, 2014; Raymond et al., 2015),89

providing some evidence of a relationship between stability and moisture.90

The importance of entrainment in moist convection has also been investigated from the inverse perspective,91

beginning by examining a relationship between convective activity and environmental conditions. It is well known that92

there is a strong relationship between precipitation and tropospheric moisture in the tropics (Bretherton et al., 2004;93

Holloway and Neelin, 2009). By considering the e�ect of convective entrainment, these relationships were framed94

in terms of the buoyancy of a hypothetical cloud that mixes with its environment by Ahmed and Neelin (2018). The95

authors used the observed precipitation-buoyancy relationship tomotivate amodel for the adjustment of temperature96

and moisture within the troposphere, �nding a similar relationship between stability and humidity to that described97

by the ZBP model above (Ahmed et al., 2020).98

Although there is some evidence for relationships between stability and humidity in the tropical atmosphere that99

are consistent with the ZBPmodel, the extent to which it is applicable at given locations in the tropics remains unclear.100

Singh et al. (2019) showed that the ZBP model performed well in reproducing the results of idealised cloud-resolving101

model simulations forced by varying degrees of ascent. However, as pointed out by Romps (2021), the simulations did102

not take into account WTG constraints on the tropical thermal structure and therefore could not be used as a proxy103

for observed spatial variations; the simulations implied horizontal gradients in temperature across the tropical band104

much larger than observed. Romps (2021) instead argued that horizontal controls from waves are too strong to allow105

the e�ect of entrainment to be observed in spatial variations in the lapse rate, but only in the tropical-mean lapse106

rate. A later study coupled the entraining plume model with a large-scale circulation to account for the dynamical107

constraints on the tropical atmosphere (Singh and Neogi, 2022). This study suggested that the ZBP could still be108

applied locally to the tropics, even under WTG constraints, thereby raising the possibility that the vertical control by109

tropical convection may partially explain deviations from strict WTG in the troposphere.110

In this study, we investigate the horizontal and vertical in�uences on the thermal structure of the tropical tropo-111

sphere using both reanalysis and observation data. We show that temperature pro�les vary with mid-tropospheric112

humidity and that a relationship exists between stability and humidity in regions of convection. Within these regions,113

the ZBP model is able to reproduce the relationship for a su�cient entrainment rate, providing evidence that entrain-114

ment is an important factor in controlling local lapse rates within convecting regions. The same relationship is not115

observed in non-convective regions and further analysis reveals that local deviations from the WTG exist. Motivated116

by the "Circus Tents" model, we explore whether the lapse rates outside of convective regions can be understood as117

being set remotely by nearby convection. However, we �nd such an explanation to be too simple, and instead we118

highlight vertical variations in the e�cacy of horizontal controls as an important avenue for future work.119

The rest of the paper is organised as follows. The data used is described in Section 2. In Section 3 we examine120

the relationship between stability and humidity across the tropics and in Section 4 we compare these results to the121

ZBP model. We also study non-convective regions in Section 5 and investigate the local gradients in temperature122

between convective and non-convective regions. We present a summary and our main conclusions in section 6.123
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2 | DATA124

The bulk of our analysis utilises the �fth generation of atmospheric reanalyses from the European Centre for Medium-125

range Weather Forecasts (ECMWF), ReAnalysis 5 (ERA5) (Hersbach et al., 2020). Data is provided on a 0.25x0.25126

degree grid on 37 pressure levels at hourly time resolution, which we average to create daily means. We conduct our127

study over a twenty-year period (2000-2019) and focus on the region of the tropics between 20° N to 20° S.128

We repeat the same analysis using the Modern-Era Retrospective analysis for Research and Application, Version129

2 (MERRA2) (Global Modeling And Assimilation O�ce and Pawson, 2015a,b). MERRA2 has a 0.5x 0.625 degree grid130

available at 42 pressure levels. Once again, we look at a twenty-year period from 2000 to 2019 and focus on the131

region of the tropics between 20° N to 20° S. We average six hourly data for most variables to construct daily means,132

except for precipitation, for which we average hourly data to construct daily means.133

Finally, we employ radiosonde and station data to examine whether the reanalysis results are supported by obser-134

vational data. We use the Integrated Global Radiosonde Archive (IGRA) (Durre et al., 2016) for our free-tropospheric135

variables and combine this with observed station precipitation data from the Global Historical Climate Network136

(GHCN) (Menne et al., 2012). We analyse 71 stations between 20° N to 20° S that are featured in both IGRA and137

GHCN. When studying the data from the IGRA we take only soundings which provide temperature, humidity and138

height at 1000, 850, 700 and 500 hPa and discard soundings that do not contain all this data. We consider days for139

which there are at least two sounding launches, and we average all daily soundings together to construct an approxi-140

mate daily mean. The GHCN contains daily data so no averaging for the data set was completed.141

3 | EVIDENCE FOR A VERTICAL CONTROL ON THE THERMAL STRUCTURE142

IN CONVECTING REGIONS143

We �rst examine relationships between stability and humidity in the tropical troposphere by compositing thermody-144

namic and dynamic pro�les from ERA5 based on the lower-tropospheric moisture. We construct pro�les of relative145

humidity, virtual temperature, and pressure vertical velocity anomalies as a function of the lower-tropospheric relative146

humidity (Fig. 2). Here the lower tropospheric relative humidity is taken as the weighted average of the humidity at147

pressure levels between 850 and 500 hPa.148

The relative humidity throughout the column increases with the lower-tropospheric relative humidity (Fig. 2a),149

consistent with previous work demonstrating that variability in column humidity is driven by variations in the lower150

troposphere (Holloway and Neelin, 2009). In addition, the pressure velocity becomes increasingly negative, implying151

stronger upward motion, throughout the troposphere as the lower-tropospheric humidity increases (Fig. 2b), partic-152

ularly for the highest relative humidity bin (90-100%). To the extent that large-scale upward motion is indicative of153

strong precipitation and convection (Louf et al., 2019), this is also consistent with much previous work on the rela-154

tionship between humidity and precipitation in tropical regions (Bretherton et al., 2004; Holloway and Neelin, 2009;155

Rushley et al., 2018).156

Interesting relationships are found between the lower-tropospheric relative humidity and the virtual temperature.157

The virtual temperature anomaly pro�les vary strongly with humidity (Fig. 2c). However, in the lower-troposphere the158

variation is not monotonic. At low relative humidity, the virtual temperature anomaly is strongly negative at low levels,159

while for lower-tropospheric relative humidity values between 70-80% the anomalies are positive. At even higher160

lower-tropospheric relative humidity, the virtual temperature anomaly near the surface again becomes negative. At161

higher levels, di�erent behaviour is seen; near 600 hPa, little variation in virtual temperature with humidity is seen,162
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F IGURE 2 (a) Relative humidity anomalies, and (b) pressure velocity, (c), (d) virtual temperature anomalies binned
by lower-tropospheric relative humidity according to ERA5. Lower-tropospheric relative humidity is taken as the
pressure-weighted mean relative humidity between 850 and 500 hPa. Anomalies in (a), (b), (c) are taken with respect
to the tropical and time mean and anomalies in (d) are taken with respect to the tropical and time mean for regions
with lower-tropospheric relative humidity greater than 50%.
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while above this level, the virtual temperature anomaly increasesmonotonicallywith humidity. Since the static stability163

within the troposphere is directly related to the change in virtual temperature with height, these results imply changes164

in the stability of the troposphere as a function of the relative humidity. Comparing virtual temperature anomalies in165

the lower- and upper-troposphere, the results suggest that the most unstable pro�les occur under moderate relative166

humidity, with both the moistest and driest columns being more stable. In particular, for columns with humidities167

above 70%, corresponding to large-scale upward motion (Fig. 2b), the atmosphere becomes more stable as humidity168

increases.169

The pro�les seen above may be compared to the theoretical pro�les described in Singh and Neogi (2022). They170

developed a model for the thermodynamic and dynamic structure of the ascending branch of a large-scale circulation171

using the ZBP model coupled to a dynamic model based on the WTG approximation. In particular, they showed that172

the ascending branch has a higher tropospheric relative humidity than the tropical mean, and temperature anomalies173

that are negative at low levels and positive at high levels, implying a more stable troposphere than the tropical mean.174

Indeed a similar pro�le of virtual temperature anomalies is produced in the ascent region when we consider only175

regions of the atmosphere in which the lower-tropospheric relative humidity is greater than 50% (Fig. 2d); moister176

regions have negative anomalies below 850 hPa and positive anomalies of virtual temperature above 400 hPa. The177

virtual temperature pro�les found in ERA5 are therefore qualitatively consistent with the behaviour of the ZBPmodel,178

in which entrainment plays a key role in setting the lapse rate, motivating us to apply this model to help explain the179

reanalysis data in the next section.180

4 | COMPARISON TO THE ZERO-BUOYANCY PLUME MODEL181

The ZBP model assumes that the environment of convection adjusts to a state neutral to an entraining plume. Ne-182

glecting virtual e�ects, this implies that the saturation moist static energy (MSE ⇤) of the troposphere above cloud183

base obeys the plume equation,184

dM SE ⇤

dz
= �✏Lv (q⇤ � q ) (1)

where ✏ is the entrainment rate,MSE ⇤ = cpT +gz +Lv q⇤ is the saturation moist static energy, q⇤ � q is the saturation185

de�cit and z is height. Here cp is the isobaric speci�c heat capacity of air, Lv is the latent heat of vaporization,T is the186

temperature, q is the speci�c humidity, q⇤ is the saturation speci�c humidity, and g is the gravitational acceleration.187

Integrating in the vertical between two levels, we may write188

�MSE ⇤ = �✏�zLv (q⇤ � q ) (2)

Where �MSE ⇤ is the change in MSE between the two levels separated by a height di�erence �z , and the overbar189

represents a height-weighted mean.190

The above equation implies that the vertical change in MSE ⇤ is directly related to the saturation de�cit. MSE ⇤191

is a function of temperature, pressure and height only, and so its variation in the vertical is a measure of stability. If192

MSE ⇤ is invariant with height, the stability is moist adiabatic, whereas if it decreases with height, the atmosphere is193

more unstable than a moist adiabat. The saturation de�cit, on the other hand, is a measure of humidity, with zero194

saturation de�cit implying saturated conditions. In this way, the ZBP model implies a relationship between stability195

and humidity. We focus here on the mid- to lower-troposphere, and we consider the interval between 850 hPa and196
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500 hPa.197

Figure 3 shows solutions of (2) for three di�erent entrainment rates of 0.1, 0.25 and 0.5 km�1 based on a height198

di�erence of approximately 4 km, given by the average height di�erence between 850 and 500 hPa in the tropical199

band (20°S-20°N) in ERA5. The model predicts a linear relationship between the stability (as measured by �MSE ⇤)200

and the humidity (as measured by the saturation de�cit). For zero saturation de�cit, entrainment has no e�ect on the201

ZBP, and �MSE ⇤ is zero.202

Wecan now compare the ZBP solutions to data fromERA5 and the IGRA.We calculateMSE ⇤ fromdaily-averaged203

pro�les of temperature and geopotential height over the interval 850 to 500 hPa. We evaluate the saturation de�cit204

over the same region using a height-weighted average, and we multiply by the latent heat of vaporisation to convert205

to energy units.206

We construct a 2D histogram, plotting the values of the change in MSE⇤ against the corresponding saturation207

de�cit and overlaying the ZBP solutions onto the ERA5 distribution. Immediately, there is a clear correlation between208

the change in MSE⇤ and the saturation de�cit, where more instability occurs in regions and at times where the tro-209

posphere is drier (Fig. 3a). Although there is considerable scatter in the points, for small values of the saturation210

de�cit there appears to be a relatively linear relationship between �MSE ⇤ and saturation de�cit, aligning with the211

ZBP solution for an entrainment rate of roughly 0.25 km�1.212

To determine whether a similar relationship is found in direct observations, we construct the same histogram213

based on the IGRA radiosonde data. There is considerably more scatter in the points, and any relationship is less214

clear. This is partly simply because of the lack of data; only 68 stations are available in the 20°N-20°S, and this215

gives a total number of pro�les of 240515 compared to 1.68 billion in ERA5. Additionally, since the radiosondes216

give point measurements rather than averages, the humidity they measure may not be representative of the average217

environment for convection, and may be moister or drier. This could lead to more scatter in the histogram, even if the218

fundamental relationship is present in the observed data.219

Despite the above caveats, the region of highest frequencies of occurrence tends to be elongated along the ZBP220

solution of 0.25 km�1. Thus though not conclusive, the results suggest that the humidity-stability relationship found in221

ERA5 is not simply an artifact of the reanalysis. Note that the saturation de�cit values for the radiosonde data appear222

to be generally higher than those for the reanalysis. This is due to di�erences between the distribution of saturation223

de�cit between the observations and the reanalysis, with the radiosondes leaning towards larger saturation de�cits.224

It is possible that an actual di�erence in these values exists between the soundings and reanalysis, although it may225

also be due to the single point values in the soundings di�ering to the area average in the ERA5 reanalysis.226

Finally, we also computed the stability-humidity histogram in a second reanalysis (MERRA2). Although the entrain-227

ment values that encompassed the data appear slightly di�erent to those for ERA5, the overall relationship remains228

clear (Fig. 3e, f).229

At higher values of the saturation de�cit, the spread in the data becomes larger, and the relationship between230

MSE ⇤ and the saturation de�cit deviates from that predicted by the ZBP model. One possible reason for this is231

that the ZBP model is only properly representative of convective regions. Since the ZBP model assumes that the232

atmosphere is rapidly brought to neutrality with respect to convection, it is only valid where convection is active. We233

therefore examine how the histogram is altered if we only consider regions where moist convection is present. We234

use total precipitation in ERA5 (convective and large-scale) as a proxy for convection and set a threshold of 5 mm/day235

to exclude regions where moist convection is not occurring. With this idea now in mind, we plot the ERA5 distribution236

including only regions that exceed the precipitation threshold (Fig. 3b). With precipitation generally occurring in more237

moist atmospheres this removesmuch of the scatter of the distribution observed at values of greater saturation de�cit.238

The resulting �gure now has a very strong linear relationship between the change in MSE⇤ and the saturation de�cit239
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F IGURE 3 2D histograms depicting the relationship between the change in MSE⇤ and the saturation de�cit
between 850 hPa and 500 hPa. Solid black lines give solutions of the ZBP model for varying entrainment rates as
labelled. (a), (b) are the results from ERA5, (c), (d) are the results from the IGRA radiosonde data and (e), (f) are the
results from MERRA2. (a), (c), (e) include all points with the domain (20°N-20°S) and (b), (d), (f) include only points
exceeding the precipitation threshold of 5mm/day.
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across all values of humidity.240

When we consider only precipitating regions in the radiosonde data, as given by a daily precipitation rate larger241

than 5mm according to the GHCN database, the histogram appears slightly more aligned with the ZBP solutions, but242

remains relatively unchanged. The reasons for this are possibly to do with the lack of data and representation errors243

discussed earlier.244

Based on the above results, we suggest that while the ZBP model provides and explanation for some of the245

variation in lapse rates in regions of precipitation, it performs poorly at explaining relationships between stability246

and humidity outside these regions. In non-precipitating regions it is likely that horizontal controls on the thermal247

structure can e�ectively inhibit di�erences in stability between regions of varying humidity. We now investigate248

these horizontal controls in more detail.249

5 | HORIZONTAL CONTROLS ON THE THERMAL STRUCTURE IN NON-CONVECTIVE250

REGIONS251

The conceptual "Circus Tents"model introduced byWilliams et al. (2023) suggests thatMSE⇤ in the free-troposphere is252

communicated horizontally via gravity waves from convective to non-convective regions. This establishes a threshold253

for convection for regions in the vicinity of active convection, so that convection cannot occur unless the MSE in254

the sub cloud layer is equal to or greater than the communicated value of free-tropospheric MSE⇤. Whilst according255

to this model the threshold for convection decreases with distance from the active convection, we can expect that256

non-convective regions nearby would have roughly similar MSE⇤ to the convective area. Therefore, according to this257

theory, the change in MSE⇤ between 850 hPa and 500 hPa should be somewhat similar between convective and258

non-convective regions that are located close to one another.259

Using this knowledge, we can test the extent of this horizontal control on the thermal structure for non-convective260

regions. If we expect non-precipitating regions near precipitating regions to have similar values of stability in the mid-261

to lower-troposphere, the stability of the non-precipitating regions should still follow the ZBP model, but with the262

relative humidity given by the nearby convective regions. That is, we expect a correlation between the stability in the263

non-precipitating region and the humidity of the nearby precipitating regions to be present.264

We choose points that do not reach the precipitation threshold of 5 mm/day to be our non-precipitating regions.265

The next step is then to look at all precipitating regions within some set distance from a given non-precipitating266

grid point and take the average saturation de�cit of these regions. We select a distance radius of 500 km, where267

any precipitating points within this distance to a non-precipitating point between 20° N to 20° S are included in268

the average. To observe the change this has on the distribution we plot both the unaltered saturation de�cit of269

non-precipitating regions that have at least one point of precipitation within 500 km, and then the corresponding270

distribution but with the average saturation de�cit altered to be the mean of the nearby precipitating regions. Lastly,271

we plot the same values as the altered humidity data set, but here we randomise the values for saturation de�cit272

associated with each value of change in MSE⇤. This acts as a control, representing a distribution that would depict no273

correlation to the change in MSE⇤ of nearby precipitating points, and therefore no horizontal communication of these274

values of stability.275

The resulting distribution of this experiment depicted in Figure 4 is intriguing. It is clear that by altering the276

saturation de�cit, the distribution has shifted to the left from the originally dry distribution. The centre contour277

representing 10% of the data has turned so that its slope is somewhat comparable to the precipitating distribution278

shown in Fig. 3. However, as we turn our attention to more of the data, the altered humidity distribution has a wide279
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F IGURE 4 Contour plot depicting the relationship in ERA5 between the change in MSE⇤ and the saturation
de�cit between 850 hPa and 500 hPa for non-precipitating regions. The unaltered saturation de�cits are enclosed
by the red contours. The blue contours enclose the distribution where the saturation de�cits have been altered to
be equal to the average saturation de�cit of precipitating points within 500 km of each non precipitating point. The
grey contours depict a control relationship where the data enclosed within the blue contours has been shu�ed so
that no relationship between humidity and stability exists. The contours enclose 10%, 50% and 80% of each data
set. The ZBP solutions for di�erent entrainment rates of 0.1 km�1, 0.25 km�1 and 0.5 km�1 are plotted in black
with increasing entrainment from top to bottom
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F IGURE 5 The average vertical pro�le (solid blue line) of the di�erence in virtual temperature between
non-precipitating regions and precipitating regions within 500 km of each non-precipitating point. Light blue
shading shows one standard deviation from the mean.

spread, and is in fact relatively similar to the control distribution, suggesting no relationship between local stability280

and the humidity of nearby convecting regions.281

A few reasons for this result could be possible. Firstly, our assumption that the MSE⇤ between precipitating and282

non-precipitating regions was similar enough to be simpli�ed to being equal could be incorrect. We did not account283

for a decrease in the communicated value of MSE⇤ from convective to non-convective regions, which perhaps is284

signi�cant enough to account for a clear distribution not being observed when neglecting this. On the other hand,285

the set distance radius of 500 kmmay be too large or too small. To test this, we constructed the same plot as Figure 4,286

but using distances of 120 km and 1000 km. At the larger range of 1000 km, the distribution was very similar to the287

control, suggesting that this range is too large to consider MSE⇤ equal between non-precipitating and precipitating288

regions. At 120 km the distribution was least similar to the control, however a slope similar to the precipitating regions289

was not found.290

Finally, another theorised reason for this was that whilst MSE⇤ in the mid-troposphere may be similar between291

precipitating and non-precipitating regions, this may not be the case in the lower-troposphere. This would imply that292

the change in MSE⇤ between 500 hPa and 850 hPa may not be comparable between two such regions. As pointed293

out by Bao and Stevens (2021), the e�cacy of gravity waves to reduce temperature gradients di�ers throughout the294

troposphere. Gravity waves may therefore be more e�cient at reducing temperature gradients at 500 hPa compared295

to 850 hPa, which is closer to the boundary layer. To test this theory, we can examine the spread in temperature296

di�erences between non-precipitating and the precipitating points that are within 500 km. To focus on di�erences297

in density, we compare the virtual temperature between the two regions. Speci�cally, we consider the pro�le of298

di�erences in virtual temperature between non-precipitating grid points and precipitating grid points within 500 km299

(Fig. 5).300
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In the mean, temperature gradients are mostly removed locally between precipitating and non-precipitating re-301

gions at all levels in the troposphere. However, when we examine the standard deviation of the temperature dif-302

ferences, there is more variation in the lower-troposphere than there is in the mid- to upper-troposphere. As well303

as this, the standard deviation also implies that locally temperature gradients persist between precipitating and non-304

precipitating points at a 500 km scale, with di�erences ranging from ± 1.5 K in the lower troposphere to ± 0.5 K in305

the upper troposphere. Therefore, due to these two points, we cannot assume that the change in MSE⇤ between 500306

hPa and 850 hPa is equivalent between precipitating and non-precipitating points at this scale.307

These results demonstrate that QE is not a good approximation for non-precipitating regions because of the308

absence of moist convection. As well as this, a strict WTG cannot be used to precisely approximate the thermal309

structure of non-precipitating points. As depicted in Figure 5, deviations from strict WTG exist at local scales and the310

magnitude of these deviations varies with height. Therefore, it can be concluded that understanding the deviations311

from theWTG, as well as how these depend on height, is important for understanding the thermal structure of regions312

outside of moist convection.313

6 | CONCLUSION314

In this study we have investigated how both the horizontal and vertical controls on the thermal structure of the tropi-315

cal troposphere a�ect stability and its variations. Vertical pro�les of virtual temperature for varying mid-tropospheric316

humidities demonstrated a variation in thermal strati�cation with environmental moisture. This was also shown to317

be non-monotonic in the lower-troposphere, but monotonic above 600 hPa. Further investigating the in�uence of318

moist convection on stability, we identi�ed a relationship between stability and humidity in precipitating regions, with319

greater instability present in drier atmospheres. The ZBP model was also able to reproduce the slope of the relation-320

ship between the two variables with an entrainment rate of 0.25 km�1. However, this relationship was not present in321

non-precipitating regions and therefore, the ZBP cannot be applied to describe the thermal structure in such regions.322

The absence of this relationship was theorised to be caused by the reduction of temperature gradients via gravity323

waves. Whilst on average, temperature di�erences between non-convecting and nearby convecting regions are small,324

there was considerable variability, and this variability had larger magnitude in the lower-troposphere compared to the325

mid-troposphere.326

Our results provide evidence for entrainment impacting the thermal structure, and thereby also provide evidence327

that ascent within convective clouds is far from being moist adiabatic. In addition, our results also provide support328

for the local applicability of the ZBP model to regions of convection within the tropics. Whilst this model captures329

the potential cause for the deviations from strict moist neutrality in convecting regions, the mechanisms controlling330

horizontal temperature gradients in non-convecting regions are less obvious. We have highlighted the existence of331

local temperature gradients which supports the conceptual “Circus Tents” model (Williams et al., 2023). However,332

our results could be interpreted to suggest that the rate at which the communicated value of MSE⇤ decreases away333

from convective regions may vary with height in the troposphere. The e�cacy of gravity waves has been suggested334

to cause the deviation from a strict WTG (Bao and Stevens, 2021), however this does not explain what sets the335

local thermal structure. There may then be other factors involved in controlling stability in non-convective regions,336

including balanced dynamics involving the rotational component of the winds (Adames, 2022).337

While we have focused on entrainment as a key explanation for the relationships between stability and humidity338

seen in our study, alternative mechanisms that may contribute to this relationship should be mentioned. In particular,339

variations in convective organisation with humidity may play an important role in setting variations in stability across340
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convective regions. This may occur through variations in entrainment induced by organisation (Becker et al., 2018),341

but it may also occur due to di�erent vertical pro�les of convective heating associated with organised convection342

compared to disorganised convection (e.g., Houze Jr (1989)). Additionally, di�erences in cloud-radiative heating may343

play a similar role and also a�ect the strati�cation di�erently in di�erent regions. However, both of these mechanisms344

are likely to bemost important in the upper-troposphere, whilewe have here focusedmainly on the lower-troposphere345

to mid-troposphere.346

Despite our lower-tropospheric focus, our results may nevertheless be relevant for the temperature structure347

of the upper-troposphere. For example, climate models are known to overestimate upper-tropospheric tempera-348

ture trends relative to radiosondes and satellite observations (Miyawaki et al., 2020; Keil et al., 2021). One possible349

mechanism that would lead to this overestimation is an incorrect representation of entrainment in moist convection350

(Miyawaki et al., 2020). Our results therefore provide a possible observational constraint on convective entrainment351

that could be used to test this hypothesis. Alternative constraints on convectivemixing have previously been proposed352

by Ahmed and Neelin (2018). A possible pathway for future work is therefore to examine the stability-saturation353

de�cit phase space within climate models, and explore the implications for models that are unable to reproduce the354

reanalysis results found here.355

Finally, an important open question is to understand the causes of horizontal temperature gradients in the tropical356

atmosphere in regions far from convection. Previous work has related such gradients to the momentum budget (Bao357

et al., 2022), balanced dynamics (Adames, 2022), and the linear response to convective heating (Keil et al., 2023) but a358

simple model such as the “Circus Tents" model that can provide quantitative predictions of gradients remains elusive.359
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GRAPHICAL ABSTRACT475

Our conceptual understanding of the tropical thermal structure is476

based on two complementary idealisations: convective quasi-equilibrium477

(QE) and the weak-temperature gradient (WTG) approximation We478

discover that, in convective regions, moist convection ismost in�uen-479

tial and that the resulting relationship between stability and humidity480

can be well approximated by an entraining plume model. However,481
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Our conceptual understanding of the tropical 
thermal structure is based on two complementary 
idealisations: convective quasi-equilibrium (QE) and 
the weak-temperature gradient (WTG) 
approximation We discover that, in convective 
regions, moist convection is
most influential and that the resulting relationship 
between stability and humidity can be well 
approximated by an entraining plume model. 
However, in non-convective regions, QE cannot be 

used to explain the thermal structure and instead the WTG, and possibly other factors, act 
to set stability in the region.
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