
1. Introduction
The weather over Central America, and indeed in many parts of the Tropics, is impacted by the passage of trop-
ical easterly waves (TEWs), westward-propagating transient disturbances with spatial scales of a few thousand 
kilometers (e.g., Rydbeck & Maloney, 2014, 2015; Serra et al., 2008, 2010). Much of the regional interest in 
TEWs over the Atlantic and Eastern Pacific Ocean basins stems from their role as incipient disturbances for trop-
ical cyclones (Hopsch et al., 2010; Thorncroft & Hodges, 2001) or as moisture sources for the North American 
Monsoon (Fuller & Stensrud, 2000; Higgins et al.,. 2004; Seastrand et al., 2015). However, it has been suggested 
that TEWs may be responsible for up to half of the rainfall accumulation in some regions over the tropical Amer-
icas (Dominguez et al., 2020), which in turn may significantly modulate the seasonality of rainfall over the region 
(Giraldo-Cardenas et al., 2022; Gomes et al., 2019; Jury, 2020). Thus, TEWs are broadly important for under-
standing tropical regional rainfall and its variability, including extreme rainfall events. Operationally, the Instituto 
Meteorológico Nacional (IMN) de Costa Rica frequently issues forecast advisories for extreme rainfall with the 
passage of TEWs over Central America, with upwards of 40–50 advisories per year not uncommon (IMN, 2023). 
Of course, more process-based knowledge of the linkage between TEWs and heavy rainfall is needed, particularly 
with respect to associations with hazards such as flooding and landslides.

Abstract Using an index of tropical easterly wave (TEW) activity derived from spacetime-filtered outgoing 
longwave radiation, we construct composites of long-term hourly surface meteorological observations and 
morningtime sounding data collected near San José, Costa Rica to investigate how TEWs affect the diurnal 
cycle of rainfall over land. Our results indicate that TEWs enhance the frequency of occurrence of rain during 
convectively active conditions over the course of the diurnal cycle. By contrast, rainfall conditional intensity 
sensitivity to TEW phase appears more nuanced, with indications that active conditions induce a slight delay in 
the timing of the diurnal peak intensity but a longer duration of heavier rainfall. Analysis of associated hourly 
surface meteorology along with sounding profiles and derived thermodynamic parameters points to both initial 
vertical and time-evolving surface conditions regulating diurnal behavior, such as greater instability and higher 
precipitable water in morningtime profiles under active phase conditions.

Plain Language Summary Over tropical land, rainfall often follows a characteristic daily 
(or diurnal) cycle, with a peak in the late afternoon. This study explores how tropical easterly waves, 
westward-propagating weather disturbances known to impact rainfall over many parts of the Tropics, affect 
the rainfall diurnal cycle at a long-term observation site near San José, Costa Rica. Using an index of tropical 
easterly wave activity, and considering the diurnal cycle in terms of rainfall occurrence frequency and intensity, 
the results presented here indicate generally enhanced occurrence frequency over the course of the diurnal cycle 
during active conditions of tropical easterly waves, while intensity shows a more nuanced behavior, with active 
phases showing a slight lag in peak diurnal intensity with an overall lengthening of the highest intensities. Such 
diurnal rainfall sensitivity to tropical easterly waves is interpreted in terms of hourly surface meteorological 
observations and vertical profiles from morningtime soundings.
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Many of the previous efforts to diagnose the behavior and characteristics of TEWs have focused on oceanic regions, 
with comparatively little attention to TEWs over land, at least outside of Africa, which is an important source region 
for such waves (e.g., Mekonnen et al., 2006). Coupling with the diurnal cycle is a potentially significant considera-
tion for evaluating and interpreting the TEW-precipitation relationship over land. Indeed, as with many land regions 
in the Tropics (Liu & Zipser, 2008; Rapp et al., 2014; Yang & Slingo, 2001), rainfall over Costa Rica exhibits a 
pronounced late afternoon peak (Mora et al., 2020; see also Figure 1 below). To leading order, such diurnal phasing 
over land arises from interaction with the surface, as solar heating over course of the day grows and destabilizes the 
atmospheric boundary layer. Of course, factors such as land-ocean contrast, interactions with topography, or prop-
agating mesoscale convective systems (MCSs) are known to modify or may even dominate local diurnal phasing 
(Mapes, Warner, & Xu, 2003; Mapes, Warner, Xu, & Negri, 2003; Nesbitt & Zipser, 2003; Warner et al., 2003).

In summer 2019, coordinated land-based observations, including surface meteorology, Global Navigation Satel-
lite System precipitable water retrievals, radiosonde launches, and water isotopes in rainfall, were undertaken as 

Figure 1. Climatological diurnal and seasonal rainfall characteristics at San José, Costa Rica (1995–2019). (a) Occurrence frequency of hourly rainfall by local time 
of day (x-axis, midnight at 0) and calendar day of year (y-axis, starting from 1 May at the bottom). (b) May–November-mean hourly occurrence frequency (black; in 
percent) and conditional intensity (red; in mm/hr). (c) Daily rainfall accumulation (black; in mm) along with the interannual standard deviation of the daily TD-filtered 
outgoing longwave radiation index (red; in W m −2).
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part of the Organization of Tropical East Pacific Convection (OTREC) field campaign (Fuchs-Stone et al., 2020; 
Huaman et al., 2022). A key objective of OTREC was to advance process understanding of the evolution of TEWs 
transiting Central America from the Caribbean to the Eastern Pacific, including how the potential coupling of 
TEWs to the diurnal cycle over land may affect the rainfall triggered by TEW passage. The present study aims 
to establish the climatological relationship between TEWs and the diurnal cycle of rainfall over Costa Rica to 
provide context for the OTREC field campaign observations.

To assess the long-term TEW-rainfall diurnal cycle relationship over Costa Rica, we use a suite of multidec-
adal radiosonde profiles from the World Meteorological Organization (WMO) sounding site outside San José 
(Alajuela), Costa Rica (WMO 78762, airport code SJO, 84.21°W, 10.00°N, 921  m.a.s.l.; see Figure S1 in 
Supporting Information  S1) and hourly surface meteorological from IMN's Estación Experimental Agrícola 
Fabio Baudrit Moreno (site code 84187). The observed modulation of the rainfall diurnal cycle is examined in 
the context of composite behavior of surface meteorological variables as well as the thermodynamic vertical 
structure preceding diurnal cycle development in relationship to TEW convective phase. Although we do not 
have long-term observations of critical boundary layer characteristics (e.g., boundary layer height), we infer how 
differences in boundary layer development and evolution with TEW phase may account for the observed diurnal 
modulation.

2. Data and Methods
We use 12:00 UTC soundings (06:00 LT) obtained from the University of Wyoming upper air sounding archive as 
well as hourly observations of rainfall and other meteorological variables (temperature, relative humidity, wind-
speed, and wind direction) provided courtesy of the IMN. For the purposes of constructing composites, sounding 
profiles were linearly interpolated to common pressure levels starting at 900 mb and separated by 25 mb. Regard-
ing quality control, soundings were rejected if either temperature or mixing ratio at a common pressure level was 
deemed a statistical outlier (i.e., outside of 3x the interquartile range) and if no profile data were available above 
400 mb. Additionally, thermodynamic parameters indicative of the convective environment as estimated from the 
soundings (convective available potential energy, convective inhibition, and precipitable water) were extracted 
from the header of each sounding file.

To characterize forcing associated with TEWs, we use a spacetime-filtered version of the twice daily 2.5° × 2.5° 
National Oceanic and Atmospheric Administration (NOAA) outgoing longwave radiation (OLR) data set 
(Liebmann & Smith, 1996). The filtering scheme employed (see Wheeler and Kiladis  (1999)) is designed to 
isolate westward propagating disturbances with timescales of 2–10 days and westward wavenumbers of 6–20 and 
has been shown previously to yield plausible TEW convective anomalies in the tropical eastern Pacific (Serra 
et al., 2008, 2010). Although we expect that TEWs account for much of the variability in this “tropical distur-
bance” (TD) band, it is likely that other types of variability (e.g., tropical cyclones or synoptic scale variability 
in the ITCZ) are captured as well. However, TD-filtered OLR has been applied in multiple studies of TEWs for 
which it has yielded results consistent with independent techniques for identifying TEWs (e.g., vorticity tracking, 
as considered in Serra et al. (2010) and Torres and Thorncroft (2022)).

Convectively active, suppressed, and neutral TEW phase conditions are defined from the standard deviation (σ) 
of TD-filtered OLR at the closest grid point to the sounding (𝐴𝐴 𝐴𝐴 = 8.9

W

m2
 ). That is, active (suppressed) phases 

correspond to TD-filtered OLR values less than (greater than) −1σ (+1σ), while neutral phases correspond to 
values between ±1σ. Note that different thresholds for defining TEW phase were assessed (e.g., between ±1σ and 
±2σ), with the results presented below qualitatively insensitive to the selected thresholds. Two separate analysis 
time intervals are considered, either 1979–2019 or 1995–2019, depending on the common availability of data. 
In particular, while soundings are available from 1973, OLR is available from 1979 and IMN hourly surface 
meteorology from 1995.

3. Results and Discussion
We begin by presenting an overview of the climatological mean seasonal and diurnal cycle characteristics of 
hourly IMN rainfall at SJO (Figure 1). Here we decompose rainfall as the product of a frequency of occurrence 
and a conditional intensity, that is, the hourly rainfall rate during rainy conditions, defined from the start of each 
hour (e.g., 00:00 LT corresponds to the 60 min period between 00:00 and 01:00 LT). We restrict consideration to 
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the wet season months over Costa Rica, May–November (MJJASON), which is also the period of the year during 
which TEWs are most active here (Roundy & Frank, 2004).

Several prominent features of the climatological rainfall behavior are evident. As evident in the seasonal evolu-
tion of both the frequency of occurrence (Figure 1a) and the mean daily rainfall accumulation (Figure 1c, black 
line), the wet season rainfall is double-peaked: for example, occurrence frequencies at or above 50% occur during 
a short first period extending from mid-May to mid-June and a longer, second period from early-mid September 
to late October, consistent with the findings of Durán-Quesada et al.  (2020). The interval between these wet 
season peaks corresponds to the midsummer drought (MSD), or veranillo as it is referred to locally (Magaña 
et al., 1999). Although the MSD is a well-known climatological feature over the Pacific coast of Central America 
and Mexico, its cause remains a subject of debate (García-Franco et al., 2022). From the perspective of TEWs, it 
is noteworthy that the peak variability in the TD-filtered OLR index (Figure 1c, red line) occurs during the early 
part of the MSD.

Throughout MJJASON, the occurrence frequency (Figure 1a) exhibits fairly consistent rainfall initiation in the 
early afternoon hours; in the average over the entire wet season, the occurrence frequency peaks at 16:00 LT 
(Figure 1b, black line). During the peaks of the wet season, occurrence frequencies of 30% or more may persist 
into the evening, while during the MSD, rainfall frequencies are much lower at and following the diurnal peak 
(see Figure S2 in Supporting Information S1). Thus, there is broadening of the diurnal occurrence frequency 
peak over the evening hours during the rainiest intervals in the wet season. Climatological occurrence frequency 
between midnight and the morning hours at SJO is generally less than 10%; however, it may reach slightly higher 
values during the peaks of the wet season, which is consistent with storm size conditional convective rain rate 
behavior evident over the central domain of Costa Rica as shown by Rapp et al. (2014).

The MJJASON mean diurnal cycle of conditional intensity (Figure 1b, red line) exhibits a peak at 14:00 LT, or 
two hours earlier than the occurrence frequency. The difference in phasing between peak conditional intensity 
and occurrence frequency may reflect different types of rainfall (e.g., convective vs. stratiform) over the course 
of the diurnal cycle. While we have not explicitly explored the nature of the systems accounting for the diurnal 
rainfall behavior at SJO, peaking of conditional intensity before occurrence frequency is consistent with temporal 
evolution from more intense, convective rainfall to less intense, stratiform rainfall, a behavior often observed over 
the lifetime of MCSs (Biasutti & Yuter, 2013; Houze, 2004).

We next illustrate the diurnal cycle of wet season rainfall in relation to TEW convective phase estimated from 
TD-filtered OLR (Figure 2). The total rainfall (Figure 2a) exhibits a pronounced enhancement of active phase 
rainfall (red line) relative to the neutral (black) and suppressed (blue) phases, with a peak in hourly accumulation 
for the active phase approaching 2.0 mm, compared to ∼1.4 and ∼1.2 mm for the neutral and suppressed phases, 
respectively. Departures of active and suppressed phase rainfall from the neutral phase are most evident near and 
following the diurnal peak, as indicated by clear separation of the standard errors of the mean. For occurrence 
frequency by TEW phase (Figure 2b), active phase conditions manifest higher occurrence frequencies both before 
and after the diurnal peak. Although conditional intensity (Figure 2c) shows a tendency for higher values during 
active phases over the course of the diurnal cycle, the phase separation is less pronounced compared to the occur-
rence frequency (i.e., there is more overlap of the standard error of the mean). Interestingly, the diurnal maximum 
of conditional intensity in the suppressed phase is of comparable amplitude to the active phase; further, the peak 
seems to occur approximately 1 hr earlier relative to the active phase. Also notable in the conditional intensity are 
the larger nighttime to early morning values evident under active phase conditions, even as nighttime and early 
morning occurrence frequencies in both phases are comparable.

Overall, the results of the rainfall behavior illustrated in Figure 2 point to active TEW phases supporting enhanced 
rainfall relative to either convectively neutral or suppressed phases. The composite daily mean MJJASON rainfall 
accumulation is 10.1 mm in the active phase, compared to 7.9 and 6.7 mm in the neutral and suppressed phases, 
respectively. Throughout the diurnal cycle, TEW active phases are associated with more frequent occurrence 
of rainy conditions. On the other hand, the sensitivity of conditional intensity to TEW phase is somewhat more 
complicated, as peak diurnal intensity is comparable during the active and suppressed phases, but with some 
indication of phase shifting. The effect of TEW convective phase on SJO rainfall described here is broadly 
consistent with previous studies attributing tropical rainfall variability to changes in frequency rather than inten-
sity (Morrissey et al., 1994). For example, a study by Li et al. (2020) on El Niño/Southern Oscillation modulation 
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of tropical rainfall using subdaily satellite and rain gauge data found a stronger impact on rainfall frequency than 
intensity.

Fundamentally, the robustness of the rainfall diurnal cycle—the fact that a clear afternoon peak is present in 
both convectively active and suppressed TEW phases—underscores the leading-order importance of coupling of 
precipitating deep convection to the land surface at the observation site. Of course, TEWs may modulate the near 
surface environment, so it is worth exploring the extent to which TEW convective phase sensitivity is evident in 
surface meteorological variables, and how such sensitivity may be expected to impact diurnal rainfall behavior. 
To this end, Figures 2d–2f depict diurnal cycles of air temperature, relative humidity, and wind, respectively.

Relative to TEW suppressed phase conditions, active phases feature cooler near surface air temperatures 
(Figure 2d), especially around mid-day, with higher relative humidity (Figure 2e). The cooler, moister boundary 
layer environment during active phases is associated with a modest mean lowering (∼50 m) of the lifting conden-
sation level (LCL; not shown) between active and suppressed phases. Active phase lowering of the LCL may be 
expected to promote lowering of cloud base. On the other hand, reduced morning time active phase heating of 
the surface, arising through, for example, reduced net surface shortwave under cloudier active phase conditions, 
may be expected to slow the development of a vigorous, deep, well-mixed daytime boundary layer, with the latter 
conducive to land region transition to deep convection (Yano, 2021). This effect may account for the one-hour 
delay evident in active phase conditional intensity (Figure 2b) compared to the suppressed phase.

The near surface zonal and meridional winds (Figure 2f) also indicate some sensitivity to TEW phase, with more 
southwesterly conditions favored during the late morning and early afternoon of active phases. That is, TEW 
active phases promote an enhancement in the diurnal evolution of winds at the observation site, which exhibit 
a partial reversal in direction between the daytime and nighttime hours (Mora et al., 2020). This behavior may 
be indicative of a local mountain-valley breeze circulation, with daytime upsloping (southerly/southwesterly) 

Figure 2. Composite diurnal cycles for TD-outgoing longwave radiation active and suppressed phases during May–November (1995–2019). (a) Rainfall (in mm/hr); 
(b) Occurrence frequency (in percent); (c) Conditional intensity (in mm/hr); (d) Air temperature (in °C); (e) Relative humidity (in percentage); and (f) Winds (in m/s, 
with arrows oriented in the direction of the wind, with north at the top and east to the right). Active phase is in red, suppressed phase in blue; panels (a–c) also include 
the neutral phase for comparison. In panels (a–e), shading corresponds to standard errors of each phase mean.
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flow toward the higher topography to the north and east of SJO (see Figure S1 in Supporting Information S1). 
We speculate that enhanced active phase convection over topography to the northeast could act to reinforce the 
mountain-valley breeze circulation, although more observations would be needed to confirm this idea.

Although the diurnal cycle of rainfall at the SJO site appears to be tied to the surface, it is not solely dependent 
on the surface conditions. Considering how free tropospheric conditions may influence moist convection over 
land, for instance, Gentine et al. (2013) employed a slab boundary layer model to demonstrate how free tropo-
spheric stability and moisture interact with surface forcing to affect whether dry or moist land surface states are 
more favorable to precipitating deep convection. Although such comprehensive mechanistic attribution is beyond 
the scope of this study, we consider how the observed morningtime (12:00 UTC/06:00 LT) composite sounding 
characteristics for active and suppressed phases may act to constrain boundary layer and subsequent convective 
development from above (Figure 3). Free tropospheric conditions may evolve over the course of diurnal cycle 
development; in fact, in the case of TEWs, which have a period of about 4 days (e.g., Tai & Ogura, 1987), the 
phase progression may be sufficiently rapid that free tropospheric conditions could vary appreciably over a 
single  diurnal cycle, which should be kept in mind when interpreting our results.

Figure 3 presents composited sounding profiles of temperature, mixing ratio, and meridional wind for active minus 
suppressed phase conditions. Note that of the 3,691 soundings retained for the period 1979–2019, 383 (∼10.4%) 
are classified as active phase, 389 (∼10.5%) as suppressed phase soundings, and 2,919 (∼79.1%) as neutral phase 
soundings according to the TD-filtered OLR. In addition to showing composite differences based on the 06:00 LT 
soundings of identified active and suppressed phase days (t = 0), we show lead and lag composite differences 
based on available soundings from 48 hr before (t = −48) to 48 hr (t = +48) after the peak phase anomaly at the 
site. The temperature profile at t = 0 indicates anomalously cool conditions below and warm conditions aloft. At 
the same time, anomalous active minus suppressed phase moistening is present over a deep layer extending from 
the surface  to 300 mb. Meridional winds at t = 0 are weakly southerly over much of the troposphere. The lead/lag 
behavior depicted captures the phase progression expected with the passage of TEWs. For example, the meridional 
winds aloft at t = −24 are northerly followed by southerlies aloft at t = +24; thus, conditions at t = 0 are consistent 
with a trough. The composited phase differences are also consistent with prior analyses of the vertical structures of 
TEWs in the region (e.g., Serra et al., 2010). It is worth noting the tilt of the anomalous moistening with height, with 
elevated values aloft present at t = +24, suggestive of convective moistening of the atmospheric column within the 
active phase of the waves typical of convectively coupled waves (e.g., Kiladis et al., 2009; Serra et al., 2008, 2010). 
While we do not show them here, composite differences for active minus neutral and suppressed minus neutral 
conditions reflect anomalies that are largely opposite to one another, that is, the phase sensitivity is effectively linear.

To summarize the behavior of several simple sounding-derived diagnostics of the convective environment—
namely convective available potential energy (CAPE), convective inhibit (CIN), and precipitable water vapor 
(PWV)—during TD-OLR active and suppressed phases, we present scatterplots of the quantile distributions 
(QQ-plots) of these diagnostics for the two phases (Figure 4). That is, the values of each diagnostic depicted in 
Figure 4 are, for each phase, first sorted from smallest to largest, and then the sorted distributions are sampled at 
specified quantiles; the resultant scatterplots are formed by plotting the pair of active and suppressed phase values 
at each quantile. Morningtime CAPE (Figure 4a) deviates markedly from the 1:1 line, with values at a given 
quantile typically twice as large for active phases compared to suppressed phases, indicating that the former have 
more potential energy present in the morningtime environment to support subsequent precipitating diurnal deep 
convection. The CIN magnitudes are smaller in the active phase over much of the characteristic range, although as 
CIN approaches zero, active phase CIN quantile values are somewhat larger. In other words, while the energetic 
barrier that needs to be overcome for diurnal rainfall to occur is often lower during TEW active phases, there may 
be instances for which the initial conditions present in suppressed phases are more conducive to convection, at 
least in the sense of a smaller CIN barrier.

The 06:00 LT PWV values during the active phase are generally 2–3 mm higher than during the suppressed 
phase, consistent with the deep layer mixing ratio anomalies evident in the composited soundings. Previous work 
(e.g., Holloway & Neelin, 2009; Schiro et al., 2016) has quantified the relationship between PWV and rainfall 
in the tropics, with the former viewed as a proxy for conditional instability. Here, we find qualitatively that the 
relatively moister conditions prevailing over much of the troposphere during the mornings for active phase days 
provides a more significant “reservoir” of water vapor for rainfall; indeed, the characteristic differences in PWV 
values are quantitatively consistent with the active minus suppressed phase differences reported above for daily 
mean rainfall accumulation. Furthermore, moistening over a deep layer may be expected to provide a more 
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conducive environment for diurnal deep convective development by, for example, mitigating dry air entrainment 
in the free troposphere that may reduce buoyancy or increase stability.

4. Summary and Conclusions
Using two decades of surface meteorology observations co-located with the WMO sounding site near San José, 
Costa Rica, we have presented evidence of modulation of the local diurnal cycle of rainfall by TEWs. Princi-
pally, we find an enhanced likelihood of occurrence of rainfall during TEW active phases compared to neutral 

Figure 3. Lead/lag tropical easterly wave convectively active minus suppressed phase composites based on the morningtime 
(06:00 LT) soundings at SJO (1979–2019). The TD-outgoing longwave radiation index for active minus suppressed phases 
(in W m −2) is shown at the top, along with temperature (in °C), mixing ratio (in g kg −1), and meridional wind (in m s −1) 
composites by pressure levels.
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and suppressed phases. Regarding rainfall intensity, peak mean hourly rainfall is comparable for the active and 
suppressed phases. However, active phase conditions are associated with a slightly delayed peak, along with 
higher intensity on the descending (evening) side of the diurnal peak.

Analysis of surface meteorological variables indicates a cooler and moister surface over the course of the diurnal 
cycle for TEW active phase conditions. At the same time, the morning time soundings and derived thermody-
namic parameters point to greater instability (higher CAPE), a smaller barrier for convective initiation (lower 
CIN), and an enhanced reservoir of moisture to sustain rainfall (higher PWV) during active phases, consist-
ent with TEW modulation of vertical thermodynamic profiles. Thus, both near surface conditions and vertical 
profile thermodynamics appear to play a role in shaping how TEWs modulate diurnal rainfall at the observing 
site.

Better understanding of the coupling between the diurnal cycle and TEWs may have important implications for 
predicting or forecasting extreme event impacts over Costa Rica (and the tropical Americas more broadly). As 
previously noted, IMN often generates forecast advisories for extreme rainfall with TEW passage, though the 
occurrence of heavy rainfall may be highly variable. We hypothesize that the timing of TEW occurrence relative 
to the phasing of the diurnal cycle may account for some of the differential rainfall impact, particularly in terms of 
extremes, although evaluating this hypothesis from observations requires more detailed treatment of wave phase 
(at sufficiently high temporal resolution) and consideration of the location and spatial extent of the wave with 
respect to a given observation site. On the other hand, it may be possible to use regional model frameworks that 
adequately capture TEW-precipitation relationships over land to investigate how the rainfall response to TEW 
forcing depends on diurnal phasing. We further emphasize the need for continued, comprehensive in situ moni-
toring to diagnose TEW modulation of tropical land-region rainfall more precisely, particularly to the extent that 
this may enhance early warning capacity.

Data Availability Statement
WMO sounding data (site #78762) were downloaded from the University of Wyoming upper air sounding archive 
website at https://weather.uwyo.edu/upperair/sounding.html. Hourly surface meteorology data (including precip-
itation, air temperature, relative humidity, windspeed, and wind direction) from Estación Experimental Agrícola 
Fabio Baudrit Moreno (site #84187) were provided by the Instituto Meteorológico Nacional de Costa Rica 
and can be requested via https://www.imn.ac.cr/web/imn/solicitud-de-servicios. (Data requests should include 
reference to Ana María Durán-Quesada [ana.duranquesada@ucr.ac.cr] and data contract IMN-DIM-044-2023.) 
Twice-daily outgoing longwave radiation data were provided by Dr. George Kiladis of the NOAA Physical 
Sciences Laboratory (george.kiladis@noaa.gov), and the data file (olr.2xdaily.1979-2022.nc) can be downloaded 
from https://downloads.psl.noaa.gov/Datasets/interp_OLR/.

Figure 4. Quantile-quantile plots of SJO 06:00 LT sounding thermodynamic parameters for tropical easterly wave active versus suppressed phase conditions 
(1979–2019). (a) Convective available potential energy (in J/kg); (b) Convective inhibition (in J/kg); and (c) Precipitable water vapor (in mm).
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