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The Diurnal Cycle of East Pacific Convection, Moisture, and
CYGNSS Wind Speed and Fluxes

Emily M. Riley Dellaripa! (2, Eric D. Maloney! (), and Charlotte A. DeMott!

'Department of Atmospheric Science, Colorado State University, Fort Collins, CO, USA

Abstract The far eastern tropical Pacific is one of the rainiest locations on Earth. This region is
characterized by a robust diurnal cycle with precipitation initiating over the Andes mountains in Colombia in
the late afternoon and moving offshore overnight while organizing into mesoscale convective systems (MCSs).
As the MCSs move westward, they can seed tropical easterly waves that develop into tropical cyclones. Novel
measurements of near-surface wind speeds and latent heat flux (LHFLX) from the Cyclone Global Navigation
Satellite System (CYGNSS) mission and ERAS reanalysis are used to evaluate changes to regional flow
patterns, moisture, and LHFLX that favor a strong westward propagating diurnal cycle of precipitation in this
region. Days with strongly versus weakly westward propagating diurnal precipitation are compared during

the extended boreal summer of the CYGNSS era (May—October 2018-2021). Strongly propagating days have
a more moist lower troposphere with stronger vertically integrated moisture flux convergence than days with
weakly propagating precipitation. The enhanced low-level moisture is supported by increased wind-driven
LHFLX from stronger regional flows including the Choco and Caribbean Low-Level Jets and Panama and
Papagayo gap winds. Increased offshore convergence and vorticity also help sustain convection during the days
with strongly propagating precipitation. Background variations in the physical environment, as opposed to
diurnal variations, seem more important for supporting a robust diurnal cycle of precipitation in the region.

Plain Language Summary The eastern tropical Pacific Ocean off the coast of Colombia is one of
the rainiest locations on Earth. Thunderstorms frequently form in the late afternoon over the foothills of the
Andes mountains and then move offshore into the eastern Pacific overnight and into the early morning while
growing into bigger thunderstorms. These large thunderstorms are important because they can eventually lead
to tropical cyclone development as they move westward over the eastern Pacific parallel to central America.
We evaluate environmental conditions that favor days when thunderstorms move far away from the Colombian
coast along central America versus days when thunderstorms stay closer to the Colombian coast. We find

that days when the thunderstorms move farther away from the Colombian coast have more moisture near the
Earth's surface. This enhanced moisture is supported by increased winds near the surface in the east Pacific
and Caribbean that help transport moisture from areas near the Pacific equator and Caribbean to offshore of
Colombia and transfer moisture from the far eastern Pacific Ocean surface into the overlying atmosphere.
Measurements from eight microwave-size satellites in space were critical to determine the role of the transfer of
moisture from the ocean surface to the atmosphere.

1. Introduction

The exceptional amount of rainfall that occurs in the far east Pacific off the western coast of Panama and Colom-
bia has long been recognized (Murphy, 1939). Nichols and Murphy (1944) termed this region the Panama Bight
due to the concave coastline. Rain gauges and satellite observations have confirmed this region as one of the
rainiest spots in the world (e.g., Mapes, Warner, & Xu, 2003; Mapes, Warner, Xu, et al., 2003; Negri et al., 2000;
Poveda & Mesa, 2000; Vallejo-Bernal et al., 2021). Recent data collected by the Global Precipitation Measure-
ment (GPM) mission estimate rainfall amounts exceeding 1 mm hr~! (Figure 1a) just off the coast of Colombia,
while rain gauge measurements show even larger extreme rainfall between the Colombian coast and Andes moun-
tains (Poveda & Mesa, 2000).

Heavy rainfall occurs year-round in the Panama Bight with maximum values from May to October
(Hastenrath, 2002; Mapes, 2003a; Velasco & Fritsch, 1987) as peak insolation and the Intertropical Convergence
Zone (ITCZ) migrate to the north of the equator. Accompanying the annual march of the ITCZ is the interaction
of dynamics and thermodynamics with complex topography and sea surface temperature (SST) gradients that
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Figure 1. (a) Mean IMERG precipitation for May—October 2018-2021, excluding May—July 2018 and October 2021. Gray
contour is 1-km topography. The rectangle represents the region used to determine strongly versus weakly propagating days.
(b) EOF1 and EOF?2 of rainfall averaged over the width of the rectangle in (a). (c) Distance versus time plot of IMERG
precipitation from 20 to 30 September 2018. The x-axis in (b) and (c) represents the approximate distance from the Colombian
coast along the long side of the rectangle shown in (a). In (c), red ellipses indicate examples of strongly propagating days,
while blue ellipses indicate examples of weakly propagating days as defined by our index described in the text.

together produce abundant rainfall. In the far east Pacific, a strong SST gradient exists at the juncture of the
equatorial cold tongue and the Panama Bight portion of the eastern Pacific warm pool. This SST gradient is asso-
ciated with low-level cross-equatorial southwesterlies, known as the Choco Jet (Poveda & Mesa, 1999, 2000),
which curves into the Colombian coast and brings abundant moisture to the Panama Bight and onshore (e.g.,
Amador et al., 2006; Poveda & Mesa, 2000). Additional moisture is delivered to the region via strong low-level
easterly flow associated with the Caribbean Low-Level Jet (CLLJ; Amador, 1998; Amador et al., 2006; Cook &
Vizy, 2010; Wang, 2007; Wang et al., 2007; Whyte et al., 2008) and gap winds through the Central American
mountains. These gap winds include the Panama Jet off the Pacific coast of Panama (Figure 6c¢), the Papagayo Jet
over the Gulf of Papagayo near the border of Nicaragua and Costa Rica (Figures 6a and 6¢), and the Tehuantepec
Jet over the Gulf of Tehuantepec near southern Mexico (e.g., Amador et al., 2006; Chelton et al., 2000; Serra
et al., 2010). The moist air of the Choco Jet is met by the Andes mountains and undergoes orographic ascent and
converges with the easterlies aloft from eastern South America (Poveda & Mesa, 2000; Poveda et al., 2014). The
easterlies aloft are focused in a midtropospheric jet between 700 and 600 hPa that brings additional moisture to
the far east Pacific from the Atlantic Ocean after crossing northern South America (Poveda et al., 2014).

Thermal contrasts in daytime heating between the land and ocean lead to stronger onshore flow during the day (i.e.,
sea breeze) and weaker offshore flow overnight (i.e., land breeze) and help give the region a robust diurnal cycle
of precipitation. The enhanced daytime onshore flow and heating help destabilize the atmosphere over the coastal
region and foothills leading to enhanced precipitation during the late afternoon (Garreaud & Wallace, 1997; Mapes,
Warner, Xu, et al., 2003; Poveda & Mesa, 2000; Poveda et al., 2005; Zuluaga & Houze, 2015). Overnight and into the
morning, precipitation moves offshore and propagates westward while growing upscale into mesoscale convective
systems (MCSs; Jaramillo et al., 2017; Mejia & Poveda, 2005; Velasco & Fritsch, 1987; Zuluaga & Houze, 2015).
The triggering of late afternoon convection over land by sea-breeze circulations and forced orographic ascent
followed by offshore propagation through land breeze and/or gravity-wave dynamics and MCS development is well
known throughout the tropics (e.g., Bai et al., 2021; Houze, 2012; Kirshbaum et al., 2018; Natoli & Maloney, 2019;
Park et al., 2011; Qian, 2008; Riley Dellaripa et al., 2020; Wu et al., 2008; Yokoi et al., 2017; Zhou & Wang, 2006).
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MCSs account for a majority of the precipitation in the Panama Bight and are largely responsible for the maxi-
mum in diurnal precipitation off the Colombian coast (Figure 1; Jaramillo et al., 2017). Some studies hypothesize
that the growth of offshore MCSs in the Panama Bight is due to gravity-wave dynamics (Mapes, Warner, &
Xu, 2003; Yepes et al., 2020). Daytime heating initiates gravity waves that radiate from the elevated terrain of the
Andes mountains. By early morning, the cool phase of the gravity wave reduces convective inhibition offshore
and encourages MCS development (Mapes, Warner, & Xu, 2003; Yepes et al., 2020). Offshore-MCS develop-
ment and propagation by a gravity-wave mechanism is ubiquitous across the tropics (e.g., Bai et al., 2021; Hassim
et al., 2016; Vincent & Lane, 2016; Yokoi et al., 2017). Overnight land-breeze circulations along the Colombian
coast may also aid offshore propagation of precipitation (e.g., Bai et al., 2021; Ho et al., 2008; Houze et al., 1981;
Park et al., 2011; Zhou & Wang, 2006) by reducing the onshore flow from the Choco Jet and shifting moisture
convergence offshore (Mejia et al., 2021).

Despite western Colombia and the Panama Bight having a prime environment for precipitation, not all days have
strong diurnal cycles of precipitation that produce offshore westward-propagating MCSs (Figure 1b; Mapes,
Warner, Xu, et al., 2003; Mejia et al., 2021). Understanding the physical mechanisms that lead to days with strong
versus weak diurnal precipitation and offshore propagation of MCSs into the Panama Bight is important as MCSs
can develop into convectively coupled easterly waves (EWs) which can then seed tropical cyclones (TCs; Kerns
et al., 2008; Rydbeck & Maloney, 2015; Rydbeck et al., 2017; Serra et al., 2010; Whitaker & Maloney, 2020).
Diurnal convection in particular may be important for the transition of MCSs to EWs, as model sensitivity exper-
iments showed that EW variance in the east Pacific was greatly reduced when diurnal convection was suppressed
(Rydbeck et al., 2017). Further, the strength of the Choco Jet and Papagayo Jet may also be important for the
transition of MCS convection into an EW (Whitaker & Maloney, 2020). One example of the transition of MCS
activity in the far east Pacific into a TC during the Cyclone Global Navigation Satellite System (CYGNSS) era is
Hurricane Felicia (14-20 July 2021). Felicia originated from an area of disturbed weather over the far east Pacific
Ocean, Costa Rica, and Panama on 9 July 2021. The disturbance became better organized as it moved westward
before developing into a tropical depression by 14 July 2021 (https://www.nhc.noaa.gov/data/tcr/).

A limited number of previous studies have examined the regional-scale conditions favoring strong westward
propagation of diurnal disturbances in the Panama Bight. Sounding observations from Nuqui, Colombia during
the Organization of Tropical East Pacific Convection (OTREC) field campaign (5 August to 25 September 2019;
Fuchs-Stone et al., 2020) combined with ECMWF atmospheric reanalysis version 5 (ERAS; Hersbach, Bell,
et al., 2020) showed that days with stronger diurnal MCS activity in the Panama Bight and coastal Colombia are
associated with an enhanced CLLJ and Choco Jet and an anomalously strong low-level cyclonic circulation over
Panama extending from the surface to ~800 hPa (Mejia et al., 2021), consistent with previous results by Zuluaga
and Houze (2015). The stronger regional circulations during active MCS days supported enhanced moisture along
the western slopes of the Andes mountains during the evenings that was related to increased moisture flux conver-
gence (MFC). During the morning hours of the active MCS days, the enhanced MFC shifted offshore promoting
MCS growth and offshore propagation. Mejia et al. (2021) suggested that the increase in offshore MFC was due
to the deceleration of the Choco Jet via overnight-to-morning land-breeze circulations. Increased low-to-midlevel
wind shear and the generation of midlevel mesoscale convective vortexes (MCVs) were also hypothesized to
be important for sustaining long lasting offshore-MCS development and propagation. WRF simulations of the
Choco Jet Experiment (Yepes et al., 2019) time period also indicated enhanced low-to-midlevel wind shear may
help delineate days with versus without offshore westward propagating precipitation. Similar wind and moisture
variations were found by Zuluaga and Houze (2015).

Though the previous studies give a thorough analysis of the local and regional environmental mechanisms
responsible for diurnal precipitation in the Panama Bight and coastal Colombia, not all environmental drivers
have been explored, and some of the results were derived over a limited time period. Notably missing is the role
of air-sea feedbacks in supporting diurnal westward propagating precipitation in the region. The atmosphere and
ocean are energetically coupled by latent and sensible heat fluxes, with latent heat fluxes (LHFLXs) considerably
larger than sensible heat fluxes in the region and in the tropics in general (e.g., Amador et al., 2006; DeMott
et al., 2015; Riley Dellaripa & Maloney, 2015). Prior work has found that LHFLXs are enhanced with gust fronts
generated by oceanic tropical convection (e.g., Redelsperger et al., 2000; Riley Dellaripa & Maloney, 2018;
Wu & Guimond, 2006; Young et al., 1995). However, the importance of enhanced wind-induced LHFLXs for
supporting mesoscale convection is less clear. For example, Tobin et al. (2012) and Tompkins and Craig (1998)
found that increased surface fluxes aid mesoscale convective organization, while Gentine et al. (2016) and
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Riley Dellaripa et al. (2018) came to an opposite conclusion. Idealized simulations suggest that flux feedbacks
may be important in the initial stages of convective organization, but not for maintaining organization (Holloway
& Woolnough, 2016; Wing & Cronin, 2016; Wing & Emanuel, 2014).

The previous studies discussing wind-induced LHFLX feedbacks on convective development relied on
spatially or temporally sparse observations (i.e., Araligidad & Maloney, 2008; Bui et al., 2020; Riley Dellaripa
& Maloney, 2015; Tobin et al., 2012) or idealized model simulations (i.e., Gentine et al., 2016; Holloway &
Woolnough, 2016; Tompkins & Craig, 1998; Wing & Cronin, 2016; Wing & Emanuel, 2014). The launch of
CYGNSS in December 2016 offers a new opportunity to observe oceanic surface wind speeds (Ruf et al., 2016)
and derive tropical LHFLXs (Crespo et al., 2019) on a high temporal (i.e., approximate 3-hr revisit time) and
spatial (i.e., 25-km effective resolution) scale (Ruf et al., 2019; Stephens et al., 2020). Consisting of a constella-
tion of eight low-Earth orbit (i.e., 510-km altitude and 35° inclination) microsatellites, CYGNSS measures wind
speeds over the ocean by detecting direct and reflected Global Positioning System (GPS) signals from the ocean
surface. Each satellite can detect signals from at most four GPS satellite transmitters thus giving the constella-
tion 32 simultaneous wind-speed measurements. CYGNSS can detect wind speed in any weather condition as
GPS L-band microwave-channel (19-cm wavelength; 1,575 MHz) signals are not appreciably affected by rainfall
(Balasubramaniam & Ruf, 2020). This is a distinct advantage over traditional spaceborne scatterometer-based
wind retrievals that rely on measuring the backscatter power from a radar pulse (e.g., Weissman et al., 2012;
Wentz et al., 1982).

Taking advantage of CYGNSS unique observing capabilities, this study aims to evaluate the role of wind-induced
LHFLXs for supporting westward-propagating diurnal convective systems off the Colombian coast and their
link to moisture variations in the Panama Bight. We examine the relative importance of diurnal versus back-
ground variations in wind, moisture, and LHFLXSs for supporting the westward propagation of precipitation in the
Panama Bight by comparing composites of those environmental variables during days in the CYGNSS era that
have strong westward propagation of precipitation from the Colombian coast into the Panama Bight, versus those
that do not.

The following section describes the CYGNSS data and ERAS reanalysis used for this study, as well as our method
for isolating strongly and weakly propagating days. Section 3 compares precipitation during the strongly versus
weakly propagating days, while Section 4 discusses the moisture, wind, and LHFLX variations during those
respective days. Sections 5 and 6 discuss and summarize the paper, respectively.

2. Data and Methodology
2.1. CYGNSS Data

The CYGNSS science team offers two wind speed products—a science data record (SDR) and a climate data record
(CDR). The CDR wind speeds have a trackwise correction that removes biases due to variations in GPS transmit
power and other factors (Ruf & Twig, 2020; Said et al., 2019). The correction relies on reanalysis products and is
therefore not a completely independent wind-speed sample (Pascual, Clarizia, & Ruf, 2021; Ruf & Twig, 2020).
Additionally, the correction cannot be applied to all CYGNSS data resulting in fewer wind-speed samples. We,
therefore, use the latest level-2 SDR wind speed product, SDR version 3.1 (SDR 3.1; CYGNSS, 2021), which
includes spatially averaged wind speed at a 25 X 25-km grid spacing (Pascual, Clarizia, Zavorotny, et al., 2021).

Data are available from 1 August 2018 to the present. Though science data collection started in March 2017, prior
to 1 August 2018, the CYGNSS receivers did not include real-time monitoring and correction of variations in GPS
transmit power, which were necessary to maximize retrievals from GPS satellites (Ruf & Balasubramaniam, 2019;
Ruf & Twig, 2020; Wang et al., 2022). We use the fully developed seas (FDS) estimates of wind speed, which
assumes the sea surface is at equilibrium with the wind speed. CYGNSS wind speeds agree well with tropical
buoy observations (Asharaf et al., 2022).

We also used the CYGNSS level-2 SDR surface LHFLX product version 2.0 (CYGNSS, 2022) that derives
fluxes using version 3.5 of the Coupled Ocean-Atmosphere Experiment (COARE) bulk flux algorithm (Edson
et al., 2013; Fairall et al., 2003) with inputs from level-2 SDR 3.1 wind speeds and ERAS specific humidity and
near-surface air and SST (Crespo et al., 2019). The CYGNSS LHFLXs are provided with a 25 x 25-km grid
spacing for the same times and locations as the wind-speed measurements. CYGNSS LHFLXs agree well with
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LHFLXs from tropical buoys with a correlation near 0.8 (Crespo et al., 2019). Both the CYGNSS wind speed and
LHFLX were regridded to an hourly 1° X 1° grid using the technique outlined in Ruf (2018).

2.2. ERAS Reanalysis Data

The CYGNSS near-surface wind speeds were complemented with ERAS winds. The 1,000-hPa and 925-hPa
winds detail variations in the Choco Jet, which is traditionally defined at 925 hPa (e.g., Poveda & Mesa, 2000;
Poveda et al., 2014; Yepes et al., 2019) since zonal winds just off the Colombian coast maximize at that level. The
1,000-hPa winds are compared to the CYGNSS wind speeds, which are only available at the surface. The 850-hPa
winds are used to detect changes in the CLLJ and gap winds between the strongly and weakly propagating days.
Lastly, the 650-hPa winds reveal how the easterly midtropospheric jet above the Andes mountains (e.g., Poveda
et al., 2014) varies with changes in the diurnal cycle of precipitation.

Vertical profiles of ERAS winds and specific humidity were used to evaluate variations of low-level divergence
and vorticity, vertical profiles of moisture, and vertically integrated moisture flux convergence (VIMFC) as
prior work (i.e., Mejia et al., 2021; Zuluaga & Houze, 2015) has suggested that enhanced surface convergence
and low-to-midlevel vorticity and moisture help support MCS development and its westward propagation in the
Panama Bight. Hourly and global ERAS5 variables with a native 0.25° X 0.25° grid spacing (Hersbach, Bell,
et al., 2020; Hersbach et al., 2018a, 2018b), were regridded to 1° X 1° to match the gridded CYGNSS data.

2.3. Method for Isolating Strongly Versus Weakly Propagating Days

Precipitation estimates from NASA's Integrated Multi-satellitE Retrievals for Global Precipitation Measurement
(GPM IMERG) final-version 6 product (Huffman, Bolvin, et al., 2019; Huffman, Stocker, et al., 2019) are used
to determine days in the Panama Bight that have strong versus weak diurnal precipitation. IMERG precipitation
(Huffman, Bolvin, et al., 2019) was regridded from its native 30 min, 0.1° X 0.1° grid to an hourly, 1° x 1° grid
to match the gridded CYGNSS wind speeds. We analyzed days from May to October of the CYGNSS era (i.e.,
August 2018 to present), which specifically includes August—October 2018, May—October 2019 and 2020, and
May—September 2021. October 2021 is not included because the IMERG final-version 6 product ends in Septem-
ber of 2021, and no plans exist to process more months until the final-version 7 is available (Huffman, Stocker,
et al., 2019). We restrict our analysis to May to October as those are the months when rainfall is greatest in the
Panama Bight (Amador et al., 2006; Mapes, Warner, Xu, et al., 2003) and also overlaps with the local TC season
(Amador et al., 2006).

Figure la shows the average precipitation for available days during May—October 2018-2021. Consistent with
previous studies (Mapes, Warner, Xu, et al., 2003), maximum precipitation occurs offshore of Colombia and
extends northwest along the coast of Central America. The average ITCZ position further west is centered about
7°N. Precipitation enclosed within the black rectangle (Figure 1a) was used to determine days when diurnal
precipitation had strong versus weak westward propagation from Colombia into the Panama Bight. Precipitation
was first averaged over the width (i.e., shorter dimension) of the rectangle. Then, the hourly precipitation for
each day was normalized by each day's mean precipitation over the entire rectangle. Finally, the time series of the
normalized, width-averaged precipitation was decomposed into empirical orthogonal functions (EOFs). The two
leading EOFs depict precipitation centered just inland of the Colombian coast and ~250 km offshore (Figure 1b).
Together, these first two EOFs explain 44.8% of the variance. The principal components (PCs) associated with
the leading EOFs have a maximum correlation of 0.3 at a lag of 6 hr. We define days as having strongly propa-
gating diurnal precipitation when a maximum in PC1 occurs between 00 and 12 UTC, which is 19-07 local time
(LT) that exceeds one standard deviation (1o) followed by a maximum in PC2 that exceeds 1o within 12 hr of
the PC1 maximum. If there is no maximum in PC2 within 12 hr of the PC1 maximum, then the day is classified
as having weakly propagating diurnal precipitation. We refer to these days as strongly and weakly propagating
days. A similar method was used by DeMott et al. (2018) to define Madden-Julian Oscillation (MJO) events that
propagated through versus decayed at the Maritime Continent (MC). The results are robust to varying the cutoff
time for the PC1 maximum and altering the lag period between the PC1 and PC2 maximum. Performing the EOF
decomposition on absolute precipitation values did not adequately distinguish between days with strong versus
weak diurnal precipitation. Our method assumes that the westward propagation follows the path of mean precip-
itation, i.e., along the length (or long side) of the box in Figure 1a and could miss offshore propagation that was
not aligned with the box.
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Figure 2. Three-hourly composite of IMERG precipitation for strongly propagating days. Gray contour represents 1-km topography. The white rectangle indicates the
region used to construct distance versus time plots in the following figure.

Figure 1c provides an example of days that qualify as strongly versus weakly propagating during 20-30 Septem-
ber 2018. We note that not all days qualify as either having strongly or weakly propagating precipitation. Of the
613 days included in the study, 159 were classified as strongly propagating, while 108 were classified as weakly
propagating. We also analyzed days that had precipitation that originated offshore (i.e., PC1 < 16 and PC2 > 10)
to ensure that the environmental conditions that favor precipitation that strongly propagates offshore are in fact
important for encouraging strong offshore propagation and not simply favorable for any offshore precipitation.
There were 126 days with offshore precipitation and we discuss our findings in the context of those days. We
explored comparing wet versus dry days based on days that had 1o above or below the mean precipitation inside
the lower half of the rectangle. However, while the dry days showed very little diurnal precipitation over Colom-
bia, there was still appreciable rainfall offshore that did not propagate and our focus here is on propagating
precipitation originating over Colombia.

3. Precipitation During Strongly and Weakly Propagating Days

Figure 2 shows 3-hourly composites of precipitation for strongly propagating days. As shown in previous stud-
ies, inland precipitation forms along the foothills of the Andes mountains in the late afternoon and evening
(Figures 2g and 2h). The convective region grows in intensity and size as it moves offshore overnight and into
the early morning hours (Figures 2a—2e). From midmorning into the afternoon, the offshore precipitation weak-
ens as it moves away from Colombia. Precipitation during the weakly propagating days has a similar evolution,
except that the precipitation wanes closer to the Colombian coast. The differences in the extent of northwest-
ward propagation of diurnal precipitation for strongly versus weakly propagating days are seen in time versus
distance-from-shore plots (Figure 3) constructed by averaging over the width of the rectangle in Figure 2. The
diurnal evolution of precipitation for all days considered in this study is also shown for comparison. During both
subsets of days, precipitation maximizes in the early morning hours (10:30 UTC; 05:30 LT) just off the Colombian
coast. However, the strongly propagating days have appreciable precipitation magnitudes (e.g., the 1 mm day~!
contour) that extend more than twice as far offshore as during the weakly propagating days (Figures 3b and 3c).

4. Moisture, Winds, and LHFLX Variations

Figure 4 shows 3-hourly composites of the differences in 1,000-600 hPa vertically integrated ERAS specific
humidity and IMERG precipitation between the strongly and weakly propagating days. For clarity, only the
positive precipitation differences are shown. The decision to integrate over 1,000-600 hPa is based on vertical
cross-sections of specific humidity differences inside the rectangle (Figure 2) that show moisture differences
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Figure 3. Distance versus time plots of diurnal-cycle composites of IMERG precipitation (shading and contours) averaged over the width (i.e., short side) of the
rectangles shown in Figures 1 and 2 for (a) all days, (b) strongly propagating days, and (c) weakly propagating days. The x-axis represents the approximate distance
from the Colombian coast along the length (i.e., long side) of the rectangle shown in Figures 1 and 2.

a) 0130 UTC (2030 LT)

between strongly and weakly propagating days are largest at those levels (Figure 5). During the strongly propagat-
ing days, enhanced precipitation in the Panama Bight is accompanied by increased low-level moisture throughout
the east Pacific southward of 8°N (Figure 4). The largest positive moisture differences are generally to the west
and southwest of the maximum precipitation differences. Vertical cross-sections of moisture differences further
detail that the offshore moisture enhancements during the strongly propagating days are relatively persistent
and stationary throughout the day with the largest differences above the boundary layer (~850 hPa) ~300 km
offshore (Figure 5). These findings are consistent with observations from Nuqui, Colombia during “wet” days
of the OTREC field campaign that showed enhanced moisture below 4 km for the 00 UTC soundings (Majia
etal., 2021).

The red and blue circles in each panel in Figure 5 indicate the location of maximum precipitation for strongly and
weakly propagating days, respectively, according to the time-distance plots shown in Figures 3b and 3c. Note, the
location of maximum precipitation for the weakly propagating days only considered precipitation <500 km from
shore to avoid identifying precipitation that originated offshore (e.g., 0.5 mm hr~! contours near 750 km). During
the daytime hours (Figures 5e—5h), precipitation moves several hundred more kilometers offshore during the
strongly propagating days compared to the weakly propagating days. The difference in the extent of propagation

ERAS5 ¢ (1000-600 hPa): Strongly - Weakly Propagating Days
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Figure 4. Three-hourly composites of mass-weighted vertically integrated (1,000-600 hPa) ERAS specific humidity (shading) differences for strongly and weakly
propagating days overlaid with IMERG precipitation differences in black contours starting at 0.5 mm hr~! and incrementing by 0.5 mm hr~!. Gray contours represent
1-km topography. The black rectangle indicates the region used to construct distance versus height plots in the following figure.
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Figure 5. Three-hourly vertical cross-section of specific humidity differences for strongly and weakly propagating days averaged over the width (i.e., short side) of the
rectangle shown in Figures 1 and 2. Circles are the location of maximum precipitation according to the Hovmollers shown in Figures 3b and 3¢ during strongly (red)
and weakly (blue) propagating days. See text for details on how the maximum precipitation location was calculated. The x-axis represents the approximate distance
from the Colombian coast along the long side of the rectangle shown in previous figures.

may in part be due to the enhanced low-level (<600 hPa) moisture offshore during the strongly propagating
days as Tulich and Mapes (2010) showed that low-level (<4 km) moisture variations are especially important
for supporting convection. Aloft (400-600 hPa), moisture variations tend to evolve in tandem with precipitation,
suggesting that daytime midlevel moistening on strongly propagating days (Figures Se—5h) is a byproduct of
convective activity, such as detrainment of cloud condensate to the environment.

We next compare the regional-scale circulations in the Panama Bight during the strongly versus weakly propagat-
ing days. The left panels of Figure 6 show the mean ERAS5 wind speed (shading) and vectors at 1,000, 925, 850,
and 650 hPa over all days considered in this study. As stated in Section 2.2, both 1,000-hPa and 925-hPa winds
are examined to evaluate the Choco Jet. At 1,000 and 925 hPa, cross-equatorial southwesterlies in the east Pacific
become more zonal as they curve into the Colombian coast and form the Choco Jet. The Choco Jet at 925 hPa
is slightly more zonal near the Colombian coast compared to the 1,000-hPa winds. Also noticeable at 1,000 and
925 hPa are the strong easterlies in the Caribbean that make up the CLLJ (Figure 6a). The CCLJ is most apparent
at 850 hPa where the strong easterlies cross central America through gaps in the mountain ranges (Figures 6a,
6¢, and 6e). While there are hints of the CLLJ crossing central America at 1,000 and 925 hPa through a gap in
the Cordillera mountains near 11°N (i.e., the Papagayo Jet; Figures 6a and 6c¢), the Papagayo Jet is more evident
at 850 hPa (Figure 6e). At 850 hPa, the Panama Jet is also visible across the Isthmus of Panama and into the far
east Pacific (Figure 6e). Aloft at 650 hPa, zonal easterlies are ubiquitous across the region (Figure 6g). Poveda
et al. (2014) highlighted this level as a midtropospheric jet that connects moisture from the Atlantic to the Pacific
after crossing northern South America.

The low-level regional-scale flows including the Choco Jet, the CLLJ, and the Papagayo and Panama Jets are
enhanced with greater onshore flow into Colombia during the strongly propagating days (Figures 6b, 6d, and 6f).
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Figure 6. (a) The mean ERAS5 1,000-hPa wind speed (shading) and vectors over all days in the data set (May—October 2018-2021). (b) The mean difference in 1,000-
hPa wind speed (shading) and vectors between the strongly and weakly propagating days. (c) and (d) are the same as (a) and (b), except for at 850 hPa. Gray contours
represent 1-km topography. The black rectangle indicates the region used to construct distance versus times plots in future figures.
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Figure 7. The shading represents the mean difference between strongly and weakly propagating days (a) 1,000-hPa divergence, (b) 850-hPa vorticity, and (c) vertically
integrated moisture flux convergence from 1,000 to 100 hPa. The differences in wind vectors between the strongly and weakly propagating days at 1,000 and 850 hPa
are overlaid in (a) and (b), respectively. Gray contours represent 1-km topography. The black rectangle indicates the region used to construct distance versus times plots

in future figures.

The midtropospheric winds at 650 hPa are also stronger during the strongly propagating days especially off the
Colombian coast along 3°N and over the Caribbean and Panama (Figure 6h). Enhanced regional flows during
the strongly propagating days are accompanied by increased low-level convergence (Figure 7a) that supports
increased low-level moisture and precipitation (Figure 4). Stronger 850 hPa vorticity (Figure 7b) in the Panama
Bight during the strongly propagating days may also help sustain and/or generate new MCS activity offshore of
Colombia (e.g., Whitaker & Maloney, 2020). However, the root of the enhanced vorticity could also lie within
the increased diurnal precipitation such that a positive feedback exists that has the potential to lead to EW devel-
opment (Rydbeck et al., 2017). Rydbeck et al. (2017) showed that MCSs in the Panama Bight can contribute to
vorticity generation via stretching within growing EW's and that the suppression of diurnal precipitation impedes
MCS growth and reduces EW variability in the region.

Differences in the VIMFC during the strongly versus weakly propagating days further relate variations in
the regional circulation and moisture to precipitation differences (e.g., Seager et al., 2007; Trenberth &
Guillemot, 1995). During the strongly propagating days, VIMFC is enhanced in a pattern that resembles the
increase in low-level convergence and moisture (Figures 7c and 4). The stronger moisture flux into the Panama
Bight likely contributes to the extended offshore propagation of precipitation during the strongly propagating
days.

Similar to ERAS5, CYGNSS wind speeds are greater in the Panama Bight and the Caribbean during the strongly
propagating days (Figure 8). CYGNSS-based LHFLXs show a pattern of enhanced LHFLXs during the strongly
propagating days that generally reflects the enhanced wind speeds (Figures 8 and 9), which is not surprising given
that wind speed is the most dominant term in the LHFLX equation over tropical warm pool regions (DeMott
et al., 2014, 2016; Hendon, 2005; Yokoi et al., 2014). Differences in diurnal fluctuations of wind speed and
LHFLX in the Panama Bight are generally positive from 23:30 to 14:30 LT. An exception is at 05:30 LT, when
precipitation differences are largest (Figure 8). As demonstrated by Riley Dellaripa et al. (2018), this behavior
could be linked to enhanced cold pool activity driven by larger rain amounts on strongly propagating days.
The westward expansion of cold pools initiated in the east Pacific could reduce surface fluxes mechanically by
opposing background westerly winds, and thermodynamically by introducing more saturated air (via rain evap-
oration) into the boundary layer (e.g., Torri & Kuang, 2016). The exception at 05:30 LT could also be related
to semidiurnal variability in atmospheric pressure and winds due to the semidiurnal cycle of the solar tide (e.g.,
Dai & Wang, 1999; Deser & Smith, 1998; Kohyama & Wallace, 2016; Ueyama & Deser, 2008). Ueyama and
Deser (2008) found that the semidiurnal cycle in zonal winds peaks around 03:25 and 15:25 LT in the east Pacific,
which roughly corresponds to the two times when wind speed and LHFLX differences are negative (Figures 8
and 9d, 9h). Its unclear, however, how or why the semidiurnal solar tide would lead to stronger winds (and thus
LHFLX) during the weakly propagating days relative to the strongly propagating days during the tide's semidi-
urnal peaks.

Both the MFC and LHFLX help sustain moisture in the region against the drying effects of precipitation. Figures 4
and 5 indicate that there is stronger drying during the strongly propagating days as offshore low-level (>700 hPa)
moisture differences weaken from midday into the evening (11:30-17:30 LT; Figures 4f—4h and 5f—5h) from their
peak during the early morning hours (05:30 LT; Figures 4d and 5d). The enhanced drying on strongly propagat-
ing days could arise from greater loss of water vapor through precipitation formation, or from advection of drier
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Figure 8. (a-h) Differences in three-hourly CYGNSS wind speed (shading) between the strongly and weakly propagating days with IMERG precipitation differences
overlaid in black contours. (i) The average difference (i.e., the average of panels a—h) in CYGNSS wind speed (shading) and IMERG precipitation (contours). The
precipitation contours start at 0.5 mm hr~! and increment by 0.5 mm hr~!. Gray contours represent the 1-km topography. The black rectangle indicates the region used
to construct distance versus times plots in future figures.

air from the Caribbean (Figures 4 and 7a). The drying is partially offset by the VIMFC. A direct comparison
of the energy in the atmospheric column lost due to precipitation versus the energy gained due to the VIMFC
shows there is a deficit of 119 and 58 W m~ in the far east Pacific (oceanic region inside the rectangle) during
the strongly and weakly propagating days, respectively (not shown). LHFLXSs help mitigate the energy deficit by
contributing ~100 W m~2 to the far east Pacific (oceanic region enclosed within the rectangle; 11c). One caveat
to our comparison of VIMFC and precipitation is that we compared IMERG precipitation to ERA5 VIMFC and
there are inconsistencies between the methods used to derive each product.

5. Discussion

Our results align well with previous studies of precipitation in the far east Pacific (i.e., Mejia et al., 2021; Zuluaga
& Houze, 2015) that also found stronger regional circulations and moisture flux during days that had strong
MCS activity. Tropics-wide, background winds, and moisture variability influence the ability of coastal precipi-
tation to propagate offshore (Fang & Du, 2022). Fang and Du (2022) found that offshore propagation of diurnal
tropical precipitation is highly favored in environments with sufficient moisture (>11 g kg=') and offshore or
weak (<4 m s~!) background winds. Their findings are consistent with observational studies for specific tropical
regions such as southern China (Chen et al., 2019), the Philippines (Natoli & Maloney, 2019, 2023), and the
MC region (e.g., Bai et al., 2021; Lu et al., 2019; Vincent & Lane, 2017). Numerical simulations also support
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Figure 9. Same as Figure 8 except for CYGNSS-based latent heat flux (shading).

the importance of sufficient moisture (e.g., Coppin & Bellon, 2019) and offshore or weak winds (e.g., Wei &
Pu, 2022) for the offshore propagation of diurnal tropical precipitation.

Collectively, the enhanced VIMFC, surface convergence, and wind-induced LHFLX associated with a stronger
Choco Jet, CCLJ, and gap winds help increase moisture in the far east Pacific and encourage longer lasting
precipitation and further westward propagation during the strongly propagating days. Figure 10 shows distance
versus time plots of precipitation averaged over the width of the rectangle in previous figures overlaid with
CYGNSS wind speed and LHFLX and ERAS5 VIMFC and 1,000-600 hPa moisture. These plots summarize the
relationship between the regional-scale environment and precipitation during the strongly versus weakly propa-
gating days. During the strongly propagating days, offshore precipitation is heavier and extends further offshore
than during the weakly propagating days (Figure 10). Enhanced wind speeds occur in the far east Pacific during
most hours of the day during the strongly propagating days (Figure 10a) due to a stronger Choco Jet and gap
winds. The enhanced winds promote stronger LHFLX and VIMFC (Figures 10b and 10c), which in turn support
a more moist offshore environment both ahead of and before precipitation as well as during the enhanced precip-
itation (Figure 10d). As noted for Figures 8 and 9, a semidiurnal cycle is visible in the CYGNSS wind speed and
LHFLX differences. The negative differences at 05:30 and 17:30 LT (10:30 and 22:30 UTC) roughly correspond
to the semidiurnal peaks in zonal winds in the east Pacific (Ueyama & Deser, 2008).

Given that the differences in the offshore environment including moisture, winds, and fluxes are persistent
throughout the day and consistent across the far east Pacific (Figure 11), we propose that changes in the back-
ground moisture, VIMFC, winds, and LHFLX, as opposed to differences in diurnal variations help explain the
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Figure 10. Distance versus time plots of diurnal cycle differences in IMERG precipitation (shading in each panel) in units of
mm hr~! in all panels except (c), which shows energy units of W m~2. The contour lines represent differences in (a) CYGNSS
wind speed (m s7!), (b) CYGNSS LHFLX (W m~2), (c) ERAS vertically integrated moisture flux convergence (W m~2) from
1,000 to 100 hPa, and (d) mass-weighted vertically integrated (1,000-600 hPa) specific humidity (kg m~2). Differences were
calculated by averaging over the width (i.e., short side) of the rectangle. The x-axis represents the approximate distance from
the Colombian coast along the length (i.e., long side) of the rectangle in previous figures.

degree to which diurnal precipitation can propagate westward in the far east Pacific. To ensure that changes
in the background environment actually support the extended offshore propagation of precipitation during the
strongly propagating days and not merely any offshore precipitation (i.e., precipitation originating offshore), we
examined the environmental conditions during days that only had precipitation originating offshore (i.e., PC2 > 1
and PC1 < 1). Similar to the strongly propagating days, the offshore-precipitation days had enhanced moisture
associated with an increased Choco Jet and CLLJ and enhanced convergence, VIMFC, and vorticity. However,
the enhancements during the offshore days are not as strong nor as pervasive as during the strongly propagating
days. Rather, the enhanced moisture, convergence, vorticity, and VIMFC are focused several hundred kilometers
from the Colombian coast between 5°N and 7°N and west 80°W. Closer to the coast, the offshore days generally
have reduced moisture and offshore winds associated with divergence and weaker VIMFC and vorticity relative
to both the weakly and strongly propagating days (not shown). Therefore, the nearshore environmental conditions
seem especially important for dictating the ability of precipitation to propagate offshore.

Specific mechanisms that generate the westward-propagation of precipitation, such as land breezes and gravity
waves discussed in the introduction, were not analyzed in this paper. However, we speculate that in the nearshore
environment (<150 km) density currents generated by land breezes overnight or cold pools at least partially
explain the westward propagation of precipitation during both the strongly and weakly propagating days. The
propagation speed of the precipitation in the nearshore environment is roughly 8 and 5 m s~! during the strongly
and weakly propagating days (Figure 3), respectively, which is close to the characteristic range of density currents
(i.e., 3-7 m s~!; Fang & Du, 2022). Further from the coast, gravity waves likely help to move the precipitation
westward. During the strongly propagating days, the propagation speed increases to about 12 m s~ 150 km off
the coast, consistent with the findings of Mapes, Warner, Xu, et al. (2003), Mapes, Warner, & Xu (2003), Warner
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Figure 11. ERAS (a) mass-weighted specific humidity integrated from 1,000 to 600 hPa and (b) vertically integrated
moisture flux convergence integrated from 1,000 to 100 hPa averaged over all times of the day and the width (i.e., short
side) of the rectangle for the strongly (black line) and weakly propagating (gray line) days. (c) and (d) are the same as (a)
and (b), except for CYGNSS LHFLX and wind speed, respectively. The x-axis represents the approximate distance from the
Colombian coast along the long side of the rectangle in previous figures.

et al. (2003), and Yepes et al. (2020) who attributed similar offshore propagation speeds to gravity-wave dynam-
ics. Gravity waves may also be initiated over land during the weakly propagating days; however, we hypothesize
that as the wave propagates offshore the background moisture is insufficient to sustain the precipitation. By
contrast, during the strongly propagating days sufficient moisture sustains convection generated by the instability
of gravity waves. This hypothesis aligns with previous studies that found that the offshore propagation of precip-
itation throughout the tropics is mainly driven by density currents near the coast and gravity waves far from the
coast (e.g., Bai et al., 2021; Fang & Du, 2022; Short et al., 2019; Vincent & Lane, 2016).

The atmospheric conditions preceding the strongly propagating days may also influence the enhanced moisture
during the strongly propagating days. A lack of convective activity on the preceding day could allow moisture
to build up and make conditions more favorable for convection the next day. This 2-day cycle of convection was
observed during TOGA COARE (Chen & Houze, 1997) and is hinted at here for the east Pacific (Figure 1c).
Future work is needed to determine how influential the prior day's convective inactivity is for ripening the envi-
ronmental conditions for strong diurnal westward propagation in the far east Pacific.

To further demonstrate the importance of the background as opposed to diurnal variations, Figure 12 shows that
diurnal anomalies of wind speed, LHFLX, and moisture during the strongly and weakly propagating days. The
diurnal anomalies were calculated independently for each subset of days by removing the daily mean of each
variable from the hourly composites for the strongly and weakly propagating days separately. By calculating
the diurnal anomalies for the strongly and weakly propagating days separately, we can compare differences in
the amplitude of diurnal variations during the two subsets of days. The weakly propagating days, actually have
stronger diurnal variations (or amplitude) in wind speed, LHFLX, and moisture despite having weaker diurnal
variations in precipitation (Figure 12). The weakly propagating days also have a robust semidiurnal cycle in wind
speed and LHFLX that peak at 05:30 and 17:30 LT and correspond to the peaks in the semidiurnal cycle of zonal
wind in the east Pacific related to semidiurnal cycle of the solar tide (Ueyama & Deser, 2008). Further analysis,
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Figure 12. Distance versus time plots of diurnal cycle anomalies of IMERG precipitation (shading) and CYGNSS wind
speed (contours in m s~!) during (a) strongly and (b) weakly propagating days. (c) and (d) are the same as (a) and (b), except
the contours represent diurnal cycle anomalies in CYGNSS LHFLX (W m~2). The x-axis represents the approximate distance
from the Colombian coast along the long side of the rectangle in previous figures.
which is beyond this scope of this current work, would be necessary to diagnose why the weakly propagating days
show a robust semidiurnal cycle, while the strongly propagating days do not.
The results in Figure 12 and previous figures suggest that the westward-propagating precipitation in the far
east Pacific is more sensitive to its background environment than to the strength of diurnal fluctuations, since
the strongly propagating days have increased moisture and regional circulations (Figures 4-11) but weaker
diurnal-cycle variations (Figure 12). The stronger diurnal cycle of wind speeds during the weakly propagating
days is contrary to that found during the OTREC period, when diurnal variations in wind speeds at Nuqui,
Colombia were stronger for wet days than dry days (Mejia et al., 2021). The contrasting observations may stem
from the Nuqui results being based on comparisons of only 00 and 12 UTC soundings as opposed to all hours of
the day. Additionally, our strongly and weakly propagating days are defined differently than Mejia et al.’s (2021)
wet versus dry days (discussed in Section 1).
6. Summary and Conclusion
This work examined physical mechanisms that contribute to a strong diurnal cycle of precipitation along the
coast of Colombia and into the far east Pacific. Diurnal convection is frequently initiated over the western slopes
of the Andes mountains in Colombia during the late afternoon and then moves westward toward the coast and
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offshore overnight. As the convection moves offshore, it often develops into MCSs. These MCSs can then seed
EWs, which may develop into TCs.

To determine what environmental factors contribute to a strong diurnal cycle of westward propagating precip-
itation in the far east Pacific, we developed an index based on the leading two EOFs of IMERG precipitation
that identifies days with strongly or weakly propagating precipitation. Composites of ERAS wind and specific
humidity revealed that days with strongly propagating diurnal precipitation have stronger regional circulations
including the Choco Jet, the CLLJ, and enhanced gap winds including the Papagayo and Panama Jets. Accom-
panying these stronger flows is enhanced moisture and vorticity throughout the Panama Bight. Increased precip-
itation during the strongly propagating days is also directly linked, through the moisture budget, to increases in
VIMEC throughout the far east Pacific. These findings are consistent with previous work based on field campaign
observations (i.e., Mejia et al., 2021) and satellite and reanalysis measurements (i.e., Zuluaga & Houze, 2015).

Unique to our work was the evaluation of surface wind speed observations from the CYGNSS microsatellites. We
also analyzed the CYGNSS wind speed-based LHFLX product to determine the LHFLX contribution to diurnal
precipitation in the Panama Bight that was notably missing from previous works (Mejia et al., 2021; Zuluaga
& Houze, 2015). CYGNSS wind speeds were similar to ERAS and showed a stronger Choco Jet and CLLJ and
enhanced gap winds during most hours of the strongly propagating days. During the strongly propagating days,
increases in LHFLX generally mimicked the wind speed enhancements and contributed to the increased moisture
in the Panama Bight.

On strongly propagating days, stronger regional circulations and wind-induced LHFLX and MFC contribute
to enhanced moisture and vorticity in the far east Pacific. This more favorable offshore environment sustains
the westward propagation of diurnal precipitation beyond that observed during weakly propagating days. The
environmental differences are generally consistent during all hours of the day, suggesting that differences in
the background circulation and moisture field are more important than differences in their diurnal variations.
To support this hypothesis, we showed that diurnal-cycle variations in CYGNSS wind speed and fluxes were
actually stronger during the weakly propagating days as opposed to the strongly propagating days despite the
strongly propagating days having increased offshore precipitation. A semidiurnal cycle in CYGNSS wind speeds
and LHFLX during the weakly propagating days was also noted. We speculate that these semidiurnal peaks are
related to the semidiurnal fluctuations of the solar tide. However, it is possible that the semidiurnal signal is a
spurious artifact of CYGNSS data processing. The root cause of the semidiurnal signal is beyond the scope of this
current work. Future work will further examine the importance of LHFLX to moisture variations and precipita-
tion in the far east Pacific through mechanism denial experiments with regional cloud resolving models.

A natural question arising from this work is what causes the variations in the strength of the regional circulations,
which then impact the moisture variations into the far east Pacific. Annual and interannual variations of the CCLJ
and the associated gap winds and the Choco Jet have been linked to variations in the El Nino Southern Oscil-
lation (ENSO; e.g., Arias et al., 2015; Hoyos et al., 2019; Morales et al., 2021; Poveda & Mesa, 2000; Poveda
et al., 2006, 2011; Sierra et al., 2021) and the MJO (e.g., Maloney & Hartmann, 2001; Serra et al., 2010), respec-
tively. Further, the CLLJ is to first-order geostrophically driven and therefore strongly influenced seasonally by
the westward extent of the North Atlantic subtropical high (e.g., Cook & Vizy, 2010; Wang, 2007). There is very
little work discussing the fluctuations of these regional jets at the synoptic timescale. One source of variability
may be EWs (Rydbeck et al., 2017; Serra et al., 2010). Mejia et al. (2021) also mention EW as a source of vari-
ability in the CLLJ during the days identified as wet versus dry. Garcia-Martinez and Bollasina (2020) further
discuss a link between fluctuations in extratropical waves to variations in the strength of the CCLJ, which may
be important to the variations we have discussed here. Determining the cause of the variability in the regional
circulations that we have found here is worthy of a future investigation.

Data Availability Statement

The CYGNSS wind Science Data Record, version 3.1 (CYGNSS, 2021), and flux Science Data Record, version
2.0 (CYGNSS, 2022), data files are distributed through the NASA's Physical Oceanography Distributed Active
Archive Center (PO.DAAC) (https://podaac.jpl.nasa.gov/CYGNSS). ERAS data (Hersbach et al., 2018a, 2018b)
were downloaded from the Copernicus Climate Change Service (C3S) Climate Data Store. The results contain
modified Copernicus Climate Change Service information 2021-2022. Neither the European Commission nor
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