
1.  Introduction
The vertical structure of the vertical velocity in the East Pacific (EP) intertropical convergence zone (ITCZ) has 
been highly debated, mainly because of the disagreement between reanalysis and satellite data sets (e.g., Hagos 
et al., 2010). While satellite-based studies show a predominance of deep ascending motion associated with deep 
convection (Liu et al., 2015; Schumacher et al., 2004), reanalyzes suggest strong shallow ascending motion (Back 
& Bretherton, 2006; Yokoyama et al., 2014). Schumacher et al. (2004) used observations from the precipitation 
radar aboard the Tropical Rainfall Measurement Mission (TRMM) satellite to estimate vertical profiles of latent 
heating and showed top-heavy heating associated with deep ascending motion in the EP ITCZ. Back and Brether-
ton (2006) used ERA-40 and NCEP-NCAR reanalyzes to study the vertical structure of the EP ITCZ and showed 
maximum ascending motion at 850 hPa associated with an import of moist static energy (MSE) through vertical 
advection. This shallow ascending motion is linked to a shallow meridional overturning circulation in the south-
ern part of the EP ITCZ and is supported by the East Pacific Investigation of Climate Processes in the Coupled 
Ocean–Atmosphere System (EPIC-2001) field campaign data set (Zhang et al., 2004).

In a more recent study using EPIC-2001 and other in situ data, Huaman and Takahashi (2016) showed a second 
vertical motion peak above the shallow ascending motion peak. Additionally, Huaman and Schumacher (2018) 
used 16 years of CloudSat and TRMM satellite radar observations to estimate vertical profiles of latent heating 
in the EP ITCZ. They combined shallow precipitation from the CloudSat W-band radar and deep (i.e., convective 
and stratiform) precipitation from the TRMM Ku-band radar to more accurately represent latent heating from 
the full convective spectrum. Their results demonstrated that two peaks of latent heating associated with deep 
and shallow ascending motion are apparent in this region and linked to deep and shallow meridional circulations 
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radar data.

Plain Language Summary  There is no consensus on where air rises most strongly and to what 
heights over the tropical East Pacific Ocean because there are very few available in situ observations. Thus, 
we rely on numerical models or satellite observations to make estimates of where air rises and where storms 
are deepest and strongest. In this study, we show recent field campaign observations that indicate the existence 
of two modes of upward motion: a shallow mode (i.e., ascending motion up to 4 km AMSL) in the southern 
part of the main precipitation band just north of the equator, and a deep mode (i.e., ascending motion up to 
10 km AMSL) a few hundred km farther north. While numerical models only produce the shallow mode, 
satellite algorithms suggest only a deep mode. Improvements were made when the numerical models used in 
situ data for guidance and the satellite algorithms were supplemented with observations from other sensors. 
In situ observations were crucial to conclude that currently available numerical model and satellite data sets, 
independently, are problematic for describing the large-scale air motions in the East Pacific.
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(Nolan et al., 2007). They also found that the vertical structure of the EP ITCZ is tilted meridionally; shallow 
ascending motion occurs around 6°N in the southern part of the ITCZ and transitions to deep ascending motion 
around 9°N in the northern part of the ITCZ. Using reanalysis data, Trenberth et al. (2000) also identified the 
shallow and deep mode in the global monsoon, including in the EP ITCZ. The shallow and deep modes over the 
EP ITCZ experiences interannual, seasonal, and synoptic variability (Huaman et al., 2021; Zhang et al., 2008). 
Schumacher et al. (2004) showed an increase of stratiform rain fraction (and thus a deeper vertical mode) during 
El Niño years over this region. Huaman and Schumacher (2018) studied the seasonal variability of the vertical 
velocity associated with convection in the EP ITCZ and found a predominance of the shallow mode during boreal 
winter and spring, and deep and shallow mode during boreal summer and fall. Additionally, Huaman et al. (2020) 
showed that convectively coupled Kelvin waves impact the meridional circulation in the EP ITCZ, enhancing the 
shallow ascending motion ahead of the Kelvin wave and deep ascending motion within the Kelvin wave.

The vertical structure of the meridional circulation is important to the MSE budget, and thus to the theoretical 
questions about the relationship of convection to large-scale dynamics (Frierson, 2007; Inoue & Back, 2015; 
Neelin & Held, 1987; Numaguti, 1993; Raymond et al., 2009; Sobel, 2007; Yu et al., 1998). However, it has been 
a challenge to determine which data set among reanalyzes and satellite products is closer to the truth because of 
the lack of in situ observations over the EP. The lack of in situ observations causes reanalysis data sets to rely 
heavily on the physical parameterizations of models that might not represent the actual conditions. Additionally, 
latent heating algorithms from the TRMM and Global Precipitation Measurement (GPM) satellites are based on 
look-up tables from cloud-resolving models (CRMs) that might not be representative of the EP ITCZ. Therefore, 
more studies based on in situ observations are needed to improve our understanding of the vertical velocity and 
convection over this region and examine the reliability of vertical motion from multiple reanalyzes and satellite 
products. In this study, we analyze the vertical velocity observed during the Organization of Tropical East Pacific 
Convection (OTREC 2019; Fuchs-Stone et al., 2020) field campaign to determine which product among four 
common reanalyzes is closer to the OTREC observations and thus more likely to represent the true meridional 
overturning structure in the EP ITCZ.

2.  Data and Methodology
We used observationally based vertical velocity (i.e., vertical pressure velocity in Pa s−1) from an OTREC 3DVar 
analysis processed by New Mexico Tech (Fuchs-Stone et al., 2020), which was generated from gridded dropsonde 
data collected from NSF/NCAR Gulfstream V flights between 12 and 18 UTC (06 and 12 local time) to capture 
the morning peak of convection over ocean. Flight operations took place from 5 August to 3 October 2019 and 
12 research flights (RFs) were performed over the EP OTREC flight box (89°–86°W, 3°–11°N; Figure  1a). 
However, we only considered nine research flights: RF02 (12 August), RF05 (17 August), RF08 (23 August), 
RF14 (21 September), RF16 (24 September), RF18 (27 September), RF19 (28 September), RF21 (1 October), 
and RF22 (2 October), which are shown as individual events in Figure S1 in Supporting Information S1. RF01 (7 
August) and RF20 (30 September) were excluded because their extreme precipitation deviated significantly from 
the other RFs and from the precipitation climatology calculated using daily IMERG precipitation data (Huffman 
et al., 2015) from 1998 to 2019. RF11 (4 September) was also excluded due to missing data north of 8°N.

Vertical velocity fields were obtained from the following reanalyzes: ERA5, MERRA-2, JRA-55, and NCEP-
NCAR. Reanalysis data was obtained for each RF day as well as for a large sample during August and Septem-
ber 2014–2020 (representing the climatological OTREC period). The sample criteria is explained in Section 4. 
Additionally, we only analyze reanalysis data during the OTREC flight times (12–18 UTC) in order to exclude 
variations in vertical motion due to the diurnal cycle (not shown). Table 1 lists the spatial and temporal reso-
lution and convection and assimilation schemes for each reanalysis. We interpolated all the reanalyzes to 0.5° 
for comparison of specific latitudinal ranges, but note that JRA-55 and NCEP-NCAR have significantly coarser 
resolution than this.

We also obtained latent heating retrievals from the GPM radar. The GPM satellite was launched in 2014 (Hou 
et al., 2014) and is equipped with a dual-wavelength radar that provides the observational basis of the latent 
heating retrievals. The swath width of the radar is relatively narrow (245 km) and the satellite orbit (i.e., ap-
proximately 90 min) precesses through the diurnal cycle, which limits sampling over the OTREC flight box 
especially when only morning overpasses are considered to be consistent with the OTREC flight times. As such, 
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only one RF was sampled by the GPM radar during OTREC so we use all GPM orbital samples during August 
and September 2014–2020 between 12 and 18 UTC to calculate OTREC satellite profile statistics. The GPM 
latent heating algorithms used are: Convective Stratiform Heating (CSH), Spectral Latent Heating (SLH), and a 
novel algorithm developed by Huaman and Schumacher (2018; HS2018). The resolution and input data for the 
algorithms are detailed in Table 1. Hourly precipitation from IMERG and daily SST from the Operational Sea 
Surface Temperature and Ice Analysis (OSTIA, Donlon et al., 2012) were also used during the OTREC period.

Vertical velocity was estimated from the GPM latent heating retrievals using the thermodynamic equation: 
𝐴𝐴 𝑑𝑑ln(𝜃𝜃)

𝑑𝑑𝑑𝑑
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 , p is pressure, 𝐴𝐴 ⃖⃖⃗𝑉𝑉  is horizontal wind, g is the gravi-

tational force, ρ is density, θ is potential temperature, z is height, LH is latent heating, and T is the air temperature. 
It is important to mention that vertical velocity is purely derived from latent heating and radiative cooling is 
disregarded in the simplified thermodynamic equation, which could lead to overestimation of vertical velocity 
from GPM algorithms at upper levels. Additionally, assuming that the vertical advection of potential temperature 
balances the latent heating (i.e., neglecting horizontal advection, turbulent diffusion, and radiative tendencies; 
Houze, 1989) and that the local pressure tendency and horizontal advection of pressure 
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negligible (i.e., hydrostatic balance), the equation is simplified to 𝐴𝐴 − 𝜔𝜔
𝜌𝜌𝜌𝜌

𝑑𝑑ln(𝜃𝜃)
𝑑𝑑𝑑𝑑

= 𝐿𝐿𝐿𝐿
𝑇𝑇

 . T and θ were obtained from 

ERA-5 and the results are not sensitive to the temperature used from different reanalyzes. It is important to men-
tion that these assumptions may result in small deviations of GPM vertical velocity especially in the southern 
region of the ITCZ and high levels where the vertical ascending motion is weak.

3.  Vertical Velocity During OTREC
Figure 1a shows the average IMERG precipitation across the EP for the nine analyzed OTREC RF dates. In 
the OTREC flight box, the maximum precipitation was located north of 7°N, where SST is warmest. During 
the OTREC period, the average precipitation was fairly consistent with the IMERG precipitation climatology 
from 1998 to 2014 (not shown) and there were no significant interannual (e.g., El Niño) events during OTREC. 
Some intraseasonal variability was observed, three weak-to-moderate Madden Julian Oscillation (MJO) events 

Figure 1.  (a) Precipitation from IMERG in mm d−1 (shaded) and SST from OSTIA in C° (contours) averaged over the OTREC nine RF dates in 2019 and 12–18 
UTC. The black box indicates the OTREC flight box. (b–f) Vertical cross sections of vertical motion in Pa s−1 across 89°–86°W from OTREC dropsondes and the four 
analyzed reanalyzes (ERA5, MERRA-2, JRA-55, and NCEP-NCAR) averaged over the OTREC nine RF dates in 2019 and 12–18 UTC.
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occurred based on the OLR MJO index (Kiladis et al., 2014). The mean vertical structure of the vertical velocity 
from OTREC dropsondes and reanalyzes during the nine RFs averaged for 12–18 UTC is shown in Figures 1b–1f. 
The spatial resolution of the reanalyzes ranges from 0.28° to 2.5°; therefore, the vertical velocities values are 
smoother in the reanalyzes with lower resolution.

The vertical velocity retrieved from OTREC observations (Figure 1b) suggests a meridional slope with shallow 
vertical motion between 4°N and 7°N, and deepening farther north at 8°N in the lower and mid troposphere and 
at 10.5°N in the mid and upper troposphere, consistent with Huaman and Takahashi (2016) and Huaman and 
Schumacher (2018). The meridional structure of vertical motion during OTREC was generally captured by ERA5 
(Figure 1c), which shows weak shallow upward motion centered at 6°N and strong deep upward motion at 8°N. 
ERA5 assimilated OTREC dropsonde data, thus helping it capture the observed vertical motion structure, al-
though the upward motion between 600 and 200 hPa at 10.5°N is much weaker in ERA5 compared to the OTREC 
dropsonde retrieval. JRA-55 (Figure 1e) also assimilated the OTREC dropsondes (Japan Meteorological Agency, 
personal communication), but its vertical motion is less consistent with OTREC observations. MERRA-2 and 
NCEP-NCAR (Figures  1d and  1f) did not assimilate OTREC in situ data (NASA/GSFC for MERRA-2 and 
National Centers for Environmental Prediction for NCEP-NCAR, personal communication) and exhibit predomi-
nantly shallow vertical motion around 7°N and weaker deep vertical motion around 10°N. The weak vertical mo-
tion in NCEP-NCAR is likely in part due to the 2.5° × 2.5° resolution, which smooths the vertical velocity values.

The different vertical motion structures between the reanalyzes can be attributed to the range of resolutions, 
convective schemes, and/or assimilation methods employed (Table 1); however, it is not clear which factor plays 
the predominant role. Precipitation from each reanalysis also shows differences (Figure S2 in Supporting Infor-
mation S1). ERA5 has the highest temporal, spatial, and vertical resolution and all the reanalyzes have unique 
convective schemes. ERA5 and JRA-55 use a four dimensional variational (4D-Var) data assimilation scheme, 
while MERRA-2 and NCEP-NCAR use a three dimensional variational (3D-Var) scheme. Both ERA5 and JRA-
55 assimilated the OTREC dropsondes and employ 4D-Var so we believe that the disagreement between ERA5 
and JRA-55 is probably more related to the convective scheme and spatial resolution.

Reanalysis Resolution Convective scheme Assimilation scheme

ERA-5 Hersbach et al. (2020) 0.28° × 0.28°, 1 hr Upgraded mass flux 4D-Var

137 pressure levels Tiedtke (1989)

MERRA-2 Gelaro et al. (2017) 0.5° × 0.625°, 3 hr Relaxed Arakawa-Schubert 3D-Var

72 pressure levels Moorthi and Suarez (1992)

JRA-55 Kobayashi et al. (2015) 1.25° × 1.25°, 6 hr Prognostic Arakawa-Schubert 4D-Var

37 pressure levels Arakawa and Schubert (1974)

NCEP-NCAR Saha et al. (2014) 2.5° × 2.5°, 6 hr Simplified Arakawa-Schubert 3D-Var

17 pressure levels Pan and Wu (1995)

GPM Algorithm Resolution Satellite input Heating look-up table

CSH V06 Tao et al. (2001), (2010) 0.25° × 0.25°, 80 levels Surface precipitation CRM

Rain type (shallow, convective, stratiform, anvil)

Echo-top height

Low-level reflectivity gradient

SLH V06B Shige et al. (2004), (2007), (2009) 0.25° × 0.25°, 80 levels Surface precipitation CRM

Rain type (shallow, convective, stratiform, anvil)

Echo-top height

Melting level

HS2018 Huaman and Schumacher (2018) 0.25° × 0.25°, 80 levels Surface precipitation Obs

Rain type (shallow, convective, stratiform)

Table 1 
Reanalyzes and GPM Latent Heating Products
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Only RF 14 (21 September, 2019) coincided with a GPM overpass in the OTREC flight box and 12–18 UTC time 
window. A strong convective system was centered in the northeast part of the OTREC box and was well captured 
by a GPM swath at 16 UTC. The precipitation associated with the convective system had similar precipitation 
intensity and position at 16 UTC (GPM snapshot time) compared to the 12–18 UTC average (not shown). Vertical 
velocity profiles from OTREC dropsondes for 12–18 UTC, GPM algorithms for 16 UTC and reanalyzes for 12–
18 UTC on 21 September are shown in Figure 2 and indicate active deep ascending motion in the northern portion 
of the OTREC box. OTREC observations (Figure 2a) show strong upward motion, up to −0.9 Pa s−1, throughout 
the troposphere. GPM products also show strong deep vertical motion. SLH (Figure  2b) has upward motion 
throughout the troposphere, although less intense than the OTREC dropsondes, with a vertical velocity peak 
around 650 hPa. CSH (Figure 2c) shows strong upward motion around 400 hPa and weaker downward motion 
from 700 hPa to the surface due to evaporative cooling below cloud base in the stratiform rain region. HS2018 
(Figure 2d) has strong upward motion through the depth of the troposphere, similar to OTREC observations.

Reanalyzes indicate different vertical motion structures on this day, except ERA5. ERA5 vertical velocity (Fig-
ure 2e) shows strong upward motion with values up to −0.9 Pa s−1 from 850 to 500 hPa, similar to OTREC but 
shifted slightly lower in the troposphere. MERRA-2, JRA-55, and NCEP-NCAR (Figures 2f–2h) show weak 
vertical velocities with values between −0.1 and −0.3 Pa s−1 and a predominant shallow mode peaking at 850 hPa 
throughout the EP ITCZ. The disagreement between reanalyzes is partially explained by the resolution dependen-
cy in each reanalysis. However, JRA-55 provides a more realistic vertical motion profile than MERRA-2 despite 
its coarser resolution, suggesting that some benefit is still being provided through assimilation of the OTREC 
dropsonde data.

4.  Monte Carlo Analysis
Although we presented a comprehensive case study from the OTREC field campaign in Section 3, the compari-
son to GPM data was limited by the near absence of coincident overpasses. In an attempt to make a more repre-
sentative comparison, we looked for all the GPM radar overpasses in the OTREC flight box with precipitation 
data available between 4°N-9°N and from 12 to 18 UTC for August and September during 2014–2020, and found 
42 samples. The vertical velocity average derived from the GPM latent heating algorithms for the 42 overpasses is 
shown in Figures 3b–3d. Vertical velocity averages for 12–18 UTC from MERRA-2, JRA-55, and NCEP-NCAR 
for the same 42 GPM dates are shown in Figures 3e–3h. For easier comparison with the OTREC observations, 
we repeat the OTREC vertical motion average from Figure 1b as panel Figure 3a.

Figure 2.  Vertical cross sections of vertical motion in Pa s−1 across 89°–86°W during RF14 (21 September 2019), from (a) OTREC dropsondes averaged for 12–18 
UTC, (b–d) GPM algorithms (SLH, CSH, and HS2018) at 16 UTC, and (e–h) reanalyzes (ERA5, MERRA2, JRA55, and NCEP-NCAR) averaged for 12–18 UTC.
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Figure 3 shows that all of the GPM algorithms produce deep upward motion at 6°N and 9°N. Shallow upward 
motion predominates in the reanalyzes around 6°N and is stronger in JRA-55 and ERA5 than MERRA-2 and 
NCEP-NCAR. We note that the vertical velocity climatologies for 2014–2020 are similar to the 42-day averages 
in all of the reanalyzes (not shown). Figure 3 calls attention to the significant disagreement between GPM algo-
rithms and reanalyzes. While reanalyzes generally suggest stronger shallow vertical motion over much of the EP 
ITCZ, GPM algorithms indicate a predominance of deep vertical motion.

To conduct a more robust assessment of the vertical velocity in the EP ITCZ, we performed a Monte Carlo analy-
sis in which we constructed numerous random 9-day sample averages among the 42-day samples from GPM and 
reanalyzes that were expected to be comparable with the OTREC field campaign data. The results of this analysis 
for three latitude bands (i.e., 4°–7.5°N, 7.5°–9°N, and 9°–10.5°N) are shown in Figure 4. We performed a 9-day 
average 1,000 times and display the results as a set of colored points every 100 hPa representing the minimum 
average, 25th percentile, mean, 75th percentile, and maximum average vertical motion value for each GPM al-
gorithm and reanalysis. We interpret as a good approximation of vertical velocity from the GPM algorithms or 
reanalysis data when their mean is inside the OTREC standard error range (i.e., gray profiles in Figure 4) and 
their interquartile range (i.e., the range between the 25th and 75th percentiles) includes the OTREC mean.

In the southern part of the EP ITCZ (4°–7.5°N; Figure 4a), the OTREC dropsondes indicate a well-defined shal-
low vertical motion peak with a vertical velocities up to −0.1 Pa s−1 at 850 hPa. The Monte Carlo distributions 
of the GPM satellite products show a vertical velocity around −0.05 Pa s−1 at 850 hPa and closer to −0.1 Pa s−1 
above 500 hPa; however, the dispersion distribution is wide at higher levels. Thus, the GPM vertical motion is 
too weak at low levels and too strong aloft compared to the OTREC observations. At low levels, the underes-
timation is likely associated with the sensitivity of the radar installed on GPM. To test this theory, we replaced 
the GPM shallow precipitation with the climatological CloudSat shallow precipitation from Huaman and Schu-
macher (2018) for August and September making the total precipitation the sum of the GPM stratiform, GPM 
convective, and CloudSat shallow precipitation. The extra shallow precipitation measured by CloudSat increases 
latent heating at low levels and therefore vertical velocity (open circles in Figure 4a) and is more consistent with 
OTREC observations. At higher levels, the OTREC observations indicate descending motion on the order of 
0.05 Pa s−1 and dry conditions (Figure S3a in Supporting Information S1). We disregard radiative cooling in our 
simplified thermodynamic equation and the large-scale circulation (i.e., descending motion from the Walker and 
Hadley cells), which contributes to the overestimation of vertical velocity from GPM algorithms at upper levels, 
especially in the southern region.

Figure 3.  Vertical cross sections of vertical motion in Pa s−1 across 89°–86°W from (a) OTREC dropsondes averaged over the nine RF samples, (b–d) GPM algorithms 
and (e–h) reanalyzes averaged over the GPM 42 days sample dates between August and September and 2014–2020 and 12–18 UTC.
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All of the reanalysis Monte Carlo distributions show a shallow peak of vertical velocity at 850 hPa from 4° to 
7.5°N (Figure 4a) that is consistent with the OTREC observations and only JRA-55 and NCEP-NCAR mean val-
ues are outside of the OTREC dispersion range. Above 550 hPa, vertical velocities from reanalyzes are larger than 
the OTREC observations and may be related to the small static stability of the atmosphere (i.e., dθ/dz) over this 
region. The vertical motion can be approximately determined by dividing the diabatic heating rate (dθ/dt) by the 
static stability of the atmosphere (Mapes & Houze Jr, 1995; Raymond & Zeng, 2005; Sobel et al., 2001). When 
the static stability is very small, as it tends to be in the tropical upper troposphere (because the moist adiabats 
become close to dry adiabats at low temperature), vertical motion is large even if the diabatic heating is small, 
and any signals (or errors) in the heating will be amplified by the small denominator.

In the northern part of the ITCZ, OTREC dropsondes show two deep vertical motion peaks at 7.5°–9°N and 
9°–10.5°N (Figure 3a), which are retrieved by the GPM satellite products as single deep peak between 7.5° and 
10.5°N (Figures 3b–3d). Between 7.5°N and 9°N (Figure 4b), OTREC upward motion is around 0.12 Pa s−1 be-
tween 850 hPa and 550 hPa and the vertical motion from the reanalyzes and GPM Monte Carlo simulations are 
generally too weak. The GPM underestimation is not fully explained by the shallow precipitation from CloudSat, 
which is similar to the GPM precipitation over these latitudes. It is unclear why the reanalyzes become too weak 

Figure 4.  Distribution of vertical motion with height in Pa s−1 at (a) 4°–7.5°N, (b) 7.5°–9°N and (c) 9°–10.5°N in the EP 
ITCZ based on Monte Carlo analysis using 42 samples between 2014 and 2020 from the GPM algorithms and reanalyzes. 
Each set of points represent the minimum average, 25th percentile, mean, 75th percentile, and maximum average. The black 
profile shows the OTREC vertical velocity 9-day sample mean (averaged over the 9 RFs) with standard error in gray lines. 
The yellow open circles in panel (a) indicates GPM/CloudSat HS2018 vertical velocity. (d) Sketch of the OTREC mean 
conditions of the meridional overturning circulation over the East Pacific ITCZ. The thin, thick, and thickest horizontal 
vectors indicate meridional winds smaller than 2 m s−1, between 2 and 4 m s−1, and larger than 4 m s−1, respectively. The 
short double arrow indicates meridional winds around 0 m s−1.
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at low levels in this region. Above 450 hPa, GPM satellite products remain overly strong, whereas the reanalyzes 
become more consistent with OTREC observations.

Between 9° and 10.5°N (Figure 4c), the OTREC observations show deep upward motion with a maximum at 
350 hPa, a profile that is normally associated with organized convective systems. However, a small secondary 
peak at 850 hPa suggests the presence of at least some shallow convection. The GPM Monte Carlo distributions 
for CSH and HS2018 are generally consistent with the OTREC dropsondes throughout the profile, whereas SLH 
becomes too weak aloft. Reanalyzes are back to being consistent with the OTREC observations below 550 hPa, 
but become weaker above. The average of the two OTREC deep vertical motion peaks between 7.5° and 10.5°N 
is shown in Figure S4 in Supporting Information S1. Overall, the deep mode structure shown by the OTREC 
observations is supported by the GPM algorithms, but not by reanalyzes.

Figure 4d presents a diagram of the overturning meridional circulation of the EP ITCZ based on OTREC ob-
servations. Supporting cross sections of the meridional winds and mixing ratio from OTREC dropsondes are 
shown in Figure S3 in Supporting Information S1. Winds were southerly at the surface, consistent with Raymond 
et al. (2004), and extended up to 850 hPa. The southerly surface trade winds converged around 5°N, where the 
meridional SST gradient is strong, and northerly return flow was present around 750 hPa. A southerly midlevel 
inflow was seen between 550 and 350 hPa, consistent with Huaman and Takahashi (2016). Above the shallow 
circulation, a dry layer associated with the descending motion of the Walker circulation (Wang & Enfield, 2003) 
was predominant. A deep circulation was seen to the north with deep vertical motion at 8°N and 10°N where SST 
is warmest, with a strong overturning and diverging circulation around 250 hPa.

5.  Summary and Conclusions
We assessed the vertical velocity structure in the EP ITCZ using dropsondes from the OTREC 2019 field cam-
paign, latent heating retrievals from the GPM satellite radar, and vertical velocity fields from reanalyzes. OTREC 
observations indicated a shallow mode from 3° to 7°N, over a strong meridional gradient in SST, but a deep mode 
farther north, where the SST is warmest. However, all the reanalyzes (albeit with different intensities) showed a 
predominant shallow mode from 3° to 10°N across the EP ITCZ unless they assimilated the dropsondes, as was 
done by ERA5 and JRA-55. Then a weak deep mode was produced further north. Only ERA5 and MERRA-2 
retrieved the vertical velocity correctly around 4°–7.5°N according to our criteria described in Section 4. The re-
analyzes represent a range of resolutions, convective parameterizations, and assimilation schemes so it is unclear 
why they all have difficulty deepening convection over the EP ITCZ. Vertical motion derived from the GPM 
latent heating algorithms, especially GPM CSH and HS2018, indicated deep vertical motions from 3° to 10°N, 
consistent with the OTREC observations. The lack of a shallow mode is due to the inability of the GPM radar to 
sense weakly precipitating shallow convection, but the addition of cloud radar data can ameliorate the issue. The 
OTREC 2019 field campaign observations were crucial to identify deficiencies in the reanalyzes and GPM algo-
rithms. Reanalyzes, especially MERRA2 and NCEP-NCAR, underestimate the deep vertical motion seen in the 
northern part of the EP ITCZ and GPM algorithms, especially SLH, underestimate the shallow vertical motion in 
southern part of the EP ITCZ. The inability of reanalyzes to retrieve the correct vertical velocity structure is likely 
related to the physical parameterizations and spatial resolution of the parent models, while the satellite retrievals 
suffer from the underestimation of light precipitation associated with the sensitivity of the radars onboard the 
TRMM and GPM satellites.

Data Availability Statement
The data used in this study were acquired from Zenodo science (3DVar OTREC data; https://zenodo.org/re-
cord/5152171#.YaQEXS-cZ-U), Goddard Earth System division and Information Service Center (GPM CSH 
and SLH and MERRA-2; http://disc.sci.gsfc.nasa.gov/), ECMWF (ERA5; https://www.ecmwf.int/en/forecasts/
datasets/reanalysis-datasets/era5/), NOAA/ESRL (NCEP-NCAR; http://www.esrl.noaa.gov/psd/), and NCAR/
UCAR research data archive (JRA, https://rda.ucar.edu).
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