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ABSTRACT: The transition to deep convection and associated precipitation is often studied in relationship to the associated
column water vapor owing to the wide availability of these data from various ground or satellite-based products. Based on
radiosonde and ground-based global navigation satellite system (GNSS) data examined at limited locations and model
comparison studies, water vapor at different vertical levels is conjectured to have different relationships to convective
intensity. Here, the relationship between precipitation and water vapor in different free-tropospheric layers is investigated
using globally distributed GNSS radio occultation (RO) temperature and moisture profiles collocated with GPM IMERG
precipitation across the tropical latitudes. A key feature of the RO measurement is its ability to directly sense in and near
regions of heavy precipitation and clouds. Sharp pickups (i.e., sudden increases) of conditionally averaged precipitation as
a function of water vapor in different tropospheric layers are noted for a variety of tropical ocean and land regions. The
layer-integrated water vapor value at which this pickup occurs has a dependence on temperature that is more complex
than constant RH, with larger subsaturation at warmer temperatures. These relationships of precipitation to its thermody-
namic environment for different layers can provide a baseline for comparison with climate model simulations of the
convective onset. Furthermore, vertical profiles before, during, and after convection are consistent with the hypothesis that
the lower troposphere plays a causal role in the onset of convection, while the upper troposphere is moistened by detrainment
from convection.
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1. Introduction Analyses of tropical ARM site data have demonstrated that
the observed precipitation—water vapor relation is consistent with
lower free-tropospheric moisture impacting conditional instabil-
ity through entrainment, and also noted upper-tropospheric
moistening after precipitation (Holloway and Neelin 2009; Schiro

et al. 2016). Offline plume buoyancy computations have sug-

The study of tropical convection and the resulting precipitation
is motivated by difficulties in the representation of such features
in general circulation models (GCM), and what this implies for
the ability of current models to correctly simulate and project
changes of precipitation (e.g., Sherwood et al. 2014). Analyses of

TOGA COARE data have demonstrated that tropical deep con-
vection is sensitive to free-tropospheric moisture (Brown and
Zhang 1997; Parsons et al. 2000), consistent with subsequent
modeling studies (Tompkins 2001; Derbyshire et al. 2004).

Bretherton et al. (2004) established a relationship between
total column water vapor (TCWYV; notation following GEWEX
Data Assessment and Water Vapor Assessment Panels; e.g.,
Schroder et al. 2018) and precipitation with the Tropical Rainfall
Measuring Mission (TRMM) observations. At short (subdaily)
time scales, such a relationship can be understood as a tran-
sition to intense convection akin to a phase transition, with
precipitation that picks up sharply when TCWV exceeds a
critical threshold (Peters and Neelin 2006) that increases
with bulk tropospheric temperature.
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gested that the temperature dependence of the critical TCWV
threshold seems to be a generic consequence of entrainment
(Sahany et al. 2012). Further analyses quantified the relative
contributions to conditional instability from different free-
tropospheric layers versus boundary layer in terms of dynamic
entrainment profiles (Ahmed and Neelin 2018; Schiro et al. 2018,
2020). These relationships provide a set of novel constraints
on convective parameterizations (Kuo et al. 2018, 2020). They
further suggest that moving beyond TCWV to information that
can resolve contributions of different layers in the vertical is
important to making these constraints more precise.

The relevant statistics characterizing the precipitation—
water vapor relation (termed convective transition statistics)
for tropical ocean basins and ARM site locations have been
compiled using thermodynamic information from combina-
tions of observational and reanalysis datasets (e.g., Neelin
et al. 2009; Ahmed and Schumacher 2017). A source of uncer-
tainty in many convective transition statistics is that the
source of data for the global precipitation and the moisture
typically comes from separate data products provided at dif-
ferent spatial or temporal scales, such as the Global Precipitation
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Measurement (GPM) Integrated Multi-satellitE Retrievals for
GPM (IMERG) retrievals for precipitation, and moisture and
temperature profiles from model reanalysis data. However,
results relying on thermodynamic information from reanalyses
can suffer from biases caused by the assimilation of radiances
affected by rain (Padullés et al. 2018; Hersbach et al. 2015).
Estimates of TCWV from passive microwave (MW) and infrared
(IR) satellite observations [e.g., the TRMM Microwave Imager
(TMI) and the Global Precipitation Measurement Imager
(GMI)] often contain gaps in heavily precipitating regions that
must be filled to restore missing information (Kuo et al. 2018).
While a substantial fraction of the TCWYV is located within the
boundary layer, in this study the convective transition is assessed
by the water vapor above the boundary layer. Estimation of
lower layer moisture from passive MW sounders is challenging,
owing to the high degree of overlap in the water vapor channel
weighting functions used to invert the passive MW brightness
temperatures, especially closer to the surface. Over land, inter-
pretation of lower-free-tropospheric water vapor from passive
MW brightness temperatures is dominated by the sensitivity to
the high emissivity background surface. However, we acknowl-
edge that the capability of extracting layer-averaged LFT mois-
ture from passive MW or IR sounders has not been fully
assessed. For example, there are some promising efforts to
harness smallsat technologies for estimating near-surface specific
humidity over ocean (e.g., the FluxSat concept; Gentemann et al.
2020).

To further study and constrain uncertainties in the precipita-
tion-water vapor relation, in this work, we use the global naviga-
tion satellite systems (GNSS) radio occultation (RO) observations
from the Constellation Observing System for Meteorology,
Ionosphere and Climate (COSMIC)/FORMOSAT-3 (hereaf-
ter COSMIC) as the source of atmospheric thermodynamic
properties. These include temperature, pressure, and water
vapor pressure as a function of height. RO observations have
been routinely acquired, processed, and assimilated into
numerical weather prediction (NWP) for years (Healy et al.
2005; Cucurull et al. 2007), especially since the COSMIC
constellation of six satellites dedicated to RO was launched in
2006 (Anthes et al. 2008). COSMIC has provided more than
7 million high-quality observations until early 2020, when the
last satellite stopped providing data (Ho et al. 2020b). A new RO
dedicated mission, COSMIC-2/FORMOSAT-7, was launched in
2019 to continue high-quality RO observations, focused on the
tropical latitudes where the bulk of convective precipitation is
situated (Schreiner et al. 2020; Ho et al. 2020a). For this study
only COSMIC-1 data are used. However, the analysis could be
further extended to COSMIC-2 era when the postprocessed data
are made available (not yet at the time of writing).

RO has two major advantages over IR and microwave retriev-
als: 1) attenuation by clouds and precipitation at GNSS frequen-
cies is insignificant compared with IR and microwave frequencies,
making RO ideal for probing through deep-convective systems;
2) since it is a phase measurement, the RO retrieval algorithm
does not require any radiance-level calibration and the GNSS
data products are consistent among each other and independent
of the source of precipitation data. Thus observations can be
acquired regardless of surface type to provide global coverage.
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RO observations are limited to some extent by their
along-track coarse horizontal resolution (i.e., 100-200 km).
Yet these scales are sufficient to infer robust relationships
between water vapor and precipitation useful for GCM
diagnostics (Kuo et al. 2020). In addition, the high quality
retrievals (especially in free troposphere) with fine vertical resolu-
tion (~100 m to ~1 km depending on height) provided by RO
allow us to infer these relationships within different vertical
layers. These characteristics (global, all-weather coverage, vertical
resolution) make RO data suitable for examining precipitation—
water vapor relationships, permitting conjectures from limited
radiosonde data to be assessed globally.

This manuscript is organized as follows: Section 2 describes
the datasets used for this study. In section 3 we introduce the
relationship between precipitation and the integrated column
water vapor within different vertical layers of the troposphere
for tropical regions. The dependence of these relationships
with tropospheric temperature is discussed in section 4. In
section 5, we examine the hypothesis that convection lifts
moisture causing changes in vertical humidity distribution
prior to and after precipitation and organized convective
events. Finally, in section 6 we discuss the results and provide
the conclusions.

2. Data
a. Radio occultation data

The GNSS RO technique consists of a low-Earth-orbiting
(LEO) satellite tracking the electromagnetic signals (L band,
1.575 GHz) transmitted from GNSS constellation satellites
[e.g., the global positioning system (GPS) in the United
States] while the satellite is occulting below Earth’s horizon.
This study uses COSMIC-1 data processed by the University
Corporation for Atmospheric Research (UCAR), available
from the UCAR COSMIC Data Archive Center (CDAAC)
(UCAR COSMIC Program 2006).

As background, we briefly recap properties of this RO
retrieval. The L-band signals bend due to the vertical gradient of
the index of refraction (n) as the radio link crosses deeper (and
denser) atmospheric layers. Such vertical gradients can be
inferred thanks to a very accurate tracking of the electromagnetic
wave phase delays, which allows a precise knowledge of the
bending angle suffered by the ray (Kursinski et al. 1997; Hajj et al.
2002). The bending angle is then transformed to a vertical profile
of refractivity (V), using an Abel integral (which assumes a spher-
ical symmetry in the atmosphere), that can be related to thermo-
dynamical parameters as (Thayer 1974; Kursinski et al. 1997)

— 6 _ p s ¢
N—(n71)><10—77.671+3.73><10 T2 1)
where p is the total pressure (mb), T the temperature (K),
and e the water vapor pressure (mb).

To obtain the thermodynamic parameters from observed
N, additional constraints are needed. In the regions of the
neutral (upper) atmosphere where water vapor can be
neglected, hydrostatic equilibrium, the ideal gas law, and a

boundary condition (e.g., T at ~50 km) allow to solve for p and
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T. However, when water vapor cannot be neglected, additional
information is required. UCAR adopted a one-dimensional
variational retrieval (IDVAR) in which 7, p, and e are solved
by obtaining the most probable combination in a statistically
optimal way (Healy and Eyre 2000) starting with a priori infor-
mation from the ERA-Interim (Dee et al. 2011). This implies
that when there is little water vapor (e.g., higher layers), the
retrievals are more sensitive to the temperature a priori, since
its error results in larger fractional error in the water vapor.
Similarly, the temperature in the lower layers is more sensitive
to the water vapor a priori error. Departures from hydrostatic
equilibrium could plausibly occur but this effect would be
smaller than the uncertainty arising from the lack of spherical
symmetry caused by the presence of horizontal gradients along
the ray path, which is one of the known sources of errors for
RO (Healy 2001).

The COSMIC RO observations provide global coverage and
sample random local times since the satellites are positioned in
different orbital planes. The vertical resolution of the observa-
tions ranges from 100 m near the surface to 1 km near the tropo-
pause, and the horizontal resolution is considered to be between
100 and 300 km, although the major contribution to the bending
angle comes from the region close to the tangent point (Anthes
2011), thus the effective horizontal resolution is actually higher.

In fact, each radio link is contributed by a tubular volume
defined by the Fresnel cone in the cross-track direction and a
Gaussian weighted contribution in the along-track direction cen-
tered at its tangent point. This results in a retrieved temperature
accuracy below 0.5 K and a humidity accuracy of 10%-20%
(Kursinski et al. 2000; Vergados et al. 2014). Comparisons
between RO observations and radiosondes (e.g., de la
Torre-Juarez and Nilsson 2003; Kuo et al. 2005; Sun et al.
2010; Wang et al. 2013; Vergados et al. 2014) have shown
good agreement, i.e., RO provides soundings of radiosonde-
comparable quality without the localization restriction. In
comparison with other space-based sounders (infrared,
microwave), RO outperforms them in terms of capability
for sounding over land and over ocean, and regardless of
cloud coverage.

We note that the collocation of RO, radiosonde, and
high water vapor and precipitation conditions is limited,
but the statistics evaluated here from RO-precipitation
collocations can be compared to previous studies with
radiosonde—precipitation collocations.

RO capabilities within the boundary layer depend on a
number of factors. The most important ones are the loss of
signals due to low signal to noise ratio, strong gradients (an
effect called superrefraction) leading to problems in the
refractivity inversion, and the atmospheric multipath effects
that may lead to tracking errors (Ao et al. 2003; Sokolovskiy
2003). These result in a limited number of observations reach-
ing heights below 1 km, and therefore, the number of obser-
vations is height dependent. The use of open loop tracking
allows for better atmospheric penetration and enables the
ability to also retrieve good quality rising occultations, dra-
matically increasing the total number of collected observa-
tions (Ao et al. 2009). Nevertheless, we assume that the RO
profiles are usable at all heights wherever they are available,
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provided they passed the quality control check performed by
UCAR and provided along with the profiles (e.g., if a profile
is truncated at 850 mb, the thermodynamic information is still
valid for all the heights above this layer).

b. IMERG surface precipitation data

For precipitation we use the GPM IMERG V(6B final
run products (Huffman et al. 2019a), which provide gridded
(0.1° X 0.1°) global surface instantaneous rain rates every
30 min. The period when data are available spans from June
2000 to the present. The precipitation rates are obtained
from overpasses of passive microwave (PMW) sensors, intercali-
brated to the GPM Combined Ku Radar-Radiometer Algorithm
(CORRA) product, and completed with MW-calibrated IR
derived precipitation. These are merged using a morphing Kal-
man filter (quasi-Lagrangian time interpolation scheme). It is
finally scaled by precipitation gauges from the Global Precipita-
tion Climatology Project (GPCP) when available (Huffman et al.
2019a,b). For the purposes of this study, these IMERG data will
be averaged to a coarser 1° scale (see section 2d), which reduces
the occurrences of false alarms and overall has better agreement
with independent ground validation data (e.g., Tan et al. 2017).
The main reason to choose the IMERG product over space-
based radars is the high spatial and temporal coverage of the
product, which maximizes the data collocation quantity. By
contrast, the narrow swath of the space-based radars would
dramatically reduce the number of collocations and therefore
compromise the overall statistics. In terms of performance,
several recent studies demonstrate the ability of IMERG V06 to
represent well precipitation location and intensity, as well as the
diurnal cycle (e.g., Tan et al. 2019a,b; Tang et al. 2020). This
ensures that the statistical results over the long time span of the
data used for the study should be reliable.

¢. Merged IR brightness temperature data

To identify organized convective events, we use the NCEP/
CPC L3 half-hourly 4-km global (60°S—-60°N) merged IR product
(Janowiak et al. 2017), which provides snapshots of 4-km-pixel-
resolution 10.8-um IR brightness temperature (TBj;) every
30 min merged from geostationary satellites. For each IR snap-
shot, we identify mesoscale convective systems (MCS) following
the Mohr and Zipser (1996) criterion: an area with TBy; below
250 K of at least 2000 km?, and with an enclosed minimum TBy;
below 225 K. This is very similar to several related methods
(Houze 1993; Nesbitt et al. 2006; Vila et al. 2008; Yuan and
Houze 2010; Fiolleau and Roca 2013), each using this channel of
IR brightness temperature and similar thresholds. Some MCS
definitions augment this duration or propagation information
(e.g., Chen et al. 2019; Nufiez Ocasio et al. 2020) or with addi-
tional information from precipitation radar or microwave (Yuan
and Houze 2010; Feng et al. 2018, 2019, 2021). We use the
standard IR-based criterion because it provides information over
much wider range of spatial and temporal points, and avoids any
concern that the criterion might directly affect the precipitation
statistics when comparing between MCS cases versus non-MCS
cases (as might occur for MCS identification methods that also
include precipitation criteria). After MCS features are identified
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FIG. 1. (a) Identification of the regions employed in the analysis to separate the data into different land and oceanic
regions, separated by different colors and labeled accordingly. (b) Two-dimensional histogram indicating the number
of RO observations from the COSMIC-1 mission on a grid of 5° X 5° used in the analysis. (c) Mean value of the
collocated precipitation rain rate on the same grid of 5° X 5° as in (b).

for each snapshot, for each geographical location at a given time,
we can determine whether it is inside an MCS, or the time
(within a 12-h window) before MCS arrival or after that location
was last within an MCS.

d. Colocations

Vertical profiles of thermodynamic parameters provided by
RO are associated with a representative location of the sampled
region. Such location is called the occultation point, and in the
case of the retrievals from UCAR, it is defined as the projection
on the surface of the location of the tangent point of the ray
whose height is approximately 3-4 km. The precipitation linked
to each RO sounding is the average of the IMERG precipita-
tion in an area of 1° X 1° centered at the occultation point. The
IMERG file used to obtain the precipitation rates is the one
corresponding to the nearest 30 min snapshot from the occulta-
tion time. The precipitation spatial pattern might evolve during
this time interval, the effect of which is somewhat mitigated by
the large 1° spatial averaging (e.g., Tan et al. 2017). The MCS
status is derived by inspecting the area of merged IR brightness
temperatures centered at the occultation point, similar to what
is done with IMERG.

In addition to the precipitation and IR brightness tempera-
tures at the RO observation time, we also store the values of
precipitation and brightness temperatures around the occulta-
tion point corresponding to the =6 h with respect to the obser-
vation time. Therefore, we have the time evolution of the
precipitation and IR brightness temperatures at such location
for a 12-h window and every 30 min.

Such collocations are performed for almost the whole
COSMIC-1 mission. The coincidences are only obtained over
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the tropics (i.e., £25° of latitude, reaching +30° for certain
land areas; see Fig. 1). This results in data starting from April
2006 to December 2017 (after which the COSMIC-1 data
started to decrease dramatically), including ~2.1 million sound-
ings. Figure 1 shows the general statistics of the collocated
observations. Figure 1la indicates the different regions used to
separate the data into different land and oceanic basins.
Figure 1b shows a two-dimensional histogram indicating
the number of RO observations used for every 5° X 5° grid
cell. And Fig. 1c shows the mean precipitation rain rates
for collocated observations in the same 5° X 5° grid cells as
Fig. 1b.

3. Precipitation transition statistics derived from RO

The global distribution of RO observations and their vertical
resolution allow us to explore the relationships between the
layer-integrated water vapor between different pressure layers
with precipitation, for different oceanic and land regions. The
layer-integrated water vapor between two pressure layers is
defined as

layer wv = rfw(p)dp/ g, 2)

pi

where w is the mixing ratio, p is the pressure, and g is the gravi-
tational acceleration. Figure 2 shows such relationships for the
oceanic basins, and in Fig. 3 for different land regions. In these
plots, the precipitation is conditionally averaged on the layer-
integrated water vapor between the indicated pressure levels.
This is done for data corresponding to different tropospheric
average temperature T
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FIG. 2. Relationship between precipitation and layer-integrated water vapor for different ocean basin regions and different vertical layers
of the atmosphere. Error bars indicate the standard error. Different rows correspond to different layers, and the different columns relate to
different regions. The regions are (from left to right) all tropical ocean regions, the west Pacific, Indian Ocean, Atlantic, and the east Pacific.
The layers are (from top to bottom) the free troposphere (200-850 mb), from 200 to 950 mb, from 500 to 850 mb, from 200 to 500 mb, and
from 850 to 950 mb. The color bar indicates the mean temperature between the same pressure levels indicated for the rows.

Pf
J T(p)dp/g

averaged between the same pressure levels as the water vapor,
indicated by the different colors (linked to color bar in the right
side of each row). The temperature bins correspond to 1 K. The
bins of layer-integrated water vapor are defined depending on

T=
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each situation, representing approximately 16 regular bins cover-
ing the whole range of water vapor in each tropospheric layer
(resulting in, e.g., ~3 mm between 200 and 850 mb, and ~0.4 mm
in the 200-500-mb interval). We identify the free troposphere as
the 200-850-mb layer. Within the free troposphere. the simplest
split is between the lower free troposphere (LFT; 500-850 mb)
and the upper free troposphere (UFT; 200-500 mb). This choice
is also motivated by evidence that inflow into convective updrafts
through the lower-free-tropospheric layer causes substantial
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FIG. 3. As in Fig. 2, but for the cases over land regions. The different columns correspond to the summary for (from left to right) all land
cases, North America, South America, Africa, and Southeast Asia. The different rows and the color bars are as in Fig. 2.

influence of environmental water vapor on convection (e.g.,
Zipser 1977; Kingsmill and Houze 1999; Mechem et al. 2002;
Ahmed and Neelin 2018; Schiro et al. 2018). The 850 mb bound-
ary is chosen to minimize influence of boundary layer turbulence
on the free-tropospheric layer. The 850-950-mb layer is an
imperfect match to the boundary layer, limited by the number of
low-level retrievals, but is strongly connected to boundary layer
properties. We thus refer to this for brevity as the boundary
layer, and include statistics based on water vapor in this layer for
reference compared to the free-tropospheric layers of focus.
Missing boundary layer profiles are likely to be more frequent in
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regions of inversions (Ao 2007), but we are not aware of any
effect that would bias sampling within the deep convective
regions with respect to, e.g., deep convective life cycle.

The first column in each of Figs. 2 and 3 shows the global
tropical ocean and land, while the rest of the columns show
the results for the different regions. The regions are the west
Pacific, the Indian Ocean, the Atlantic, and the east Pacific,
for the ocean regions, and North America, South America,
Africa, and Southeast Asia for the tropical land regions. Such
regions are shown in Fig. 1 with different colors.

Overall, there exists a sharp “pickup” (i.e., a sudden increase)
of the precipitation after a critical value of layer-integrated
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water vapor, that depends on the T, for most pressure levels
and both over ocean and land. However, different behaviors
and subtle differences are worth noting. First of all, it is impor-
tant to emphasize the obvious difference in the pickups using
pressure levels contained in the so-called free troposphere (e.g.,
above 850 mb) and within the boundary layer (i.e., the bottom
row for both ocean and land, comprising the pressure levels
between 850 and 950 mb). The pickup using the boundary layer
water vapor (Figs. 2 and 3, fifth row) is less sharp than using the
free-tropospheric water vapor, especially over ocean. Over
land, this relationship is also less obvious, although it captures
the stronger effect of the boundary layer than over ocean. This
difference between the relationships using the boundary layer
and the free troposphere is in agreement with relationships at
localized ARM sites (Holloway and Neelin 2009; Schiro and
Neelin 2019), confirming the importance of free-tropospheric
water vapor in the onset of deep convection throughout the
tropics.

Within the free troposphere, there is a difference between
the precipitation-layer-integrated water vapor relationship in
the LFT and UFT. The pickup is less sharp in the UFT: the
precipitation starts increasing smoothly with water vapor,
instead of sharply increasing after a critical value of water
vapor. This difference between the UFT and LFT is further
investigated in sections 4 and 5. The clearer threshold hints at
a stronger causality relationship between the LFT water vapor
and the onset of deep convection, while the relationship with
the UFT water vapor is more complicated. The interpretation
of causality relationships is nontrivial because water vapor can
both affect conditional instability driving deep convection and
be changed by the convection. A leading pathway by which
lower-tropospheric humidity values have a causal influence is
through entrainment (Holloway and Neelin 2009; Kuo et al.
2017). Note that this does not imply that LFT humidity is a
sole cause of deep convection but that it can be important
factor in affecting it—along with other factors such as convective
inhibition (CIN; Mapes 2000; Elsaesser and Kummerow 2013).
These relationships are further discussed in section 5.

Regional differences may be noted. Over ocean regions,
one of the main differences is the observed temperature
range: the Atlantic reaches the lowest T, largely associated
with the slightly cooler climatology in the Atlantic. The Indian
Ocean and the west Pacific exhibit similar features, while the
east Pacific is the region with the largest temperature range.
The pickup curves tend to behave similarly for a given tem-
perature, although noting that the Atlantic and east Pacific
tend not to reach conditional-average precipitation values as
high as those in the Indian and west Pacific.

Over land, similar overall conclusions stand as over ocean,
although some aspects of the relationships are less clear-cut.
Several factors may contribute to this. First, over land the
influence of the boundary layer is expected to be stronger.
Relationships between the free-tropospheric water vapor and
precipitation lack the component from the layers below and
therefore become less sharp. The 850-950-mb layer captures
some of the larger boundary layer contribution (bottom row
of panels in Fig. 3), but is far from a perfect measure since the
near-surface portion is missing. Second, there are fewer data
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points over land, because ocean areas are larger, and the number
of profiles over land is also limited by topography features. Third,
the precipitation information comes from MW and IR observa-
tions and land surface emissivity may also affect the quality
(as mentioned above). In regional differences, the region abbre-
viated as Southeast Asia has the widest range of temperatures
simply because of its broad latitudinal span. Over Africa, the
separation of the curves with temperature is less obvious than for
other regions. We note caveats on the African region in terms of
in situ information available to inform precipitation retrievals
and the reanalysis first guess for the COSMIC retrievals. How-
ever, the RO temperature and moisture retrievals have the
same basis as other regions, and there is reasonable sampling
of heavy rain occurrences in this region.

4. Dependence of the pickup curves on temperature

From Figs. 2 and 3 it seems clear that the pickup behavior of
precipitation with layer-integrated water vapor depends on the
temperature. Moreover, what depends on temperature is the
critical value of layer-integrated water vapor where precipitation
sharply increases (e.g., Neelin et al. 2009). For every different
pressure ranges and regions in Figs. 2 and 3, we look for the criti-
cal value of layer water vapor, LWV, where precipitation
sharply increases. To do so, we take as a reference the precipita-
tion-layer-integrated water vapor curve containing the largest
number of points (at each different panel, i.e., the T bin contain-
ing more points) and we identify its LWV ,; where it crosses the
precipitation = 0.4 mm h™'. This value is chosen to give a value
near the start of the rapid pickup that works for a wide range of
curves, and to resemble the fits used in Neelin et al. (2009). Simi-
lar to Kuo et al. (2018), the pickup curves for other values of
T are then shifted to best fit this reference curve, with the shifts
giving LWV relative to that of the reference curve.

Figure 4 shows the relationship between precipitation and the
layer-integrated water vapor scaled by its critical value for the
pressure levels between 200 and 850 mb, i.e., the whole free
troposphere. The extent to which the curves corresponding to
every T collapse tests how well the critical value alone is suffi-
cient to describe the temperature dependence. In Fig. 4a we see
how the curves for all oceanic regions nicely collapse, showing
a sharp increase of precipitation around the critical value, as in
previous studies (Peters and Neelin 2006; Neelin et al. 2009;
Sahany et al. 2012; Kuo et al. 2018). The collapse is also visible
for the land regions (Fig. 4c), although in this case, some
spread appears. As we mentioned in the previous section, over
land the influence of the boundary layer and the surface is
expected to play a more important role than over ocean (e.g.,
Ahmed and Schumacher 2017); therefore, such behavior is
expected. To simplify the visualization of the collapsed curves
in Figs. 4a, 4c, Sa, Sc, 6a, and 6c, the different points have been
drawn using different symbols depending on the standard
error of each measurement. Closed circles show the measure-
ments with a standard error lower than 0.15 mm h™ ', open
circles represent the data with a standard error between 0.15
and 1.5 mm h™!, and the small dots show the data with a stan-
dard error larger than 1.5 mm h™!. Large standard errors in
these data are associated with underpopulated bins.
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populated bins in this dataset.

The circles in Figs. 4b and 4d show the dependence of
LWV, with T. The critical value LWV, increases approxi-

mately linearly with T, for all regions and for all the T range.
Furthermore, the values for different regions agree well. The

saturation value integrated along the corresponding pressure
Py

layers, gsat = J
Pi

in the right panels). For this pressure range (200-850 mb),

the LWV, represents roughly a constant fraction of the

Jsat for T between 262 and 265 K. However, above 265 K,
LWV, does not increase as quickly as ggq. This implies
that the subsaturation, i.e., the LWV interval between
LWV, and saturation (gs,) increases with temperature.
Figures 5a and 5c show the collapse of the pickup curves
for the pressure levels between 500 and 850 mb. The collapse
is clear for the tropical ocean regions, whereas some spread
appears for the tropical land cases. Such spread is mainly
contributed by the points obtained from smaller data samples,
and specific regions like North America. The larger spread in
the collapse of the curves for all T over land is also seen in the
behavior of the LWV as a function of T (Fig. 5d), where
the increase with temperature shows more variation among
regions than over ocean (Fig. 5b). Compared to the 200-850-mb
pressure range, the increase of subsaturation with temperature is

gsat dp /g, is also shown (represented as crosses
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more substantial over both ocean and land. For Africa, this is
particularly noticeable, with LWV roughly similar for high
and low temperatures.

Comparing these results with the ones for the upper tropo-
sphere (200-500 mb), shown in Fig. 6, it can be seen that for
this pressure range the collapse is less sharp for both ocean
and land. This was already noticed in Figs. 2 and 3, where the
increase of precipitation with layer-integrated water vapor
starts at lower values and is smoother (i.e., spread over a
larger range of water vapor) than for the 200-850- and
500-850-mb pressure ranges. However, LWV, increases
approximately linearly with T as in the other pressure ranges.

The relative sharpness of the collapsed curves can be exam-
ined for consistency with causality relationships postulated in
previous studies. The heaviest precipitation appears once the
layer-integrated water vapor exceeds a certain LWV, that
depends on temperature but is significantly subsaturated. This
LWV, has been postulated to be associated with the onset of
deep convection through conditional instability, with entrain-
ment in the LFT creating a strong dependence on moisture in
that layer (Holloway and Neelin 2010; Kuo et al. 2017). Over
ocean, the moisture dependence is a leading effect, while over
land, boundary layer variations also play a significant role
(Schiro et al. 2018; Ahmed and Neelin 2019). In the UFT
detrainment and consequent moistening by deep convection is
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postulated to dominate (Del Genio et al. 2012; Schiro et al.
2016; Brenowitz and Bretherton 2018). Based on this, the
observation that the LFT water vapor seems to have a stronger
relationship with precipitation and exhibits a sharper pickup
than in the UFT hints at consistency with the postulated causal

pressure levels: 200-500 mb

role for LFT water vapor. Likewise, the smaller scatter in the
850-500-mb layer-integrated water vapor relationship over
ocean than over land appears consistent with the smaller role of
oceanic boundary layer environmental humidity variations in
impacting conditional instability relative to LFT impacts. Here,
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FIG. 7. Mean specific humidity vertical profile for the cases where the observation happens during precipitation
(gray), before precipitation (red), and after precipitation (blue) with respect to a mean specific humidity background
profile obtained with no precipitation (in the =6 h of the observation) for (left) land cases and (right) ocean cases as a
function of height. The solid line represents the mean, while the horizontal lines represent the standard error. For

comparison purposes, a reference pressure level is shown in the right axis.

environmental humidity variations refers to those at scales
observed by the RO retrievals, i.e., larger than the typical scale
of deep convective elements. Boundary layer variations at
scales close to that of the deep convection can potentially be
important for convective initiation (Li and Carbone 2012). To
provide further evidence for such causal relationships is the aim
of the next section.

5. Changes in moisture profile with respect to convection

To further investigate the causal relationships between con-
vective onset and moisture in different tropospheric layers, we
study the time evolution of specific and relative humidity verti-
cal profiles with respect to convection. Radiosonde based stud-
ies at limited locations (Holloway and Neelin 2009; Schiro et al.
2016) have indicated that lower-tropospheric water vapor must
be high preceding convection due to its effects on buoyancy.
These studies also noted that upper-tropospheric water vapor
tends to be higher after convection, consistent with lofting in
updrafts, detrainment, and evaporation of condensate. With
RO measurements, we can examine this over the global tropics.
By combining with information from geostationary satellites
and IMERG, we can examine changes in vertical moisture
structure preceding, during, and after all precipitation events or
MCS events.

a. Moisture profile before/after precipitation

We first group all the observations into three categories:
those obtained after precipitation (P > 0.6 mm h™! before the
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observation; P = 0 mm h™! after the observation), those
obtained during precipitation (P > 0.6 mm h™! in the time
range comprising half and hour before and half an hour after
the observation), and those obtained before precipitation
(P > 0.6 mm h™! after the observation; P = 0 before the
observation). For each group, the mean specific humidity (q)
and RH are computed, together with the corresponding stan-
dard error. Figure 7 shows the g anomaly for the three groups
with respect to a gpackgrouna Obtained when there is no rain in
the *£6 h of the observation, over tropical ocean (Fig. 7a) and
over tropical land (Fig. 7b). Figure 8 shows the mean RH for
the three groups, over tropical ocean (Fig. 8a) and over tropical
land (Fig. 8b). As expected, the typical environment profile
associated with deep convection is substantially below satura-
tion, since the convection arises by conditional instability, rather
than by large-scale saturation of the environment.

Focusing on Fig. 7, the first relevant feature we observe is that
there is a substantial increase of moisture in the precipitating
cases with respect to the nonprecipitating ones (i.e., background),
for all temporal situations and for all the vertical layers. Such
increase, while it is comparable between over ocean and over
land in the upper and middle free troposphere, is larger over
land in the bottom layers of the troposphere. This can be
explained by the stronger influence of the surface and boundary
layer over land than over ocean, and therefore, a larger differ-
ence between precipitating and nonprecipitating scenarios is
observed in these layers. Over ocean, the largest difference in
moisture between precipitating and nonprecipitating scenarios
happens in the lower free troposphere.
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FIG. 8. Mean RH vertical profile for the cases where the observation happens during precipitation (gray), before
precipitation (red), and after precipitation (blue) for (left) land cases and (right) ocean cases as a function of height.
The solid line represents the mean, while the horizontal lines represent the standard error. For comparison purposes, a

reference pressure level is shown in the right axis.

Once we look at the different times of observation with
respect to precipitation, the more obvious thing is that the
upper free troposphere is substantially wetter after rain than
before rain, especially over ocean. Therefore, one can confirm
the hypothesis that the upper free troposphere is partially
moistened by precipitation, instead of playing a key role in
initiating precipitation.

On the other hand, the large increase of moisture in the
lower free troposphere before precipitation points toward the
causal relationship that these layers may have on the onset of
deep convection. These features, specially above 900 mb, are
consistent with the results in Schiro et al. (2016).

Figure 8 shows the mean RH profiles for the three different
temporal scenarios with respect to precipitation. We can see
how the RH in the middle and upper free troposphere is
larger after precipitation, and that the RH is larger before
and during precipitation in the lower layers, supporting the
same hypothesis as in the previous paragraphs. Therefore,
results in Fig. 8 are consistent with those in Fig. 7.

Quantifying the difference between the mean g anomaly
before and after precipitation, the increase in the UFT of the
profile corresponding to after precipitation with respect to
before is about 20% over land and 25% over ocean. The
increase in the LFT of the profiles corresponding to before
precipitation with respect to after precipitation reaches 10%
over land, while it reaches 5% over ocean. In the case of the
relative humidity, the relative difference between the mean
RH profiles after precipitation with respect to before precipi-
tation in the UFT reaches 18% over land and 22% over
ocean. In the LFT, the relative difference between the before
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and the after precipitation reaches around 6% both over
ocean and over land.

b. Moisture profile before/after MCS

Mesoscale convective systems exhibit complex structures,
with some precipitation-free regions under thick stratiform
cloud cover, and with localized updrafts affecting other parts
of the system. Complementary to the approach in the previ-
ous subsection, we present the time evolution of moisture
profiles with respect to organized systems [for precipitation—
water vapor relationship conditioned on MCS, see Schiro et al.
(2020)].

Figure 9 shows the mean specific and relative humidity profiles
over tropical land and ocean similar to Figs. 7 and 8, but before,
during, and after MCS. In the upper troposphere, Figs. 9c and 9d
show RH much higher than in Fig. 8, consistent with the MCS
criterion based on low brightness temperature (indicating higher
cloud top). Many of the features noted earlier in Figs. 7 and 8 are
still valid. For example, specific humidity is significantly higher
than background in the vicinity of MCS (up to 6 h before and
after). Also, there is a greater difference in the boundary layer
over land than ocean (Fig. 9a), suggesting importance of bound-
ary layer over land. And higher (lower) humidity in the lower
(upper) troposphere before than after MCS, indicating signs of
upward moisture transported by convection.

During MCS, specific and relative humidity profiles are nota-
bly higher than right before and after MCS throughout the tropo-
sphere. This implies that events with the highest water vapor in
the upper troposphere (e.g., 200-500-mb layer) tend to be associ-
ated with MCS. Since MCS tend to produce higher precipitation
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FIG. 9. As in Figs. 7 and 8, but for profiles before (red), during (gray), and after (blue) MCS. (a),(b) gpackground 18
the average of profiles with no MCS in the £12-h window of RO observations, and the numbers in the parentheses in
the legend indicate number of samples in each case. The standard errors are comparable with the line width chosen
used here because of the large sample size. Note that the MCS cases have a greater sample size, associated with the
substantial duration of MCS. Also, the before-MCS cases have great sample size than their after-MCS counterparts

because RO observations between two consecutive MCS events are classified as before-MCS.

compared with non-MCS cases given the same water vapor value
Schiro et al. (2020), this partly explains why the precipitation
conditionally averaged on 200-500-mb-layer water vapor in
Figs. 2 and 3 also tends to sharply increase with layer water
vapor, and why excluding events associated MCS would result in
less sensitive dependence of precipitation on 200-500-mb-layer
water vapor (not shown).

6. Conclusions

This study explores the advantages of assessing precipitation
transition statistics using environmental (temperature and mois-
ture) products obtained from GNSS radio occultations (RO). By
virtue of their L-band (1.5-GHz) frequency, RO signals are able
to directly sense in and near regions of heavy precipitation and
clouds. Thermodynamic data spanning between 2006 and 2017
from the COSMIC mission have been used in combination with
the global surface precipitation product IMERG in order to

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 01/30/24 02:52 PM UTC

investigate the relationship between precipitation and vertical inte-
grated column water vapor in a global scale. Moreover, the high
vertical resolution of RO allowed us to split the troposphere in
several regions of interest, not being restricted to the total column.

The precipitation conditionally averaged on layer-integrated
water vapor (integrated between different pressure levels within
the free troposphere) generally shows a pickup, with precipita-
tion increasing as water vapor increases (Figs. 2 and 3). While
true for all the vertical layers and all horizontal regions exam-
ined, the precipitation-layer-integrated water vapor relationship
has certain interesting features. One is the different behavior of
the 850-950-mb layer, representing the lowest part of the free
troposphere including part of the boundary layer. The pickup
curve for this layer is weaker than for the rest of the vertical
layers over land, and much weaker for the ocean cases. This fea-
ture reinforces conditional instability calculations at particular
radiosonde sites (Holloway and Neelin 2010; Schiro and Neelin
2019) that suggest that the onset of deep convection has a larger
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dependence on the free troposphere than on the boundary layer
because it has large variations that influence plume buoyancy
by entrainment, with dry air tending to prevent onset of deep
convection even if a nonentraining plume from the boundary
layer would be unstable. Such calculations also suggest that the
influence of the boundary layer is larger over land than it is
over ocean where variations tend to be small, consistent with
findings here over the global tropics.

Another relevant feature is the difference between the differ-
ent regions of the free troposphere. There is a subtle but impor-
tant difference between the precipitation-layer-integrated water
vapor relationships for the 500-850-mb pressure level (LFT) and
for the 200-500-mb level (UFT): in the curve for the 200-500 mb,
precipitation smoothly increases even in the lower range of layer-
integrated water vapor values, while for the 500-850-mb case, the
precipitation sharply increases after a certain value of layer-inte-
grated water vapor. Such behavior is better noticed in Figs. 5 and
6, where the collapse for all the temperature curves is shown. It
can be seen how for the 500-850-mb case, precipitation starts to
increase for layer-integrated water vapor values close to the criti-
cal one (values larger than 0.75) and then increases sharply,
whereas for the 200-500-mb case, the precipitation is increasing
smoothly at values larger than 0.5. This means that even the defi-
nition of a critical value is ambiguous for the upper troposphere,
since there is no clear critical value after which precipitation
sharply increases. This is consistent with the hypothesis that the
LFT has a stronger (and causal) influence on the onset of deep
convection due to effects of entrainment on buoyancy before a
plume reaches the freezing level, while association of high water
vapor values and convection in the upper troposphere are sub-
stantially due to detrainment.

The dependence on temperature of the pickup curves is well
quantified by a critical partial column water vapor value. Specifi-
cally, the conditional-average precipitation curves as a function
of layer-integrated water vapor collapse to approximately the
same dependence, when the layer-integrated water vapor is nor-
malized by a critical value characterizing where the curve picks
up for each temperature. When plotted against temperature,
these critical values roughly follow a linear increase with increas-
ing temperature (Figs. 4 and 5) for three different pressure layers.
These figures also show how the curves nicely collapse when
plotted using the critical value fraction.

The LWV for every temperature represents a fraction of
the partial column saturation water vapor for the same tropo-
spheric layer and temperature. This fraction is always smaller
that the saturation value, and it becomes a smaller fraction as
temperature increases. This indicates that the relationship
with saturation is more complex than a constant RH value
triggering the onset of deep convection. Again, such relation-
ships and hypothesis are clearer over ocean than over land.

In a more detailed investigation of the causal relationships
between the water vapor and the precipitation, in Figs. 7-9
we observe how humidity profiles change depending on the
time with respect to convection. These figures clearly show that
the upper free troposphere is moistened after convection, while
the lower troposphere is consistently moistened before and
during convection. Similar results hold when considering all
instances of precipitation (with an interval of no precipitation
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beforehand) or when considering times before, during and
after MCS. This implies that the lower troposphere needs to be
moist in order to trigger convection, which then can transport
moisture upward moistening the upper troposphere.

Overall, this study provides a new set of precipitation transition
statistics for different ocean and land regions, with an emphasis
on the possibility to separate the contribution of different vertical
layers within the free troposphere from the RO observations.
Such analysis details the role that the different vertical layers of
the free troposphere have in precipitation scenarios. The lower
free troposphere plays a causal role in the onset of deep convec-
tion, while the upper layers are moistened by convection. These
results can potentially be used to give additional insights for con-
straining convective parameterizations, by comparing model out-
put with these diagnostics to provide a layer by layer view of the
relationship of precipitation to its thermodynamic environment.
The density of RO sampling is expected increase substantially in
the coming years (Schreiner et al. 2020) permitting methods
described here to be refined with soundings that better penetrate
into the boundary layer and large tropical datasets.
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