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Abstract Analyses of the thermodynamics of precipitating clouds are mostly based on localized in

situ campaigns or, more globally, weather analyses and reanalyses. This work presents a comparison of
weather analyses to satellite observations and a radiometeorological method that shows how precipitating
layers inside clouds coincide with weather analyses underestimates of the amount of water vapor. The
thermodynamic information from inside precipitating clouds is extracted using observed radio occultation
(RO) refractivity profiles without requiring weather analysis input, thus reducing analysis-induced biases.
The radiometeorological method is described by first identifying the differences between adiabatically dry,
mixing-ratio conserving, and saturated pseudoadiabatic refractivity profiles. These reference profiles are
then compared to observed RO refractivity profiles within precipitating and nonprecipitating clouds to
infer changes in their height-dependent thermodynamic states and in stability to convection. Precipitation
is found to start below layers close to pseudoadiabatic and precipitation layers coincide with changes
into conditional stability against convection. A statistical comparison between observed profiles and the
gradients predicted for a saturated pseudoadiabatic profile is made and finds that on the global average,
precipitation separates clouds from the Clausius-Clapeyron law and profiles are close to a saturated
pseudoadiabat. The results (a) help constrain the physical processes associated to precipitation inside
clouds and (b) validate the potential of graphical RO techniques to analyze observations without ancillary
temperature data from weather analyses.

Plain Language Summary Predicting how precipitation responds to changes in atmospheric
thermal profiles remains a challenge identified by the Intergovernmental Panel on Climate Change.
Solving this challenge requires comparing models with the observed thermodynamics of precipitating
clouds. Only radio occultation (RO) can constraint globally the thermodynamics inside clouds with high
vertical resolution. Infrared and microwave can measure the thermodynamics outside and only partially
clouds, and radar instruments that measure inside clouds do not provide thermodynamic information.This
paper develops a method to use RO for distinguishing the thermodynamics inside precipitating versus
nonprecipitating clouds. The identification of rain is made using coincidences of RO soundings with
Tropical Rainfall Measuring Mission and CloudSat observations. Using the method, we show that globally,
(1) the European Center for Medium-Range Weather Forecast ERA Interim reanalysis and the Global Forecast
System weather analysis have a global bias in precipitating clouds caused by misrepresentation of the
thermodynamics inside clouds; (2) the nature of the bias is associated to a misrepresentation of the lapse
rates by the analyses; (3) there are changes in stability to moist convection associated to the height where
precipitation originates, and (4) the transition from midtropospheric lapse rates to boundary layer shows
more frequent sharp inversions in nonprecipitating than in precipitating scenes.

1. Introduction

This manuscript introduces a radiometeorological approach that enables model-independent analyses of
vertical temperature gradients, or lapse rates when using the opposite sign, in the atmosphere and the stabil-
ity against convection inside clouds. Analyses are applied separately into precipitating and nonprecipitating
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scenes to find that precipitation changes the observed stability to moist convection layerwise in ways
missed by weather analyses and reanalyses.

Modeling precipitation remains an important challenge identified in the fifth Intergovernmental Panel on Cli-
mate Change Assessment Report (AR5) as a key uncertainty in the understanding of the climate system and
the ability to project changes in its response to anthropogenic influences (Intergovernmental Panel on Cli-
mate Change, 2014, and references therein). Proper modeling of precipitation would help many areas that
need the prediction of heat waves (e.g., Vautard et al., 2013), extreme precipitation, and the influence of
the precipitation cycle on climate feedback processes (Intergovernmental Panel on Climate Change, 2014).
Understanding the relation between lapse rates, or the stability to convection, itself linked to the likelihood of
heavy precipitation, the vertical water vapor distribution, clouds precipitation, and climate variability, would
increase our ability to constrain the vertical distribution of moisture, the altitudes at which clouds form, their
life cycle, and hence the Earth albedo at the top of the atmosphere. The cloud life cycle is key to the cloud
feedback on climate, a key uncertainty in understanding the drivers of the atmosphere’s energy budget (Inter-
governmental Panel on Climate Change, 2014, and references therein). Recent investigations have noted the
relationship between total column water vapor and a sharp pickup in precipitation associated with the onset
of conditional instability (Emanuel et al., 1994), leading to deep convection (e.g., Bretherton et al., 2004). Fur-
ther studies have proposed that precipitation in clouds may be modulating the hydrological and cloud cycles
to cause negative cloud feedbacks (Mauritsen & Stevens, 2015).

Climate and weather forecasting models suffer severe biases because of their inability to represent the
dynamics and microphysics of clouds and precipitation adequately (e.g., Intergovernmental Panel on Cli-
mate Change, 2014; Padullés et al., 2018; Phillips et al., 2004; Rodwell & Palmer, 2007, and references therein).
The limited skill of current weather analyses to accurately capture the conditions for precipitation compared
to observations is illustrated in Figure 1, discussed in section 2 of this work, and in Padullés et al. (2018).
The discrepancies have been attributed to factors from the influence of numerical resolution (e.g., Kotlarski
et al., 2014), the need of analyses to improve convection parameterizations, or to the need of capturing the
wide range of microphysical properties that can be found in cloud particles. The challenge is to model and
predict the large-scale effects of the interactions between tiny cloud particles, turbulence, and large-scale
atmospheric flows associated to precipitation. Insight into this large-scale interaction on a planetary scale
is provided by identifying observations that enable a better understanding of the thermodynamics and
convective states associated to precipitation in clouds and that can validate weather analyses.

Observations exist that complement and validate weather models results. Dedicated field campaigns with
radiosonde and airborne measurements provide detailed information on specific events but have limited
geographical and temporal coverage. On a global scale that covers the whole planet and the different sea-
sons, satellite optically visible, infrared, and microwave instruments provide additional information albeit at
lower spatial resolution. However, infrared instruments that provide thermodynamic information of the atmo-
sphere and even some cloud particle properties (e.g., Platnick et al., 2003) cannot measure temperature and
water vapor distributions inside thick clouds (Wulfmeyer et al., 2015, for a review). Radar and laser instru-
ments that can track precipitation and particle properties inside precipitating clouds do not measure the
coincident pressure, moisture, and temperature. Microwave instruments such as the Advanced Microwave
Scanning Radiometer-Earth Observing System provide precipitation rates as total integral magnitudes and
vertical moisture profiles at vertical resolution coarser than a kilometer. This work uses radio occultation
(RO) of the Global Navigation Satellite System (GNSS) obtained from the Constellation Observing System for
Meteorology, lonosphere and Climate (COSMIC; Anthes et al., 2008). RO measures refractivity inside clouds,
a combination of atmospheric pressure, temperature, and water vapor information (Kursinski et al., 1997;
Thayer, 1974). RO profiles are used in this work with coincident radar observations to characterize the lapse
rate thermodynamics of precipitating clouds over oceans and land. Analyses of the thermodynamics of clouds
have been performed before using standard RO retrievals (e.g., Biondi et al., 2013; Xian & Fu, 2015; Yang &
Zou, 2017) and those required ancillary temperature profiles from a weather analysis (e.g., Anthes et al., 2008;
Baerkgaard et al.,, 2014; Hocke, 1997; Kursinski et al., 1997, and references therein for details). This work
presents a novel method to do the same without requiring ancillary data and the results.
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Figure 1. Comparison between Constellation Observing System for Meteorology, lonosphere and Climate refractivity
profiles and weather models in the presence of precipitation versus absence of precipitation according to the Integrated
Multi-Satellite Retrievals for the Global Precipitation Mission data product. Left shows the mean (line) and standard
deviation (shaded area) differences between the measured and the analysis and reanalysis N without rain. Right shows
the same analysis for cases with heavy rain. The RO profiles compare to an analysis and a reanalysis (red, GFS, and black,
ECMWEF-ERA interim reanalysis). Heavy rain is defined as the top 5% of cases with rain, sorted by maximum reflectivity in
the surroundings of the RO. The brown-shaded region shows the standard deviation for the differences from RO to GFS,
while the gray shading shows the standard deviation to ECMWF-ERA. ECMWF-ERA = European Center for
Medium-Range Weather Forecast; GFS = Global Forecast System; RO = radio occultation.

2. Data and Approach

The data used are observed vertical profiles of GNSS RO refractivity from COSMIC (Anthes et al., 2008)
compared to the refractivity profiles predicted for different thermodynamic conditions. The profiles were
separated into precipitating and nonprecipitating scenes based on the existence of coincident precipita-
tion radar profiles from the Tropical Rainfall Measuring Mission (TRMM; Kummerow et al., 1998), a joint
U.S.-Japan satellite mission to monitor tropical and subtropical precipitation that provided data until 2015.
The orbital 3D 2B31 TRMM data products were obtained from the data server at NASA Goddard (version
07 on ftp://trmmopen.gsfc.nasa.gov). The CloudSat W-band cloud profiling radar (Stephens et al., 2002)
2B-GEOPROF data product was also used to identify small particles associated to clouds. Coincidences
between TRMM, CloudSat profiles, and COSMIC were sought from 1 June 2006 to 31 December 2016
(Cardellach et al., 2017). The criterion was to look for locations within the swath area of the TRMM satel-
lite radar, or within 50 km of a CloudSat scan. The radar measurements had to be within 15 min of the RO
event. With these criteria, there were 16,881 RO profiles near a TRMM radar swath, and 5,125 collocations with
CloudSat. In this analysis we did a height-dependent comparison.

Refractivity, N(2), is the RO observable, a combination of pressure, p; temperature, T; and water vapor pressure,
e (e.g., Thayer, 1974). Liquid and ice phase water contributions can be neglected because of being compara-
ble or less than the 0.5% estimated error from the coefficients in the formula for total refractivity (e.g., Bean
& Dutton, 1966; Solheim et al., 1999; Yang & Zou, 2017). N is thus not very sensitive to changes in the phase
of atmospheric water. From the RO profiles observed N one can calculate or at least constrain pressure, tem-
perature, and water vapor content. Using e = p = r/(e + r) with r being water vapor mixing ratio, p pressure,
e water vapor pressure, T temperature, z height, and € = R;/R, = 0.622 the ratio of the gas constant for dry

versus moist air: @ @ «
., p r(z 3
N@) = k, 7@ 1+ kze o (1 + _T(z)>] , (1)

with k, = 77.6 K/hPa, k, = —0.0927835, and k; = —51930.56 K.

While some geometric information like where is the top of clouds and the thermal inversion above them has
been inferred from refractivity without model input (e.g., Biondi et al., 2012; Peng et al., 2006), analyses of RO
profiles thermodynamics inside clouds have been using water vapor profiles that are retrieved from RO by
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incorporating input from the weather analysis. In a dry atmosphere, where r = 0, given aninitial height, z, typ-
ically chosen at heights above the clouds, and given a pair of values for (N(z,), p(z,)) one can use equation (1)
to get pressure and temperature from the observed RO refractivity at lower levels z < z;down to the sur-
face level z; by applying hydrostatic balance as a constraint (e.g., Hocke, 1997; Kursinski et al., 1997). However,
when r >0 one has 3 unknowns, (p, T, r), to retrieve from one observable, N, and only one equation and a
constraint, hydrostatic balance. With less equations than variables the problem is undetermined. RO retrievals
typically use weather models temperatures to separate water vapor pressure in the observed refractivity (e.g.,
Anthes et al., 2008; Baerkgaard et al., 2014; Kursinski et al., 1997, and references therein) by assuming that the
models have the right temperature and using the models temperature in equation (1) to calculate r from the
observed N. Hence, analyses of RO-based water vapor, temperatures, and lapse rates inside clouds depend on
the quality of temperature and refractivity profiles in the analyses used in the standard RO retrievals. Figure 1
compares refractivities from COSMIC RO soundings within clouds to the public 2.5° resolution version of
the weather reanalysis from the European Center for Medium-Range Weather Forecast (ECMWF-ERA) Interim
reanalysis and the Global Forecast System (GFS) from the National Centers for Environmental Prediction with
and without precipitation averaged vertically in bins of 0.5 km. Both are used in the RO retrievals and avail-
able from the COSMIC web archive data server, COSMIC CDAAC, after interpolating to the time and location
of the RO tangent point. Because RO has different vertical height levels for each given location, the number
of vertical measurements inside each 0.5 km vertical bin differs, and coincidences can change as a function of
height. Additionally, the count of profile comparisons drops off closer to the surface, reflecting the fact that
RO receivers can lose track of the signals due to topography, multipath, and superrefractive layers caused by
sharp water vapor and temperature transitions between the planetary boundary layer and the free tropo-
sphere (e.g., Bean & Dutton, 1966; Kursinski et al., 1997). Sharp boundary layer transitions cause a decrease in
the count of coincidences in Figure 1 for the lowest 2 km of the atmosphere. At heights below 5 km, where
precipitation is more likely to occur, the observed refractivity is larger than the weather model especially at
low latitudes even though ECMWF and GFS incorporate RO data. Studies (e.g., Yang & Zou, 2017) show that it
often happens for clouds, and Figure 1 shows that it is in the presence of precipitation. A more detailed com-
parison finds similar results when using the ECMWF high-resolution reanalyses globally and regionally, and
this difference has been traced back to errors in the weather analyses (Padullés et al., 2018, for more details).
Refractivity errors expected in RO have been quantified to lie between 0.2% at 8-km height, 0.6% at 4 km, and
increase up to 1% at the surface after considering receiver tracking errors and multipath. Errors of 1-2% have
been achieved even under superrefractive layers (Wang et al., 2017) confirming these predictions, although
the method is not yet in existing operational RO retrieval systems. The quantitative discussion here addresses,
therefore, mostly observations in the free troposphere, above the top of the boundary layer. The largest con-
tribution stems from the possible influence of horizontal frontal structures along the RO ray path (estimated
for a ray path crossing a strong front in Figure 10 of Kursinski et al., 1997). The contribution to refractivity by
liquid water and ice in typical atmospheric conditions add up to a negligible fraction of 1% (e.g., Kursinski
etal.,, 2000; Padullés et al., 2018; Yang & Zou, 2017). These errors are lower than the peak difference measured
between observed and modeled refractivities in Figure 1 at 5 km. An additional error source, at the lowest alti-
tudes of RO profiles, emerges from the transition from a positive to a negative refractivity bias occurring from
the top of the boundary layer down, usually from ~3 km down. Notice, however, that the precipitating scenes
show a smaller negative bias below 3 km than the nonprecipitating, which would be expected if there are
less superrefractive layers, meaning smoother transitions at the top of the boundary layer. The discrepancy
observed above 3 km has two consequences. The first is that model parameterizations of the precipitation
needs improvement in near equatorial regions. Second, given that the observed RO refractivity is higher than
the weather model, the reliability of operational RO retrievals using the weather analyses temperatures is
lower. Our ability to analyze the moist thermodynamics of precipitation from either weather model, as done in
most of the available literature, or standard RO retrievals (e.g., Biondi et al., 2013; Biondi et al., 2012; Bonafoni
& Biondi, 2016; Vergados et al., 2014) is lower and therefore one benefits from model-independent validation.
Those situations where weather models and RO differ are where RO soundings are most useful to identify
and correct errors in the weather prediction models. A model-independent analysis of cloud thermodynamics
appears thus beneficial to extract information from these profiles and is a motivation for this work.
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3. Isothermal, Adiabatic, and Pseudoadiabatic Refractivity Profiles

Atmospheric thermodynamic diagrams are used in radiosonde meteorology to plot the observed tempera-
ture as a function of pressure overlayed with different lines that correspond to the T(p) that would occur in
different thermodynamic processes (e.g., Bezold, 1888; Dutton, 1976; Hertz, 1884). Examples are isotherms;
lines of constant mixing ratio; and lines where temperature changes conserving entropy or where pressure,
temperature, and specific humidity follow saturated pseudoadiabatic ascent. Similarly, one could apply to
a RO profile each thermodynamic constraint to infer refractivity gradients and calculate the profiles down-
wards from any upper boundary condition N(z,), p(z,) at a height z, high enough for moisture to be very low
and negligible.

3.1. Isothermal Refractivity Profiles

For an isothermal profile, T(z) = T(z,), hydrostatic balance leads to p(z) = p(z,)e~9¢-2)/1RT@)l with g gravity
and R the atmospheric gas constant. Note that in the presence of moisture, R would include a water vapor
contribution and T would be the virtual temperature, but we are ignoring this correction for now since we are
focusing on a conceptual discussion that leads to an analytical solution. The correction will be included in the
subsequent discussions with comparisons to the data. Applied to (1) an isothermal atmosphere in hydrostatic

balance yields k k
_ Py gew 2(2) >
N) = k1TZo)e () [1 Yo (1 * T(Zo)>] ' ?

Hence, for an (N(z,), p(z,)) pair, hydrostatic balance and the isothermal condition T(z) = T(z,), refractivity will
depend only on the moist thermodynamics of r(z) at each height z. For an isothermal profile that conserves
water vapor mixing ratio with height, ry = r(z) = r(z,), so that N(z) = N(z,) exp [-g(z — 2,)/RT(z,)]. These
exponential models of refractivity have been used often in the literature (e.g., Bean & Dutton, 1966).

3.2. Adiabatic Dry and Moist-Conserving Refractivity Profiles

Moisture conserving isothermal profiles as described above are unlikely in the atmosphere but serve as a
good illustration before extending this approach to thermodynamic conditions more realistic that require
numerical solutions. If a RO sampled a moist adiabatic atmosphere with well-mixed water without sources or
sinks of water vapor, mixing ratios would remain constant, r(z) = r,. Air parcels undergoing adiabatic ascent
conserve the potential temperature, ®, (Bezold, 1888) whose logarithm is proportional to entropy, or the heat
exchange per unit temperature, and temperature depends linearly on height: T(2) = T(z;) — I';(z — z,). For
a dry atmosphere with r, = 0, the adiabatic lapse rate is ', = g/C, with C, the heat capacity at constant
pressure. Hydrostatic balance then leads on this linear temperature profile to p(z)/p(z,) = [T(z)/T(zo)] ~9/fla
(e.g Dutton, 1976) and

. p@ k,r(2) ks —
Ngy(@) =k T2 1+ c+12) <1 + T(z,) — ra(z—zo))] B
g-Arg

_ i P [T(z)] [1 4 L@ (1 + ﬁ)] )
T(zy) | T(zo) e+r(2) T(2)

For an initial N(z,), p(z,) condition at the top, hydrostatic balance, entropy conservation, and conserved mix-
ing ratio lead to a family of refractivity profiles, one profile for each value of constant r, that can be generated
using the original T(z,) also if it corresponds to a different N(z,). This refractivity with constant moist potential
temperature is related to what has been termed potential refractivity modulus, ®, in the literature (e.g., Bean
& Dutton, 1966; Lukes, 1944, in their Figure 5.17, use A-units that are somewhat related) to perform graphical
analyses of refractivity in the past. Potential refractivity for a dry atmosphere with r = 0 is seen in Figure 2 left
panel where a dry isentropic refractivity profile is next to an observed occultation profile and the ECMWF-ERA
Interim model interpolated to the location and time of the RO. The initial value of N(z,) and p(z,) at the cold
point tropopause has been propagated down isentropically and so is the potential refractivity N, (2) profile
(red) for a dry atmosphere. At lower altitudes, where water vapor becomes significant, moist potential refrac-
tivity has to be considered, and different initial values of r(z,) between zero and 12% at z, and p(z,) have been
used with different initial values of Nary(Zo) and the formula (3) to create a family of r conserving potential
refractivity lines shown as dashed red with annotation lines on the right panel of Figure 2. In the following, we
refer to dry adiabatic profiles when r = 0 and moist-conserving adiabats when the atmosphere is moist and
considered constant independently of its being saturated or nonsaturated r(z) = r(z,) (e.g., following formula
4.2.11 Emanuel, 1994). These profiles represent reversible thermodynamic processes.
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Figure 2. Left: observed RO profile on 27 July 2011 (solid line) compared to the public version of the ECMWF-ERA
Interim reanalysis (black dashed) and the dry isentropic refractivity profile (red dashed line) propagated down from the
cold point tropopause; Right: those represented by constant dry and moisture conserving potential temperatures. The
solid line is the RO profile, dashed red lines show moisture conserving adiabats for different values of r(z). The leftmost
dashed green line is the dry adiabat (r(z) = 0). It overlaps the red line for the reversible moisture conserving adiabat
with r(z) = 0.01. Blue dots mark saturated pseudoadiabatic profiles. The observation coincided with rain, and the figure
shows higher gradients (separating from the moist saturated pseudoadiabat) at altitudes below 10 km and lower
gradients, close to moist pseudoadiabats above 10 km. ECMWF-ERA = European Center for Medium-Range Weather
Forecast; RO = radio occultation.

3.3. Moist Pseudoadiabatic Refractivity Profiles

On a further step, atmospheric processes with a variable lapse rate can be also addressed by discreticizing
the atmosphere into multiple thin layers each with a locally constant temperature lapse rate between two
heights. Equation (3) is then solved between each two heights by replacing I', by a I that is constant only
within each layer and updated after using I to predict the temperature at the layer below. An important
application example is the moist saturated pseudoadiabat, I', (e.g., Emanuel, 1994, formula 4.7.3) treated as
constant within thin layers but changing from one to the next one below. Starting with an initial condition
p(z,), at an arbitrary but high altitude z, where moist refractivity is negligible, one can postulate a family of
temperature values T(z,), and their saturation mixing ratios r,(z,) are used to numerically generate a family
of saturated refractivity profiles, each stemming from an initial I",,[T(z,)], which is then used to predict T(z;)
at the slightly lower height z;, = z, — Az, infer its saturation water vapor pressure e (z,), use then hydro-
static balance to infer p(z,) and r,(z,), and from there N(z,). Proceeding layer by layer leads to the family of
moist saturated pseudoadiabatic N,,(2) profiles marked as dots in Figure 2. An alternative approach also
explored numerically was to draw the lines of refractivity profiles with constant equivalent potential temper-
ature (e.g., Bezold, 1888; Emanuel, 1994, formula 4.7.9) for each initial combination of T(z,) with p(z,). At the
discrete vertical resolution used in our simulations both methods end up accumulating a small difference of
AT ~ 2K — 3K at the bottom of the refractivity profiles when initiated from z, = 14 km. Using that the uncer-
tainties in lapse rate relate as AT'/T" ~ AT/T + Az/z, the error is driven by the temperature uncertainties
and equivalent to a relative difference of ~1.2% in lapse rate, which makes both methods virtually equivalent.
Dots in Figure 2 marking the pseudoadiabatic saturated atmosphere (constant equivalent potential temper-
ature) show that a saturated pseudoadiabatic atmosphere has a higher vertical refractivity gradient than a
moist unsaturated adiabat. Note that while temperature lapse rates are smaller in a saturated than in a dry
atmosphere, refractivity being proportional to atmospheric density has a higher lapse rate in a saturated than
a dry atmosphere

Each profile with a different thermodynamic process that starts from a given N(z,), p(z,), T(z,) exhibits a
unique slope. For each observed refractivity we have the three unknowns, p, T, and r, and one hydrostatic
constraint. Given that the hydrostatic constraint is in the derivative, it is a condition on the pressure gradient
between two consecutive heights. Thermodynamics add a second constraint that works also on either the
vertical gradients of moisture or on temperature. One has now one observation point, N, and two constraints,
which is enough to infer the thermodynamics occurring in three variables inside one layer between two alti-
tude levels. As a consequence, moist thermodynamic processes that can be differentiated in their vertical
gradients provide a second constraint needed to uniquely determine the refractivity lapse rate. For instance, a
starting (N(z,), p(z,)) pair would be crossed by several moist adiabatic curves, each with a different (r(z), T(z))
pair and thus also different slope.
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Figure 3. Left panel shows the tangent points (red) at all heights of the RO overlayed with a coincident TRMM sounding
with precipitating (blue) and nonprecipitating (yellow) pixels. Green lines show the RO raypath direction at each tangent
point. Right shows the TRMM precipitation rate in color levels as a function of height along the RO raypath and distance
(bottom x-axis labels) to the RO tangent point. Black lines show the refractivity profile, measured by RO (thick solid) and
the ECMWF (thick dashed) reanalysis profile, refractivity labels on the top x-axis, compared to the saturated
pseudoadiabatic profiles (blue dots) and moist isentrope (thin red dashed) using the approach in Figure 2.

ECMWF = European Center for Medium-Range Weather Forecast; RO = radio occultation; TRMM = Tropical Rainfall
Measuring Mission.

3.4. Thermodynamics Observed in Precipitating Clouds

The method described above is used next to analyze the thermodynamic state of the atmosphere inside
clouds in the presence of precipitation without requiring model input. The database of coincident observa-
tions between CloudSat and COSMIC RO, and TRMM and COSMIC RO described in section 2 was used. Figure 3
shows the RO raypath from Figures 2 over a coincident precipitating TRMM scene. The right panel shows the
rain rates at each latitude-longitude location along the RO rain path as a function of height compared to the
coincident RO refractivity profile. The refractivity that would correspond to the publicly available version of
the ECMWEF-ERA Interim reanalysis at the UCAR-COSMIC CDAAC is also shown as a dashed black line.

Four thermodynamic regimes appear as a function of height in this particular profile. Above the top of the
precipitating cells, 6 km, the observed RO refractivity (solid black line) is slightly higher than the weather
reanalysis and lower below 6 km. Above precipitation levels, the RO gradient lies between the blue dots
marking the pseudoadiabat and the dashes for the (reversible) moist adiabat. Red dashed lines mark dif-
ferent values of r(z,). Observation and ECMWF-ERA Interim show a similar refractivity at 8 km. At 6 km the
ECMWEF-ERA Interim reanalysis misses a refractivity structure by overestimating the refractivity lapse rate and
approaching a dry adiabat, which suggests a model underestimate in the amount of water vapor. Agreement
is restored at about 5 km. Between ~5 and 4 km, immediately above the top of the heights where TRMM
finds the highest rain rates, the observed (black) and ECMWEF-ERA Interim N(z) follow closely the pseudoadia-
bat. Below 4 km, within the precipitation regime, the observed refractivity gradient again separates from the
ECMWEF-ERA Interim reanalysis and the saturation pseudoadiabat, crossing the dotted lines, having a steeper
slope than saturated moist adiabats do, but remaining between both. This indicates that rain coincides with
an observed decrease with altitude in the average RO water vapor mixing ratios suggesting some drying asso-
ciated with rain in this scene. This layerwise analysis of the observed RO refractivity gradients suggests that
the top of precipitation is below layers that, averaged along the RO ray path, follow a pseudoadiabat and
that the loss of water at 4 km dries out the precipitating atmosphere layer below and separates the lapse rate
slightly from that of a saturated moist pseudoadiabat. An effect missed by the model analysis. The observa-
tions however do not have the temporal resolution to answer if the drier lapse rate existed at that layer as
precondition, during, or as a consequence of precipitation. Below about 1.5 km the vertical refractivity gradi-
ent approaches again the saturated pseudoadiabat and shows no signs of the negative refractivity bias error
typical in RO profiles that cross under superrefractive layers.

3.5. Stability of Refractivity Profiles
An additional diagnostic is the sign of the difference between the observed refractivity gradient and the
refractivity gradient for the different adiabatic Ny, ., Profiles.
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Figure 4. Two coincident radio occultation and CloudSat radar profiles. For each occultation, left panels show the
CloudSat reflectivity along the radio occultation raypath, the color bar shows reflectivity in units of dBZ. Right panels
show the refractivity as a black solid line, temperature from the model in blue, and the stability against moist/dry
convection (red/green bands) based on refractivity gradients. Thin dashed lines show refractivity profiles that would
correspond to profiles that would be moist-conserving adiabatic in blue and to the saturated pseudoadiabats in dashed
black. White horizontal bands signal conditionally stable layers.

« A positive difference between the RO refractivity gradient minus the dry adiabat is stable to dry and moist
convection (Bean & Dutton, 1966);

« if the RO refractivity gradient is less than the saturated pseudoadiabat, it is absolutely unstable to dry and
saturated moist convection; and

- if the difference is in-between both adiabats, it is conditionally stable: stable to saturated pseudoadiabatic
convection if the air is saturated, but the air is unstable if it is dry.

This analysis is equivalent to the standard analysis done with radiosonde data in temperature lapse rates but
uses refractivity and overcomes having to know the temperature profile. Figure 4 finds the top of cells with
high CloudSat reflectivity associated with the transition from an atmospheric layer stable to moist convection
into a layer unstable to moist convection. High CloudSat reflectivity is often associated with precipitation
especially when the signal is lost in the lower atmosphere, where intense precipitation is one reason to lose
the CloudSat radar frequencies. The first occultation, on top panel, shows a rather homogeneous cell with a
narrow range of top heights where precipitation may be occurring. Instability against moist convection (red
horizontal lines) is found near the top of the precipitating layers, and, like in Figure 3, the refractivity profile is
conditionally unstable (white) below the upper part of the precipitating layer detected by CloudSat and even
in areas below, where rain is measured. The second case, bottom panel of Figure 4, includes what seems to be
at least two precipitating cells and a more widespread range of heights for the tops of precipitation captured
by CloudSat, ranging from above 10 kmin one cell to about 7-8 kmin a second cell. There is also a wider range
of heights where the atmosphere is unstable to moist convection, with changes in stability nearly coinciding
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Figure 5. Two-dimensional histogram of the percent differences between the observed vertical gradient of radio
occultation refractivity and dry adiabat (two leftmost columns) or the saturated pseudoadiabat (two rightmost columns)
for a set of ~1,000 coincident radio occultation profiles with TRMM and CloudSat. For each comparison, left panels show
the differences in clear (reflectivity Z < —20 dBZ) versus precipitating (reflectivity Z > 30 dBZ) scenes at latitudes within
25° from the equator (top row) and 25-40° (bottom row). TRMM = Tropical Rainfall Measuring Mission.

with the range of top heights for precipitation cells. This analysis thus shows that changes in precipitation
state from CloudSat relate to changes in the type of stability to convection inferred from RO.

Horizontal inhomogeneities in the rain cells, if estimated to have small influence (Kursinski et al., 1997, 2000),
are present in Figure 4 and might account for some of the deviation of the observed RO refractivity lapse rate
from the pseudoadiabat. Horizontal inhomogeneities have been argued to play statistically a small role how-
ever in RO (e.g., Kursinski et al.,, 1997; Yang & Zou, 2017) and in the observed dynamics of water vapor columns
(Schiro et al., 2016, more recently). One way to minimize the effect of horizontal rain cell inhomogeneities is
by increasing the number of profiles observed. If precipitation sources come from the layers with a refrac-
tivity profile close to a pseudoadiabat, the effect should be observed in many profiles and, if the correlation
between precipitation and pseudoadiabatic gradients were random, it would cancel out for a large number
of profiles. The statistics in Figure 5 compare dry and pseudoadiabatic refractivity gradients from about 1,000
observed RO refractivity lapse rates within clear scenes from CloudSat defined as having reflectivity below
—20 dBZ, and precipitating clouds from TRMM, defined as those with reflectivity above 30 dBZ, separated
between the regions of 25-40° latitude and equatorward of 25° latitude. The comparison uses families of dry
adiabats and saturated pseudoadiabats from many initial refractivity values at a given height, say z, = 20 km.
For each refractivity a (p, T) surface is created that corresponds to its many possible values of pressures and
temperatures. Refractivity is propagated downwards from each point on that surface to generate dry and
pseudoadiabatic refractivity profiles in vertical steps of 0.1 km. Each lower height has a set of refractivity values
that started from a (p, T, r) value at the top. The vertical gradients and refractivities at each height are saved
into a look-up table for the dry adiabat propagated with r = 0, and for the saturated pseudoadiabat. At each
altitude the RO measured refractivity value is matched with the corresponding refractivity in the look-up table
and the average vertical gradient from all dry adiabats and moist pseudoadiabats with the same refractivity
as observed is compared separately to the observed vertical derivative. Refractivity is the vertical coordi-
nate instead of altitude. The difference in the profiles on the top figure captures that on the global average,
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Figure 6. Differences between the observed vertical gradient of radio occultation refractivity and the pseudoadiabatic
theoretical line, Nth for a set of ~1,000 coincident radio occultation profiles with TRMM and CloudSat. A dry adiabat is
shown as the rightmost dashed blue line and the saturated pseudoadiabat is the vertical blue dashed line. Red lines
show the average of the differences for clear scenes based on CloudSat reflectivity Z < —20 dBZ and black for
precipitating clouds (Z > 30 dBZ) within 25° (left panel) and beyond 25° from the equator on the right. The
brown-shaded regions show the standard deviation for the differences in the nonprecipitating scenes while the gray
region shows the standard deviation during rain.

precipitating clouds have vertical gradients closer to the pseudoadiabat at deep tropical latitudes. In the
absence of clouds the 2-D histograms show a deviation toward positive differences to the moist pseudoadia-
bat and toward negative diferences with the dry adiabat suggesting that the global average of precipitating
clouds are conditionally stable but close to a saturated pseudoadiabat like those on Figures 2 and 3. Clear
scenes are found to be slightly unstable to dry convection but close to the dry adiabat in the midtroposphere,
while precipitating scenes are still conditionally stable but very close to a saturated pseudoadiabat. This statis-
tical result coincides with the observation made for the specific cases shown in Figures 3 and 2, which suggests
that they are representative of the physical thermodynamic processes occurring globally.

Figure 5 uses refractivity, N, as a surrogate for altitude. Using the strong dependence of N on water vapor
mixing ratio, this vertical coordinate compares better states with comparable temperature and atmospheric
water vapor combinations that may occur at different heights. To connect the analysis in these figures with
how the thermodynamics change as a function of height, Figure 6 shows the differences in averages from
the 2-D histograms in the previous figure when they compare the dry adiabat and saturated pseudoadiabat
with the RO gradients as a function of altitude now. Both, the nonprecipitating, red, and the precipitating,
black, lines are within one standard deviation of each other. However, some structures are visible in the aver-
aged differences. It is found that the clear scenes (red lines), as determined by a CloudSat reflectivity below
—20dBZ, lie between 20% and 30% of the difference between the saturated and the dry adiabat. At midtropo-
spheric cloud altitudes, both clear and precipitating scenes, based on a TRMM reflectivity above 30 dBZ, have
an average refractivity gradient clearly lower than the dry refractivity lapse rate. This is associated with being
unstable to dry convection. Clear scenes are slightly closer to the dry adiabat than precipitating scenes in the
mid troposphere. Precipitating scenes, however, have refractivity gradients closer to the moist saturated pseu-
doadiabat that become even absolutely unstable to saturated convection especially in the lower latitudes. In
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the lower troposphere, below ~2 km, the boundary layer refractivity gradient is sharper in nonprecipitating
scenes. This sharpness is often caused by thermal inversions suggesting that precipitating scenes are associ-
ated statistically with lower vertical refractivity gradients and smaller boundary layer inversions. At the same
time sharp refractivity gradients can cause the RO signal to be lost or have a significant refractivity bias. Addi-
tionally, N from Figure 5 reaches values above 300 refractivity units more often in precipitating than in clear
scenes. This can be an effect of both, either clear scenes having less water vapor, or RO losing track more
often below 2 km. Because the loss of track is the phenomenon observed in the sharper drop in number of
countsin Figure 1, itis consistent with being the loss of track associated to sharp gradients in clear scenes. The
smaller contribution from sharp gradients to the precipitating scenes is a sign of more frequent smooth transi-
tions from the midtroposphere into the boundary layer than in clear scenes. Other than noting this increased
frequency, the refractivity biases below 2 km cannot be taken for quantitative thermodynamic analysis with
much confidence.

4. Summary and Conclusions

GNSS RO sounding of the atmosphere can constrain directly the average large-scale thermodynamics inside
clouds because it escapes the limitations of other instruments that cannot penetrate clouds, or the radar
instruments that can penetrate clouds to measure precipitation but provide no thermodynamical infor-
mation. Radiometeorological considerations are used as a diagnostic tool that finds a transition in the
thermodynamics driving the lapse rate and in stability to convection at the top of precipitating layers. RO high
vertical resolution adds fine-scale vertical information to analyses otherwise having to relay on total column
values such as those connecting total precipitable water vapor to the occurrence of rain (e.g., Schiro et al.,
2016). The vertical information in RO additionally detects the vertical changes in stability to convection and
discriminates what atmospheric layers control rain. RO profiles can thus improve our understanding of global
processes internal to precipitating clouds when they are collocated with precipitation information, as done
here with TRMM, or in the future with Polarimetric RO (Cardellach et al., 2015; Padullés et al., 2016) as planned
with the PAZ satellite, or with cloud information as given by CloudSat.

RO profiles at the tropics suggest that lapse rates approach the Clausius-Clapeyron equation globally on a
planetary scale with an overall constant, nearly saturated, relative humidity and its associated temperature
lapse rate of 6 K/km (e.g., Bezold, 1888; Dutton, 1976). RO profiles also measure the departure from stability
to convection in these observations that is proportional to buoyancy and can be used to validate the ability
of models to capture lapse rates and the stability to convection itself, which can help determine the model
vertical velocity. Both are proposed to be at the root of discrepancies on how models project the response
of heavy precipitation to climate variability (e.g., O'Gorman & Schneider, 2009). GNSS RO observations over
extratropical latitudes show that Conditional Instability is frequently observed in precipitation, which is con-
sistent with reports from weather analyses whereby Conditional Symmetric Instability relates 20% of the time
to heavy precipitation in cyclones over the North Atlantic Storm track (e.g., Glinton et al., 2017).

The study here finds in Figure 3 and statistically in Figure 6 where does the ECMWF-ERA Interim reanalysis
misses changes in conditional instability accompanying precipitation. A challenge in our analysis stemmed
from the fact that for a given refractivity at z, there are different pairs of pressure and temperature that can
propagate down to cross at a single value of constant refractivity with two temperature values (not shown).
Each crossing however has a different vertical refractivity gradient. This has been considered in the statistical
comparison on Figures 5 and 6, where the 2-D histogram of the differences between vertical refractivity gra-
dients observed and the mean value of all family of propagated dry adiabats and pseudoadiabats for a given
refractivity is shown. Low midlatitudes from 25° to 40° show a more uniform agreement with the pseudoadi-
abat at most heights. Equatorward of 25° latitude this comparison shows an anomaly at the higher altitudes
reflected by N ~100. There, precipitating profiles approach more closely a dry adiabat. At lower altitudes, the
differences in vertical refractivity gradient show a wavy structure that could be due to the contribution from
extensive clouds or multilayered clouds where precipitation is originating only at some heights. This hypoth-
esis deserves further study that requires data beyond the scope of this work. At the lowest altitudes below
2 km, corresponding to the planetary boundary layer, refractivity gradients are smaller in precipitating than
in dry scenes, suggesting a smaller thermal or moist gradient than in clear scenes. One potential scenario is
that the boundary layer to middle-troposphere transition has more frequent cases of sharp water vapor gra-
dients in the absence of precipitation than in its presence. Only observations that could capture time series of
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RO precipitating profiles can help verify if this absence of sharp transitions is either a cause, due to large-scale
preconditioning, or a consequence of precipitation.

The approach to infer moist atmospheric thermodynamics and stability against convection within clouds from
RO refractivity profiles does not require assumptions based neither on the type of clouds nor the season. The
types of conditions that lead to precipitating clouds can vary however depending on season, if it is between
continents and oceans, by aerosol abundances, and even over land it is influenced by local surface properties
(e.g., Emanuel, 1994; Intergovernmental Panel on Climate Change, 2014; Liu & Zipser, 2005, for more detailed
discussions). The method can therefore be applied in more detailed analyses of the different types of clouds
and convection that lead to precipitation both over continents and oceans. It can also have technical applica-
tion for RO retrievals and help improve model-independent T retrievals like in, for example, de la Torre Juarez
& Nilsson, (2003) that try to overcome the uncertainties introduced by using model data in the retrieval of
profiles when there is precipitation.

Finally, isothermal and isentropic processes are subsets of the larger class of processes called polytropic, where
the energy transfer to the environment is constant and the ratio p(z)/ p"(z) = constant. For isobaric processes,
the polytropic index is n = 0, isothermal processes have n = 1, and isentropic processes have n =y = C,/C,
in an ideal gas, with C, heat capacity at constant volume. Although it is not done here, it is straightforward to
apply the previous technique to consider more generic polytropic processes with different indices n. In this
application, finding the polytropic index that best fits the observed changes in refractivity profile gradients
would provide a constraint on the amount of energy transfer at each height.
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