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Evaporation in action sensed by multiwavelength
Doppler radars

Frédéric Tridon1 , Alessandro Battaglia1,2 , and Daniel Watters1

1Earth Observation Sciences, Department of Physics and Astronomy, University of Leicester, Leicester, UK, 2National
Center for Earth Observation, University of Leicester, Leicester, UK

Abstract This work documents a rain case dominated by evaporation which occurred at the
Atmospheric Radiation Measurement site in Oklahoma on 15 September 2011. A recently developed
algorithm, applied to radar Doppler spectra measured at Ka and W band, provides the vertical evolution
of binned drop size distributions (DSDs) and of the vertical wind. Such retrieved quantities are used in
connection with relative humidity (RH) profiles to derive evaporation rates and atmospheric cooling rates.
In addition, in regions of stationarity and of light rain, when other microphysical processes are negligible,
the presented case study suggests the possibility of retrieving RH profiles from the vertical evolution of
the drop size distributions. The key is to characterize the gradient of the rain mass flux between successive
levels. Such signal is particularly weak and can be enhanced thanks to a substantial averaging of the
retrieved DSD over approximately 5 min and 250 m (eight range gates). The derived profile agrees with
the retrieval from coincident Raman lidar observations within a 10% RH difference. These results suggest
that other rain microphysical processes could be studied by combining the radar-based DSD retrieval with
ancillary RH observations.

1. Introduction

The understanding of the vertical evolution of rain drop size distribution (DSD) is critical for properly pre-
dicting rainfall at the ground from remote sensing measurements (e.g., in radar meteorology, for producing
effective vertical profiling radar corrections) and also for understanding feedback mechanisms associated to
the invigoration and the lifetime of precipitating systems. Unfortunately, even below cloud base, the verti-
cal evolution of DSDs is the result of the complex interplay between different microphysical (coalescence,
spontaneous and collisional breakup, differential sedimentation, and evaporation) and dynamical (up and
downdraughts and advection) processes [e.g., Brown, 1993; Hu and Srivastava, 1995; Beheng, 2010].

Evaporation is the only warm subcloud microphysical process which involves a phase change (thus, a con-
siderable energy exchange associated with the enthalpy of vaporization) and which induces a change in the
total condensed liquid water content. Studies based on the isotopic composition of tropospheric water vapor
[Worden et al., 2007] have shown that, in the Tropics, rainfall evaporation can significantly contribute to the
lower troposphere humidity and to the heat and moisture budgets of clouds, with typically 20% (and peaks
of 50%) of rainfall evaporating near convective clouds. While several authors have specifically investigated
evaporation from a theoretical point of view [Srivastava, 1987; Li and Srivastava, 2001; Seifert, 2008], observa-
tional studies have only focused on specific type of clouds (drizzling stratocumuli in particular) [e.g., O’Connor
et al., 2005; Comstock et al., 2007] or very dry semiarid environments [Rosenfeld and Mintz, 1988]. More recently,
attention has shifted toward the assessment of the effect of evaporation on retrieved water content and
total drop concentration profiles [Williams, 2016] and polarimetric observables [Kumjian and Ryzhkov, 2010;
Xie et al., 2016] in order to improve hydrometeorological rainfall estimations.

This work capitalizes on a novel dual-frequency radar technique, which allows for rigorous retrieval of the
vertical evolution of binned DSD and vertical velocities, and investigation of a case study where evapora-
tion does represent the dominant rain microphysical process affecting the vertical evolution (section 2). This
occurs only for fairly low rain rates. In this peculiar situation, comparisons with Raman lidar retrieval and radio
sounding observations show that the knowledge of the vertical evolution of the DSD can be used to recon-
struct the vertical profile of the relative humidity (RH). As will be discussed in section 3, the main motivation
of this work is not to propose a new RH retrieval, which would be only applicable to a small number of light
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rain cases, but to demonstrate that the DSD retrieval is sensible and can be used in more general cases to
study other rain microphysical processes such as collision and breakup. In this regard, future work combining
the radar retrieval with ancillary measurements of RH such as from the Raman lidar may enable the ability to
disentangle the effect of evaporation from other microphysical processes.

2. Strong Evaporation Case Study

On 15 September 2011, a stationary front over the Rocky mountains associated with a cold and dry low-level
air mass with northeasterly winds and a slowly lifting upper level trough moving from the southwest led
to some widespread light rain over the Great Plains (a composite of surface weather, cloud cover, and
radar reflectivity over the U.S. at 12:30 UTC can be found at http://www2.mmm.ucar.edu/imagearchive1/
SatSfcComposite/20110915/sat_sfc_map_2011091520.gif). In particular, long-lasting stratiform rain was
observed at the U.S. Department of Energy’s Atmospheric Radiation Measurement (ARM) Program [Ackerman
and Stokes, 2003] Southern Great Plains (SGP) Central Facility between 19:00 and 22:00 UTC (see Figure 1).
Since various instruments are used in this study, it was decided to present all altitudes in kilometers above
sea level (asl), the height of the ARM SGP being 320 m asl. In Figure 2, radio sounding observations at 17:44
(23:37) highlight the two air masses with fairly dry conditions below 1.5 km (1 km) asl and strong wind shear
around 2 km (1.5 km) asl. Due to very dry low levels, most of the rain evaporated prior to reaching the surface,
thus limiting the rain accumulation at the ground to low values (the gauges around the ARM Central Facility
recorded between 0 and 1.5 mm rain accumulation).

The ARM (information about ARM instrumentation can be found in Mather and Voyles [2013], and references
therein) Ka band Zenith-pointing Radar (KAZR), ceilometer, and Raman lidar observations (Figure 3) provide
a general picture of the stratiform system with a two-layer cloud present in the late morning evolving into
the precipitating system in the early afternoon (at about 19:00 UTC). The reflectivities (Figure 3a) and Doppler
velocities (Figure 3b) help in the characterization of the vertical structure of the precipitating system with the
ice phase reaching approximately 11 km and the melting level height (where the transition between solid
and liquid precipitation is occurring as highlighted by the bright band in the radar reflectivity and the strong
gradient in the Doppler velocity) initially at about 3.8 km asl and moving slightly downward during the first
2 h of precipitation. The ceilometer backscattering (Figure 3c) highlights the presence of a liquid cloud layer,
which is known to produce strong backscattering and to rapidly attenuate the signal [Hogan et al., 2003]; first,
the cloud base moves down slowly from around 2.8 km asl in the morning then quickly moves 200–300 m
upward after 19:30 UTC and disappears at around 20:00 UTC, about 1 h after the rain onset. These fea-
tures are confirmed by the collocated Raman lidar backscatter measurements (which are not shown to avoid
duplication) and strongly suggest the occurrence of collection of cloud droplets by the raindrops falling
through the cloud layer. After 21:30 UTC, some cloud layers reappear intermittently at various levels while the
rainfall intensity diminishes.

Within the rain layer and during the first phase of the rain event, the radar reflectivity and backscattering
profiles are characterized by a moderate and strong increase with height, respectively. While these proper-
ties can be the signatures of diverse microphysical processes (e.g., drop breakup), they are consistent with
evaporation occurring in a dry environment. Two radio soundings were available at the ARM site at 17:44 and
23:37 UTC, as marked in Figure 3a. High-resolution evolution of RH profiles can also be provided by Raman lidar
observations [Turner et al., 2002]. The ARM Raman lidar retrieval of RH vertical profiles [Flynn and Sivaraman,
1998, 1998] is shown in Figure 3d, with meaningful values up to the full extinction of the signal (i.e., 3
to 4 km asl). This ensemble of observations consistently confirms the presence of a very dry layer before
the rain (black line in Figure 2) with 10–15% RH between 1.1 and 1.4 km asl and RH less than 50% below
1.6 km asl. During rain, the layer between 1.2 and 1.5 km asl clearly moistens with the RH exceeding 80%
after 23:30 UTC (blue line in Figure 2). Since the ERA Interim reanalyses of the vertical integrated moisture
flux divergence (not shown) suggests that there was no significant moisture advection over SGP during
that period, such moistening can be plausibly caused by strong rain evaporation. The 17:44 radio sound-
ing also captures the presence of the cloud layer detected by the lidar with 100% RH between 2.7 and
2.9 km asl.

2.1. Radar Retrieval of the DSD Evolution
Dual-frequency profiling radar observations are innovative and only available at very few locations in the
world. Even at SGP, such observations are rare, in particular, because the W band Scanning ARM Cloud Radar
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Figure 1. Rain rate observed by the 2DVD disdrometer at the ARM SGP central facility.

is operated only intermittently in vertically pointing mode. Thus, within this whole rain event, only four
periods of 25 min are available for dual-frequency radar retrievals. Among these, one corresponds to signifi-
cant rain rates (between 19:30 and 20:00 UTC; see Figure 1) and will be further analyzed.

Radar Doppler spectra represent the spectral reflectivity per bin of Doppler velocity. Thanks to the relation-
ship between drop fall speeds and sizes, the shape of Doppler spectra obtained in a vertically pointing mode
is intimately related to the particle size distribution, with the mean air motion displacing all hydrometeors
equally and simply shifting the whole spectra along the Doppler velocity axis. On the contrary, depending on
the position within the radar volume, the apparent velocity of similar-sized hydrometeors can be modified
differently by air turbulence, wind shear, and/or cross wind, which results in the so-called spectral broaden-
ing. As a result, the retrieval of DSD from Doppler spectra relies on accurate estimates of spectral broadening
and vertical air motion which are not realistically possible with a single-frequency Doppler spectrum.

To overcome this issue, Tridon et al. [2013] and Tridon and Battaglia [2015] have proposed a variational method
(Optimal Estimation, OE) exploiting dual-Doppler spectra at Ka and W band to retrieve binned rain DSDs,
vertical wind speed, and air broadening. The technique has been recently refined and extensively validated
using a light precipitation event which occurred in Finland [Tridon et al., 2017], the characteristics of which are
very similar to the case study under examination. The retrieval is applied to KAZR data [Matthews et al., 2011a]
and WSCAR data [Matthews et al., 2011b] in the region delimited by the black rectangle in Figure 3, between

Figure 2. Atmospheric temperature (continuous lines) and dewpoint
temperature (dashed lines) profiles for 17:44 (black lines) and 23:37 UTC
(blue lines). The soundings are plotted in a skew T-log(p) diagram with
constant mixing ratios (contour levels expressed in g kg−1), dry and
moist adiabats (contour levels expressed in ∘C) indicated with cyan,
red, and green colors, respectively. Wind velocities and directions are
indicated on the left-hand side of the plot for the two radio soundings
with the same color coding. One long barb corresponds to 10 knots
or 5.14 m/s.

19:32 and 19:57 UTC starting from the
lowest available observations at W band
(700 m above ground level, agl) up to
3.3 km asl in order to ensure that all par-
ticles are in the liquid phase. The radar
observations are mapped onto a com-
mon time-height grid with resolution of
4 s and 30 m.

As an example, the vertical evolutions
of the Ka and W band Doppler spectra
at 19:49:51 UTC are shown in Figures 4a
and 4b, respectively. At large Doppler
velocities (i.e., large diameters), the scat-
tering differences at the two frequencies
are made evident with Mie scattering
notches around 6 m s−1 at W band. The
retrieved vertical wind (positive down-
ward) is indicated at each level by the
black crosses. Another interesting fea-
ture is the peak observed by both radars
at low Doppler velocities above 2.8 km.
The position of this peak corresponds
exactly to the vertical wind estimate,
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Figure 3. Time-height plots of the (a) KAZR reflectivity, (b) KAZR Doppler velocity, (c) ceilometer backscatter, and
(d) Raman lidar relative humidity retrieval observed at the ARM SGP central facility on 15 September 2011, between
14:00 and 1:00 UTC. Within this period, two radio soundings were launched at the ARM facility at the times indicated
by the black dashed lines in Figure 3a.
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Figure 4. Doppler spectra for (a) Ka and (b) W band radars for few selected heights measured at 19:49:51 UTC.
Bright colors indicate the good signal-to-noise portions of the spectra which are actually used in the retrieval
of the DSD. The black crosses correspond to the vertical winds obtained within the framework of the DSD retrieval
[Tridon et al., 2017].

which suggests that it must be produced by droplets with a negligible velocity, thus confirming the presence
of a cloud layer aloft.

The retrieval of the DSD makes use of the attenuation produced by rain at each layer and cannot separate the
contribution from the cloud. Therefore, the retrieved DSDs averaged over 6 min are shown in Figure 5 up to
the base of the cloud layer only. The error associated with the lowest and highest retrieved DSDs is shown
as light colored shadings. Through a quadratic sum, it includes two types of error sources, namely, the mean
retrieval error provided by the OE and the standard deviation of all individual DSDs within the 6 min periods,
which can be interpreted as the error due to the nonstationarity of rain as observed by radars. Certainly, a
reduction of the error through averaging is expected but this conservative approach is driven by the fact that
the different retrieved DSDs are not independent and that the natural variability cannot be described by a
stochastic process.

Figure 5. The 6 min averaged DSD vertical evolution before
19:49:51 UTC. The DSDs are retrieved according to the technique
proposed by Tridon and Battaglia [2015] for the heights of the spectra
shown in Figure 4. The black line shows the corresponding DSD
measured by a collocated 2DVD disdrometer at the ground. Bright
portions of the retrieved DSDs (roughly between 0.3 and 1.3 mm)
indicate the diameter range which is contributing between 0.05 and
0.95% of the total evaporation rate. Blue and red shadings show
the uncertainty of the retrieved concentration for the lowest and
highest DSDs, respectively.

For drops larger than 0.3 mm, the shape
of the retrieved DSDs is sensible and
in agreement with the process of evap-
oration; this is specifically shown by
a clear decrease in the concentration
mainly between 1.8 and 1 km and pref-
erentially for smaller drops as expected
from theory [Li and Srivastava, 2001].
Without providing a full validation, the
corresponding observations from the
collocated disdrometer (2DVD) [Kruger
and Krajewski, 2002] are consistent and
confirm that evaporation is still active
between the lowest radar retrieval and
the ground, as it can be expected with
a RH of 50% down to the ground
(see Figure 3d). Because of the scarcity
of large drops and of its small sampling
volume, the disdrometer only detects
raindrops with diameters smaller than
1.3 mm. Below 0.3 mm, the retrieved
increase in concentration with decreas-
ing size is associated with a rather
large error. It is produced by very slight
changes in the slope of the low velocity
side of the Doppler spectra which can
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Figure 6. Time-height plots of radar retrieved quantities corresponding to the black square of Figure 3: (a) vertical wind, (b) air broadening, (c) differential
attenuation, (d) mean mass diameter Dm, (e) rain rate RR, (f ) normalized concentration parameter N⋆

0 , and (g) evaporation rate. The period delimited by the black
lines indicates a region where stationarity can be assumed.
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Figure 7. Mean vertical profiles of mean mass diameter Dm, rain rate RR, and concentration parameter N⋆
0 over the

period shown in Figure 6d. Red shading and blue error bars show for each parameter the corresponding standard
deviation and mean OE error over the same period, respectively.

be easily contaminated by noise. The fact that it is consistent with time and height suggests that it must have
a physical explanation. It may be a sign that the fall velocity-diameter relation or the turbulence broadening
model used in the retrieval [Tridon and Battaglia, 2015] is not adequate for such small drops. Despite their
high concentration, these drops do not contribute much to the whole mass of water and their effect on the
calculation of the evaporation rate is negligible (note that Figure 5 also highlights, for each DSD, the diameter
range mainly contributing to the total evaporation rate as computed in section 2.3) and they do not affect the
rest of this study. Therefore, the improvement of the retrieval at drops diameter lower than 0.3 mm will be the
object of future work.

Some of the retrieval outputs for the whole period are shown in Figure 6. The vertical wind velocities (Figure 6a,
positive upward) are always confined in the ±1 m s−1 interval—as typical for stratiform precipitation—with
the layer below 1 km exhibiting a large temporal variability, which is a signature of enhanced turbulence. This
is confirmed by the air broadening (Figure 6b) which reaches maximum values at those levels. Air broadening
is minimal in the other regions, thus signaling low turbulence conditions which are ideal for the applicability of
the retrieval [Tridon and Battaglia, 2015]. Similarly, integrated two-way attenuations (Figure 6c) always exceed
4–5 dB, i.e., which has been found to be the threshold value for the applicability of the methodology [Tridon
et al., 2017]. Corresponding rain parameters, mean mass diameters Dm (Figure 6d), rain rate RR (Figure 6e), and
concentration parameters N⋆

0 (Figure 6f ) are derived from the retrieved DSDs and show the spatiotemporal
variability of precipitation with the clear presence of several fall streaks. The one starting immediately after
19:50 UTC was previously analyzed in Tridon et al. [2013].

Between the fall streaks, the rain parameters are averaged over the apparent steady rain period (black lines
in Figure 6d), providing an approximate description of the vertical profile of rain properties under these dry
conditions (Figure 7). Within this selected period, the standard deviation of all individually retrieved parame-
ters (nonstationarity error, red shading) generally dominates the mean retrieval error (blue error bars). In the
remaining of this work, their quadratic sum will be taken as error for further calculations. Down to 1.5 asl,
a slight increase of Dm toward the ground is somewhat visible (Figure 6a). Such behavior is expected under
evaporation due to the preferential depletion of small drop size [Kumjian and Ryzhkov, 2010]. However, this
is a weak signal and can be easily overcome by the behavior of few drops at the large end of the DSD
(see Figure 5) as seems to be the case below 1.5 km. A much more obvious feature is the considerable reduc-
tion of rain rates and N⋆

0 (Figures 6a and 6c) when passing from 3 km to 1 km which can only be explained by
evaporation. The plausibility of this assumption will now be verified with a simple evaporation model.

2.2. Evaporation Modeling
Evaporation of raindrops in a subsaturated environment is the result of a flux of water vapor from the
raindrop’s surface to the environment, which is driven by a positive gradient of vapor density between
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the saturated raindrop surface and the drier environment. This water vapor flux is sustained by a
conduction-driven heat flux through air from the environment to the cooler drop that heats the drop and
allows the water molecules with sufficiently high kinetic energy to escape into the vapor phase. By equat-
ing these two terms the rate of change of raindrop diameter, D, can be computed by solving the differential
equation [e.g., Li and Srivastava, 2001; Kumjian and Ryzhkov, 2010]

dD
dt

= 4
D

(RH∕100) − 1
FK (v(D), T , p) + FD(v(D), T , p)

(1)

where FK and FD are terms related to heat conduction and vapor diffusion, respectively, and include the ven-
tilation coefficients which are strongly dependent on the raindrop velocity v(D) and slightly dependent on p
and T via the kinematic and thermal diffusivity of air (full expressions can be found in Rogers and Yau [1989] and
Pruppacher and Klett [1997]). RH is the ambient relative humidity (0 < RH < 100 in subsaturated conditions).

By using the raindrops fall speed

v(D, z) = vt(D, z) − w(z) (2)

where vt is the terminal fall speed corrected for air density (see equation (3) in Tridon and Battaglia [2015]
which is based on Atlas et al. [1973] and Frisch et al. [1995]) and w is the vertical wind speed (defined positive
upward), the differential equation (1) with respect to time can be converted into a differential equation with
respect to height, z, measured downward from a given level

v(D, z) D
dD
dz

= 4
(RH∕100) − 1

FK + FD
(3)

or equivalently
dm(D, z)

dt
= v(D, z) dm(D, z)

dz
= 2𝜋𝜌L D

(RH∕100) − 1
FK + FD

(4)

which provides the mass evaporation rate of the drop (𝜌L = 103 kg m−3 is the density of water).

If evaporation is the only mechanism controlling the evolution of the DSD (i.e., coalescence and breakup can
be neglected), then by integrating equation (4) over all raindrops we get

dFm[v]
dz

+
Fm[vt]

2H𝜌

+ dw
dz ∫

Dmax

0
m(D) N(D) dD

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
Mass flux gradient term

=
(
(RH∕100) − 1

)
2𝜋𝜌L ∫

Dmax

0

D N(D)
FK + FD

dD

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟


(5)

where Fm is the mass flux computed using the velocity indicated in the square bracket. The second and third
terms on the left-hand side come from the dependence of the fall speed on height and account for the fact
that, due to the change of vt and w, the mass flux is changing with height (i.e., it is decreasing when moving
toward the surface because drop terminal fall speed decreases) even if no evaporation is present. The second
term is derived based on the assumption that air density scales exponentially with a characteristic scale height
H𝜌 which is approximately equal to 8.4 km. It is important to stress that equation (5) is valid only in condition
of stationarity (where the DSD is not changing with time).

2.3. Derivation of Evaporation and Cooling Rates
By dividing the right-hand side of equation (5) by 𝜌air it is possible to compute the evaporation rate (in
g kg−1 s−1) at each level once the RH and the drop size distributions are known as

ER = −
(
(RH∕100) − 1

)2𝜋𝜌L ∫ Dmax
0

D N(D)
FK+FD

dD

𝜌air
= −

(
(RH∕100) − 1

)
𝜌air

(6)

where the minus sign is introduced to make evaporation rates positive when RH < 100. Results for the evap-
oration rates computed by using the RH profiles coming from the Raman lidar VAP are plotted in Figure 6g.
There is obviously no evaporation in case of saturation (dark blue layer around 2.5 km asl), while maximum
ER values reaching 0.5 mg kg−1 s−1 are found within the dry layer at about 1.5 km height.

The evaporation rate profile derived from the averaged DSD of Figure 5 is depicted as the black line in
Figure 8. The uncertainty (grey shading) has contributions from the DSD error, and the Raman lidar retrieved
RH error. The latter depends mainly on the water vapor mixing ratio and temperature profiles which are,
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Figure 8. Vertical profile of the mean evaporation and cooling rates
(bottom and top labels, respectively) for the fall streak bounded by the
black lines in Figure 6d. The rates have been computed using the RH
profile derived from the closest Raman lidar retrieval (black line) and from
the mass flux gradient (blue line), respectively.

respectively, retrieved and used in the
Raman lidar VAP. It has been esti-
mated through the propagation of the
water vapor mixing ratio error (avail-
able in the Raman lidar VAP) and
using an error in temperature linearly
increasing from 0.3 K at the surface to
2 K at 3 km agl (D. Turner, personal
communication, 2017).

The evaporation rate derived from
equation (6) can then be used to
compute the feedbacks in the envi-
ronment conditions caused by the
evaporation process. The moistening
equals the evaporation rate, whereas
the environment cooling rate is simply
given by

dTenv

dt
= −ER

Lev

cp
(7)

where Lev is the latent heat of evapo-
ration and cp is the specific heat of dry
air at constant pressure.

Using an accurate DSD profile, the vertical profile of the mean evaporation can also be directly deduced
directly from the mass flux gradient (left term in equation (5)), i.e., without the need of any ancillary RH obser-
vation. The mass flux gradient is a particularly noisy signal at the resolution of radar observations, and a further
250 m averaging in range was deemed necessary to provide smooth variations with the mass flux gradient
methodology.

Both methodologies are applied to the same averaged DSD of Figure 5 and compared in Figure 8. Overall, a
reasonable agreement is obtained considering the uncertainties of both methodologies. They clearly show
the dry layer (with peak of 0.3 mg kg−1 s−1 and 3 K h−1 for evaporation and cooling rates, respectively). Above
2.3 km, their behavior is not fully coherent. Negligible evaporation is obtained with the RH profile between 2.3
and 2.8 km because the Raman lidar VAP retrieval suggests saturation of this layer (see Figure 3d). However,
this is questionable since the lidar and ceilometer are able to penetrate this layer up to an obvious cloud layer
signature in the ceilometer backscatter at roughly 3 km asl (Figure 3c). In fact, the radar retrieval seems to
better capture the height of this cloud layer with negative evaporation rates above 2.9 km. In the next section,
these two estimates will be combined for the retrieval of RH profile. Inevitably, the difference between the
evaporation rates profiles will result in difference between the Raman lidar and the retrieved RH profile.

2.4. Relative Humidity Retrieval
As shown in the previous section, the evaporation rate can be computed from both terms of equation (5).
Then, if equation (5) holds, the RH can be retrieved at each level using

RHret = 100
⎛⎜⎜⎝1 +

dFm[v]
dz

+ Fm[vt]
2H𝜌

+ dw
dz

∫ Dmax
0 m(D) N(D) dD


⎞⎟⎟⎠ (8)

For low rain rates, collisions between drops are scarce. However, the average distance between collisions
depends considerably on the drop diameter. Over the analyzed domain, maximum retrieved drop diame-
ters and rain rate are 3 mm and 5 mm h−1 (see Figure 6), respectively. According to McFarquhar [2004], the
mean-free path (average distance between collisions of a drop with any other drop) of the largest drops in
these conditions is of the order of 50 m, for a Marshall and Palmer [1948] distribution. Then, even if these drops
have a very low concentration, collisions are probable and may modify the shape of the DSD between subse-
quent retrieval heights. To alleviate this issue, the focus will be made on a 6 min sample of the scene (between
the two main fall streaks at 19:43 and 19:49 UTC; see black lines in Figure 6c) where the maximum retrieved
drop diameters and rain rate are 2.5 mm (Figure 5) and 1.6 mm h−1 (Figure 6), respectively.
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Figure 9. Vertical profiles of relative humidity. Red and magenta lines:
derived from the radio soundings at 17:44 UTC and 23:37 UTC (plotted in
Figure 2 as black and blue lines, respectively). Blue line with error bars:
retrieved by using the DSDs averaged for the period highlighted by the
black lines in Figure 6d (uncertainties are derived from the quadratic sum
of the mean retrieval errors and the standard deviation of all individual
DSDs over the 6 min period). Black line and grey shading: obtained from
the ARM Raman lidar VAP.

Another potential difficulty arising
when using the mass flux gradient is
that the rain evolution as sampled by
the radars is certainly not stationary,
as, for instance, demonstrated by the
presence of the fall streaks (note that
this is not an issue when retrieving the
evaporation rate from independent RH
observations as in Figure 6g since no
gradient is involved). Following Hogan
et al. [2005] and Kalesse et al. [2016],
this can be partially mitigated by sim-
ulating the slanted fall streaks in the
radar time-height observation space.
Such correction depends only on the
hydrometeor fall speed and the hori-
zontal wind profile. Ideally, coincident
wind profiles observed by the collo-
cated Doppler lidar should be used.
However, such estimates are only avail-
able up to about 2 km agl. Therefore,
observations from the closest radio
sounding (17:44 UTC; see Figure 2)
have been used in combination with
fall velocities corresponding to the

retrieved Dm to determine the fall streak of Figure 6d. As expected the low velocity between 3 and 2 km
and the increasing velocity between 2 and 1 km lead to the two distinctive parts of the fall streak. The good
visual agreement with the Dm structure suggests that the wind profile did not change much since the time
of the radio sounding. Such correction is, however, approximative since it depends strongly on the drop fall
speed and therefore on its diameter. Therefore, the nonstationarity of the rain can only be mitigated by time
averaging. Two configurations are possible.

1. To average the DSDs over a period much longer than the fall streaks in order to cancel out their effects
and then compute the mass flux gradient with such an averaged DSD. This option is unfortunately not
applicable for the current case study because a longer averaging period would include the moderate rain
fall streaks at 19:40 and 19:52 UTC for which collisions seem to have a significant contribution on the DSD
vertical evolution.

2. To select a period within the event that features low rain rates and looks stationary at least for a time which
corresponds to the typical fall time of the droplets through the depth used to compute the mass flux gra-
dient. Since 250 m thick layers are considered for the mass flux gradient computation, 4 min is sufficient
for droplets larger than 0.3 mm to pass through such layer. The period selected above fulfils this property
(period between the black lines in Figure 6d).

Following the latter configuration, the retrieved RH is shown in Figure 9 (blue line), with all values within the
range of possible physical values (i.e., between 0 and 100%) except above 2.8 km where the DSD retrieval is
probably perturbed by the attenuation due to the cloud layer. Since the RH retrieval is based on the evap-
oration rate computed from the mass flux gradient, it has a resolution of 250 m. There is a good agreement
with the Raman lidar retrieval at 19:50 UTC (black line) with a difference in RH of less than 10% overall. Above
2.3 km, the Raman lidar retrieval error becomes large due to low signal-to-noise ratio, and as described in the
previous section, the retrieved saturation is questionable. With saturation retrieved at approximately 2.9 km,
the radar retrieval seems to better capture the height of the cloud layer. Relative humidity observed by the
radio soundings before and after the rain event is also shown in Figure 9 as red and magenta lines, respectively.
Consistently with the radar and lidar retrievals (see also Figure 3d), they confirm the presence of a very dry layer
between 1 and 1.5 km asl which get thinner over time while the rain evaporation moistens the ambient air.

Overall, the retrieved DSDs seem to provide a sensible description of the evaporation process and the
shrinking of raindrops diameter when falling through this dry environment can be exploited as a signature
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of the ambient humidity. The good agreement with the Raman lidar RH complements the validation of the
DSD retrieval made in Tridon et al. [2017] with disdrometer observations. Furthermore, this suggests that the
combination of the radar-based DSD retrieval with the Raman lidar-based RH retrieval will enable the oppor-
tunity to study other rain microphysical processes such as collision and breakup by independently taking
evaporation into account. As a matter of fact, the retrieval of RH from DSD profiles as described in this paper
cannot be widely applied because evaporation needs to be the dominant microphysical process. However,
the main outcome of this work is that it paves the way toward the disentangling of rain microphysical pro-
cesses from remote sensing observations. Such capability is potentially of great interest for the validation
of the collision kernels and the self-collection and breakup parametrization which are used in bin and bulk
microphysics models.

3. Conclusions

Evaporation processes crucially affect rain microphysics and storm dynamics. This study demonstrates that,
for a stratiform case study characterized by strong evaporation, the profile of the raindrop size distributions
(DSDs) retrieved by dual-frequency Ka-W band Doppler radars is consistent with independent observations
of relative humidity. This result and the good performances in retrieving the DSDs at the ground [Tridon et al.,
2017] strongly suggest that such a technique allows for accurately profiling the evolution of the DSDs. In case
of dry conditions, the knowledge of the vertical evolution of the DSD can be exploited in a twofold way.

1. To retrieve the evaporation and the cooling rates of the environment, if the relative humidity profile is
known. These products can provide validation for microphysical modeling.

2. For the reconstruction of the relative humidity within the evaporating rain layer, under light rain condi-
tions (i.e., when evaporation is the dominant microphysical process). In such instances, the evolution of the
retrieved DSDs is exploited in conjunction with an evaporation model to retrieve the relative humidity pro-
file. For the case study analyzed, the retrieved profile is in good agreement with the closest retrieval from
a collocated Raman lidar. This can be indirectly seen as a demonstration of the quality of the dual-Doppler
binned drop size distribution retrieval.

In future work, such observations of vertically pointing dual-Doppler radars should also be used with col-
located polarimetric scanning radars (e.g., the ARM X Band Scanning ARM Precipitation Radar) in order to
validate the vertical evolution of the polarimetric radar observables as predicted by the evaporation and
collisional models [see, e.g., Kumjian and Ryzhkov, 2010; Kumjian and Prat, 2014] and, by so doing, to refine
methodologies for estimating surface rain rates from radar measurements aloft in dry environments.

The good agreement between the DSD-retrieved RH profile and the Raman lidar RH in this evaporation-
dominated case study suggests that their combination in a more general case should enable the opportu-
nity to study other rain microphysical processes such as collision and breakup by independently taking into
account evaporation. Therefore, though the retrieval of RH from DSD profiles as described in this paper can-
not be widely applied, this work paves the way toward the exploitation of multisensor active remote sensing
observations for disentangling rain microphysical processes. In this regard, future studies should explore the
potential of radars in the G band, including the 183 GHz water vapor absorption line [Battaglia et al., 2013;
Lebsock et al., 2015], in retrieving simultaneously liquid precipitation microphysics and water vapor profiles.
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