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ABSTRACT 

 Evaporation is the transformative process by which liquid water becomes water 

vapor. This is a very complex process that many times gets parameterized or even 

omitted in model forecasting. Previous work has been undertaken to quantify evaporation 

in an effort to overcome the lack of accountability for evaporation in forecasting. This is 

especially important for rainfall accumulation forecasting. This study aims to use a micro 

rain radar and radiosonde data from weather balloon flights to obtain observed data that 

can be used to calculate evaporation rates. Discussed here will be the variables that make 

evaporation so complex and how these variables can be better quantified attempting to 

calculate evaporation rates.  

 Case studies are presented here with an example case study taken from the 29th of 

July 2018 in which balloon flights were performed ahead of an approaching frontal 

system. This was done in order to analyze the erosion of low-level dry layers as the 

system approaches. In doing so, the evolution of raindrop sizes can be studied between 

the cloud base and the surface. Also analyzed is how the evolution changes over time as 

the dry layer gets eroded by moisture advection ahead of the approaching storm system. 

A drop size to drop size viewpoint is discussed along with a look at total liquid water 

content which is a crucial variable in the quantification of evaporation. Finally, we used 

the lens of individual drop sizes and total liquid water content to analyze the effects of 

initial DSD height, averaged relative humidity, and vertical velocity on the evaporation 

process. 
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1. Introduction 

1.1 Purpose 

The physical process by which liquid water or solid ice becomes water vapor can 

be important when measuring rainfall rates at the surface. Rainfall rate is an estimation 

that can be based upon radar reflectivity data. Evaporation can lead to a decrease in 

surface rainfall totals creating an overestimation of quantitative precipitation when using 

the aforementioned radar reflectivity. This observation error has led to many studies on 

correcting the overestimation both theoretically and realistically including Seifert (2008) 

who modeled the one dimensional rain shaft (similar to the rain shafts observed by the 

Micro Rain Radar in this study) to parameterize the evaporation of raindrops within the 

modeled rain shaft. Raindrop evaporation was studied analytically (Li et al., 2001) where 

water vapor and temperature values are distributed evenly in vertical resolution and then 

applied to radar rainfall measurements in an attempt to correct precipitation estimates. 

More recently, a study conducted (Martinaitis et. al., 2018) used a theoretical evaporation 

correction scheme to derive more accurate quantitative precipitation estimates from 

mosaicked radar reflectivity data.  In the past, older forecast models have struggled to 

include evaporation in their microphysics programming due to computational efficiency 

issues. Due to the complex nature of the evaporation process many prognostic models use 

a parameterized variation of evaporation or omit the process completely. It is clear 

though from older studies (Li et. al., 2001) and more recent research (Martinaitis et. al., 

2018) that the evaporative process is one worth studying to gain a more accurate 

depiction of how evaporation effects can manipulate rainfall data.  
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 Much of the research presented here centers around an averaged low-level relative 

humidity and how a drier or wetter atmosphere affects precipitation development both 

positively and negatively. Saturation is a word often used to describe the state the 

atmosphere needs to achieve to initiate precipitation development. The atmosphere is said 

to have achieved saturation when relative humidity reaches 100%. Saturation is defined 

as the condition in which vapor pressure is equal to the equilibrium vapor pressure over a 

plane surface of pure liquid water, or sometimes ice.  Raindrops are curved surfaces so to 

say saturation is needed for precipitation development is incorrect. Rather saturation is 

needed to create a balance between the amount of water vapor being evaporated from a 

raindrop and the amount of water vapor condensing onto the curved raindrop surface. To 

push this ratio into the favor of condensation, supersaturation is needed in the 

atmosphere. Supersaturation is defined as the condition existing in a given portion of the 

atmosphere when the relative humidity is greater than 100%, that is, when the 

atmosphere contains more water vapor than is needed to produce saturation with respect 

to a plane surface of pure water or pure ice. Based on these definitions and the idea that it 

takes a large amount of water vapor to achieve supersaturation (especially in a warmer 

atmosphere) the need to better understand and quantify how much evaporation is taking 

place in an unsaturated atmosphere becomes paramount when looking through the lens of 

rainfall estimation. 

 Many of the research ideas found in this study are extensions of a study 

performed by Pallardy and Fox (2018) in which radar data (specifically reflectivity (dBZ) 

and ZDR (dB)) from the National Weather Service’s WSR-88D radar network were used 

to estimate a rainfall rate over a specific area. Tipping bucket rain gauges were then used 
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to verify the actual rainfall rate in these areas and the two values were compared. Rapid 

Refresh (RAP) numerical weather model sounding data was then used to recreate the 

evolution of the drop sizes depending on the comparison between the expected rainfall 

rate from the radar data and the actual rainfall data gathered from the tipping bucket rain 

gauges. This was accomplished using relative humidity and other data from the model 

sounding to erode (or grow) the drop sizes depending on the state of the atmosphere at 

that time. Impacts on estimated rainfall and flooding potential, effects on modeled latent 

heat release fluxes, and the evaporative influence on convective downdrafts were some of 

the objectives of Pallardy and Fox (2018) and they carry over to this research as well.  

This study will attempt to take the theoretical ideas from Pallardy and Fox (2018) and use 

observational data from a micro rain radar (MRR) to replicate the model observed 

evolution of the drop size distribution (DSD) from a precipitating cloud. Sounding data 

from radiosonde balloon launches performed on specific days will be substituted in for 

the RAP model sounding data used in the Pallardy and Fox (2018) research. 

Undergraduate and graduate students at the University of Missouri within the Department 

of Atmospheric Sciences forecasted for days in which evaporation of developing 

precipitation was expected as weather systems trek into central Missouri, specifically the 

Columbia, MO area. A similar study was conducted in Europe (Xie et al., 2016) using 

both an MRR and sounding data to capture the actual evolution of assorted drop sizes.  

1.2 Objectives 

To correctly quantify the evaporation process between the cloud base and the 

surface the following objectives are defined: 
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• Evaluate the observations of the micro rain radar and observed radiosonde 

data to determine characteristics of hydrometeors that would correctly 

depict the evaporation process. 

• Produce case studies in which the dry layer between the cloud base and 

the surface is evaluated as the atmosphere moistens ahead of approaching 

storm systems. 

• Define and quantify atmospheric variables that influence the evaporation 

process based on observations of the micro rain radar and radiosonde data. 

• Evaluate the influence of vertical motion on hydrometeors and how that 

influence might change given the size of the raindrop in question. 

It is the aim of this study to evaluate the evolution of the drop size distribution of rainfall 

between the cloud base and the surface to quantify how much the evaporation process 

erodes raindrop sizes in the lowest levels of the atmosphere. This process if successful 

could be used to essentially bridge the observational gap in Pallardy and Fox’s (2018) 

study between the real-time radar assignment of initial drop size of rainfall rate aloft and 

the tipping bucket rain gauges at the surface. By filling in the observational gap between 

the dual-pol radar data and the ground truthing rain gauge data a complete real-time 

evaporation process can be analyzed for quantification. 
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2. Methodology 

2.1 The Micro Rain Radar   

The vertically pointed radar projects a microwave beam up into the atmosphere at 

a frequency of 24.3 GHz. The MRR (stationed at MU’s Bradford Research Center) 

collects hydrometeor data up to 6,200 meters above the surface. These 6,200 meters are 

divided into 31 radar range gates at 200 meters per gate. While the gate height can be 

adjusted there always exist 31 gates above the radar. As hydrometeors fall toward the 

radar, variables such as radar reflectivity (dBZ), liquid water content (g m-3), fall velocity 

(m s-1), and rainfall rate (mm hr-1) are observed and recorded. Data were collected every 

second, though for this study one-minute averaged data was used in computing the 

evaporation process for computational efficiency and sampling size purposes. Noted here 

should be the fact that the MRR’s lowest height of data collection was 100 m above the 

surface where the MRR resides. Data was collected this way to avoid contamination of 

the collected data from surface features. This is extremely important for this project since 

the MRR is located at Bradford Research Center which is an active research farm and 

agricultural center. During planting and harvest seasons dust and debris from the various 

crop fields located at Bradford can billow up into the air so the 100-meter data cut-off of 

the MRR is especially beneficial for the research being conducted from this location.  

2.2 Radiosonde Sounding Data  

Radiosonde balloon flights are essential to the real-time case scenario aspect of 

this research. Real-time sounding data replaces the RAP model sounding data used in 

Pallardy and Fox’s (2018) evaporation research mentioned earlier. Undergraduate and 
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graduate level forecasters were used to identify situations in which the atmosphere 

overhead of the Columbia, MO area would be optimal for the evaporation process to 

affect precipitation evolution. Once weather scenarios were chosen for a case study, a 

start time was decided upon to capture the dry layer when it was fully developed just 

before the oncoming storm system began to erode the dry layer strength. Balloon flights 

were planned out every 2 hours from the initial flight until the profile over Columbia, 

MO became moist enough that the sub-cloud layer is assumed to be saturated and rainfall 

evaporation ceased. The radiosondes themselves were manufactured by iMET Operating 

Systems and used GPS satellite tracking to transmit sounding data back to the surface 

where the data were collected and stored using software provided by the manufacturer. 

Weather variables collected include atmospheric pressure (hPa), height (m), temperature 

and dewpoint (⁰C), wind speed (knots) and direction, and relative humidity (%). Of these 

variables height, pressure, temperature, and relative humidity were used to estimate, 

calculate, model, and replicate the real-time evaporation process. Performing radiosonde 

balloon flights this way allowed for study of the low-level dry layer as it decays. 

2.3 Setup 

Averaged MRR data is downloaded along with real time sounding data mentioned 

above for analysis and derivation. The temporal resolution is set up so that MRR data is 

viewed in 1-minute averages. The averaged time is loaded into the program by day and 

then parsed out into Time of Interest (TOI) intervals. For this study, TOI is set to coincide 

with the first 15 minutes of all balloon flights. The first 15 minutes are crucial to the 

study because this is when the lowest layers of the atmosphere that influence evaporation 

are measured by the ascending radiosondes. For spatial resolution an initial drop size 
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distribution (DSD) height is found in two ways. First, by analyzing the fall velocity data 

provided by the MRR. The level at which hydrometeor fall velocities achieve greater than 

4 m s-1 is considered to be the melting layer. An additional 500 meters is subtracted from 

the melting layer to limit contamination of liquid water content (LWC) with any lingering 

ice crystals or snowflakes. Secondly, the Lifted Condensation Level (LCL) is identified 

using sounding data from the balloon flights mentioned above. The LCL is the height 

below which the atmosphere is unsaturated and evaporation can occur. This layer is the 

DSD initial height and is essential in computation of evaporation rates. Due to the 

packaging of the data the majority of the computer programming repackages the data into 

minute averages for variables including fall velocity, drop concentration, and drop sizes. 

The MRR computes its own values for liquid water content, rainfall rate, and drop 

concentration based on bin size. Bin sizes are created to divide the size of the raindrops 

being analyzed into quantifiable entities. These bin sizes are defined by characteristics of 

the raindrops themselves especially fall velocity. This makes sense because larger, 

heavier raindrops fall at a higher velocity towards the surface than smaller, lighter 

raindrops. It should be noted here that there is such a dependence on capturing that fall 

velocity characteristic of the raindrops that drop sizes less than 0.3 millimeters are 

misinterpreted by the MRR simply because the fall velocity of those drop sizes is too 

slow. This creates a contamination of data in the lower range of drop sizes and therefore 

drop size values of 0.3 millimeters measured realistically by the MRR. The quantities 

measured by the MRR are also repackaged into minute averages for later computational 

efficiency. 
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2.4 Dealing with Horizontal Drift 

The importance of the 15-minute time interval has been stated above yet there is 

still more to the reasoning behind using the 15-minute period as a temporal resolution. 

Rain droplets that fall out of the cloud vary in the time it takes to reach the surface based 

on their size and updraft/downdraft velocity. The smaller drops can take up to 5 minutes 

to reach the surface if evaporation doesn’t eradicate them completely. Reflectivity 

graphics from the MRR depict this clearly. Looking at Figure 1 from 20 June 2018 this 

time interval is clearly shown. Specifically, at the 2250Z minute mark, at a height around 

2800 meters, values of 30 dBZ can be found. Directly below however the reflectivity 

values get progressively smaller towards the surface. To the untrained eye this would 

seem to be the evaporation process at work. However, if one follows the 30 dBZ value in 

the ensuing minutes after 2250Z the pattern is clear as the 30 dBZ gets closer to the 

surface until it is found at the 200-meter height level at approximately 2253Z. This “time 

lag” lends to the conclusion that analyzing individual minutes to quantify evaporation is 

insufficient. A longer time interval is necessary to accurately capture the process in 

question. Not as easily identified in the reflectivity graphics is the effect of horizontal 

wind speeds on the smaller rain droplets. Given the smaller size and lighter weight of the 

smaller rain drops the u component of the wind can shift these droplets into adjacent time 

slots. This is considered to be a contamination of the smaller drop size distribution 

dataset. To overcome this contamination a longer time interval is necessary. The question 

now becomes what amount of time would be appropriate to account for the time lag and 

wind contamination issues? Analyzing the balloon flight data there existed an average of 

around 15 minutes for the balloons to carry the radiosondes to a height that sufficiently 
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analyzed the low levels of the atmosphere above the MRR. For this reason, the 15-minute 

average was used predominantly in this study. Time adjustment was used when 

attempting to quantify total LWC loss from the level of the LCL based on sounding data. 

The time adjustment evaporation rates were compared to the 15-minute LWC 

evaporation rates to analyze the effect of the time resolution on the results. While it is 

understood that the 15-minute time average does not completely eradicate the smaller 

drop contamination issue (especially at the 1st and 15th minute) the average does provide 

a much more accurate representation of the evaporation process. 

 A rainfall estimate is computed based on MRR data using the Z-R relationship 

equation: 

𝑅 =
𝑍

300

0.707

                                                                        (1) 

 where R is the rainfall estimate, and Z in this case is reflectivity from a specific level 

Figure 1 - An example of Radar Reflectivity from the MRR graphed on a time-height profile. Here time is the x-axis in 
UTC and height is the y-axis in meters. The dashed red arrow indicates the false trajectory of raindrops that could be 
mistaken for evaporation. The red arrow indicates the time lag between the initial DSD height and when the raindrop 
reaches the surface. 
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(initial drop size distribution height) from drop concentration distribution based on bin 

size. 

2.5 Liquid Water Content 

As data collection and analysis commenced for this research, the priority shifted from 

studying rainfall rate to liquid water content. This happened because liquid water content 

proved to be a more valid representation of water droplets in the atmosphere than rainfall 

rate. Liquid water content and the loss of liquid water content is a very appropriate way 

of measuring the evaporation process. For these reasons it became prudent to show LWC 

graphically. This is accomplished in two ways: first graphing LWC in a time series 

format where the calculated values of LWC are shown in a specific time scale and height 

range. Typically, the time scale is matched up with the first 15 minutes of radiosonde 

balloon flights flown during case studies. The height scale matches the initial DSD height 

chosen where maximum values of LWC can be found. Here again the importance of 

LWC is seen as the study focuses on the height level at which all hydrometeors falling 



11 
 

out of the cloud base have melted to a liquid form and LWC values are at their highest. 

From this height LWC is mapped from the initial DSD height value down to 200 meters 

at 200-meter intervals matching the height of the gates projected upward into the 

atmosphere overhead. Figure 2 represents an example of what this LWC time series looks 

like 2800 meters above the MRR.  

 A second LWC graph was created to illustrate the loss (or gain) of liquid water 

content in the low levels of the atmosphere under investigation. To accomplish this an 

equation for saturation vapor pressure is calculated: 

𝑒𝑠 = 6.11 ∗ 𝑒
17.67∗𝑇∗

243.5+𝑇∗                                                                       (2) 

where es is saturation vapor pressure in hectopascals (hPa), T* is the low-level mean 

temperature in Celcius taken from the radiosonde balloon flights mentioned earlier. The 

range of this average is taken from the surface to the height at which the balloon achieves 

Figure 2 - Liquid Water Content shown graphically in a time-height profile in 
which the x-axis is time represented here as minutes of the day (MRR 
nomenclature) and height is the y-axis in meters. The MRR recognizes time 
by counting the minutes in the day from 1 at 0000Z to 1440 at 2359Z of the 
day in question. In this example 15 minutes are plotted from the 979th 
minute to the 994th minute on 29 July 2018. This equates to between 1619Z 
and 1634Z as stated in the title of this graph. 
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after 15 minutes. Saturation is given a specific value pertaining to the actual low-level 

relative humidity average also taken from radiosonde balloon flight data. 

𝑆 =  
𝑅𝐻∗

100
                                                                                          (3) 

Here S is saturation, and RH* is average low-level relative humidity. Next a calculation 

for diffusion for each height level is found: 

𝑑 = (
𝐷0 ∗ 𝑃0

𝑃∗
) ∗ (

𝑇∗

𝑇0
)1.94                                                               (4) 

where D0 is a diffusion coefficient with a value of 2.11*10 -5 m2 s-1, P0 is standard sea 

level pressure at 1013 hPa, P* is the low level average pressure taken from radiosonde 

balloon flights in hectoPascals (hPa), T* is the low level average temperature (this time 

converted to Kelvin), and T0 is standard temperature in Kelvin at 273K. Diffusion is then 

used to calculate a vapor diffusion term: 

𝐹𝐷 = (
𝜌 ∗ 𝑅𝑣 ∗ 𝑇∗

𝑑 ∗ 𝑒𝑠
)                                                                              (5𝑎) 

where FD is the calculated vapor diffusion term, ρ is the density of water with a value of 

1000 kg m-3, Rv is the gas constant for water vapor given as 461.5 J kg-1 K-1, T* is the 

Kelvin equivalent of the low level average temperature, d is the diffusion term from (4), 

and es is the saturation vapor pressure from (2). A heat conduction term is also calculated 

as: 

𝐹𝐾 = (
𝐿

𝑅𝑣 ∗ 𝑇∗
− 1) ∗ (

𝐿 ∗ 𝜌

𝑇𝐹𝐾
∗ 𝑇∗

)                                                     (5𝑏) 

where FK is the heat conduction term, L is latent heat of vaporization given as 2.26*106 

kJ kg-1, Rv is the gas constant for water vapor, T* is the Kelvin equivalent of the low level 
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average temperature, ρ is the density of water, and TFK is a temperature computed 

empirically at each level for heat conduction in Kelvin. 

 Terminal velocity is an important component of the evaporation process and is 

calculated in this research using: 

𝑉𝑇 = 9.65 ∗ (1 − 𝑒−0.53∗
𝐷
10) − 𝜔                                                          (6) 

where VT is terminal velocity in meters per second (m s-1), D is 501 drop size values 

ranging from 0.005 millimeters up to 5.005 millimeters every 0.1 millimeter, and ω is 

vertical velocity in meters per second (m s-1). A ventilation coefficient is necessary to 

calculate raindrop diameter evaporation and is computed as: 

𝐹𝑉 = 0.78 + 0.308 ∗ (
1.46 ∗ 10−5

0.0016
)

1
3⁄

∗ (
𝑉𝑇 ∗ 𝐷

1.46 ∗ 10−5
)

1
2⁄

                     (7)      

where FV is the ventilation coefficient, VT is terminal velocity in meters per second (m s-

1), and D is the drop size distribution mentioned above.  

 Finally, a raindrop diameter evaporation term is calculated to be plotted in terms 

of liquid water content and its growth or depletion over time through the lowest levels of 

the atmosphere. Diameter evaporation is calculated using (Rogers and Yau, 1989): 

𝐷𝐸 =  𝐹𝑉 ∗

∆ℎ
𝑉𝑇

1000
∗

4𝑆

𝐹𝐾 + 𝐹𝐷
                                                          (8) 

where  
∆ℎ

𝑉𝑇
 is the change in height (200 meters for this study) to terminal velocity for each 

drop size diameter ratio and is representative of the time it takes raindrops to fall through 

the layer, S is the saturation value computed in (3), FK is the heat conduction term from 

(5b), and FD is the vapor diffusion term from (5a). 
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2.6 Gamma fitting 

Gamma fitting is used to reflect the relationship between drop concentration distributions 

and drop sizes by fitting a gamma distribution to observed data from the MRR using: 

𝑁(𝐷) =  𝑁𝑇 ∗ 𝐷𝜇 ∗ 𝑒−𝜆𝐷                                (9)                                  

N(D) is a gamma fitted drop concentration based on number of drops, NT is a raindrop 

summarized total, and D is drop size diameter. Specifically, gamma fitting using a 

method of moments calculation is utilized due to the fact that the moment method 

provides the closest and best analytical gamma fit distribution to raw MRR data. Drop 

concentrations are measured in units of cubic meters per millimeter (m3mm-1) to account 

for the volumetric nature of the gates over the MRR within which data are measured. 

Drop sizes are given in units of millimeters (mm) which is standard when evaluating rain 

droplets. Rain droplet sizes range up to 5 mm down to 0.3 mm though bigger raindrops 

can be found in more subtropical regions. To achieve this calculations are made based on 

three moments (M3, M4, M6) which are given here: 

𝑀3 =  ∑ 𝑁𝑖(𝐷𝑖) ∗ 𝐷3                                                                (10𝑎)

𝑖=1

 

𝑀4 =  ∑ 𝑁𝑖(𝐷𝑖) ∗ 𝐷4                                                                 (10𝑏)

𝑖=1

 

𝑀6 =  ∑ 𝑁𝑖(𝐷𝑖) ∗ 𝐷6                                                                  (10𝑐)

𝑖=1
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where N(D) is the concentration of raindrops of diameter distribution, and D is raindrop 

diameter (or drop size). A median drop volume diameter based on the moments method is 

calculated by: 

𝐷𝑚 =  
𝑀4

𝑀3
                                                                                        (11) 

These moments equations are then used to calculate μ (mu) and λ (lambda) which are 

essential to the gamma fitting process. These calculations are given here from a study 

done using the same type of gamma fitting (Carollo et. al., 2014): 

𝛾 =  
𝑀4

3

𝑀3
2 ∗ 𝑀6

                                                                               (12) 

where γ is a gamma fit equation utilizing the moment equations above to compute the 

equations given as: 

𝜇 =  
((11 ∗ 𝛾 − 8) + (𝛾 ∗ (𝛾 + 8))0.5

2 ∗ (1 − 𝛾)
                                    (13) 

𝜆 =
(𝜇 + 4) ∗ 𝑀3

𝑀4
                                                                         (14) 
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Now μ and λ are employed to create a plot that gamma fits the drop concentration-drop 

size relationship (Figure 3). To do this several variables are created for calculation of the 

gamma fitted plot: 

𝑁𝑇 𝑚𝑎𝑥 =  ∑ 𝑁(𝐷𝑡)                                                                              (15) 

where NT max is the maximum number of drop concentrations in the column and N(Dt) is 

the drop concentration that pertains to the time of interest (TOI). 

𝑁𝑇
∗ = 𝑁𝑇 𝑚𝑎𝑥 ∗ 𝜆𝜇 ∗ 𝛾(𝜇) ∗ 1000                                                   (16) 

NT
* is a mean value of drop concentrations in the column computed using a gamma fitted 

value of these maximum value calculated using (10). Once this mean value is calculated a 

new mean value that coordinates with drop size distribution is found: 

𝑁𝑇
∗∗ =  (𝑁𝑇

∗ ∗ 𝐷63)𝜇 ∗ 𝑒−𝜆∗𝐷63                                                           (17) 

Figure 3 - A comparison of a summarized raw drop size concentration (red line) from MRR 
observations to a gamma fitted drop size concentration (blue line) over the first 15 minutes of 
balloon flight C from 29 July 2018. 



17 
 

where D63 is a vector of drop sizes manipulated to fit 63 bin sizes instead of the data 

given 64 for computational efficiency.  This effectively gives a gamma fitted mean drop 

concentration value for each drop size distributed in the column being analyzed. To 

create the ratio necessary for plotting sums of these new mean values the following 

equations are found here: 

𝑁𝑇 𝑠𝑢𝑚
∗∗ =  ∑ 𝑁𝑇

∗∗                                                                                  (18) 

This then allows for the ratio: 

𝑁𝑇 𝑟𝑎𝑡𝑖𝑜
∗∗ =  

𝑁𝑇 𝑠𝑢𝑚
∗∗

𝑁𝑇 𝑚𝑎𝑥
                                                                                   (19) 

Finally, the match is created using another ratio: 

𝑁𝑇 𝑚𝑎𝑡𝑐ℎ
∗∗ =  

𝑁𝑇
∗∗

𝑁𝑇 𝑟𝑎𝑡𝑖𝑜
∗∗                                                                         (20) 

Figure 4 - A comparison of the averaged drop concentration to drop size distribution 
ratio over a 15-minute period between various low-level heights represented by the 
graphed lines. 
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This ratio is plotted against D63 to give the gamma fitted version of the drop 

concentration to drop size distribution ratio from the raw MRR data seen in Figure 3.  

 

2.7 Drop Size Reduction 

One of the complexities of the evaporation process is that different raindrop sizes 

behave differently as they fall through dry layers of the atmosphere where the 

evaporation process occurs. This complexity is one of the biggest issues faced when 

trying to quantify the amount of evaporation occurring. To map and analyze how 

different drop sizes evaporate, graphs are created depicting the change in 15-minute 

averaged drop concentration and LWC of drop sizes through the lower levels of the 

atmosphere just above the MRR. Figure 4 displays 9 plotted lines that correspond to 

various levels between the initial DSD height and the lowest gate level found at 200 

meters.  Levels are separated by 400 meters above 1000 meters to better show the 

depletion of smaller drops and separated by 200 meters below 1000 meters to depict gate 

to gate depletion of larger drops closer to the surface.  

Another graph uses the liquid water content variable compared to drop size 

distributions at various low-level heights to show how the water content overhead is 

distributed between the drop sizes and how that distribution can change as the effects of 

evaporation impact the falling rain droplets. LWC is calculated using: 

𝐿𝑊𝐶 =  ∑
𝑁(𝐷𝑖) ∗ 𝐷𝑖

3

1000 ∗
𝜋
6 ∗ (

∆𝐷
1000)

 

𝑖=1

                                                                (21) 
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where LWC is liquid water content in g m-3, N(D) is drop concentration, D is drop size 

distribution and ∆D is the bin size pertaining to the change in drop size diameter created 

artificially in this study to be 0.005 mm. Figure 5 shows this comparison and shows 

liquid water content behavior rather well as the raindrops plummet to the surface.    

Plotting the raw diameter evaporation data against a gamma fitted LWC 

evaporation rate is important for this research. To do so a variable to represent the 

evaporation of drop concentrations near the surface (in this case 200 meters) is created 

using: 

𝑁(𝐷)𝐸𝑉𝐴𝑃0 =  ∑ 𝑁(𝐷)𝑡 ∗ 𝜆𝜇 ∗ 𝛾(𝜇) ∗ 1000                                             (22) 

where N(d)t is a raw drop concentration relative to the temporal resolution totaled here 

for computation, λ is a gamma fitted lambda value computed using a function in Matlab 

called gamfit on raw drop size data observed above the MRR, μ is a gamma fitted mu 

value associated with raindrop shape parameterization computed using the same function 

on raw drop size data observed above the MRR, and γ(μ) is the same μ as a function of 

Figure 5 - A graphical example of how liquid water content is parsed between raindrop sizes as the 
raindrops fall through the atmosphere. Different heights are represented by the lines graphed. 
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the γ equation found in Eq. 12. The gamfit function is defined within the Matlab software 

package as a function that returns the Maximum Likelihood Estimates (MLE) for the 

parameters of the gamma distribution given the data comprised in the vector data field. 

The parameter in this case would be the raw drop size data for this specific temporal 

resolution.  Now a total drop concentration gamma fit for each drop size is found using: 

𝑁(𝐷)𝐸𝑉𝐴𝑃𝛾 =  
𝑁(𝐷)𝐸𝑉𝐴𝑃0

𝑁𝑇 𝑅𝐴𝑇𝐼𝑂
∗∗ ∗ 𝐷𝐸

𝜇 ∗ 𝑒−𝜆∗𝐷𝐸
                                                (23) 

where N(d)EVAP0 is the drop concentration evaporation rate found at the surface from Eq. 

22, 𝑁(𝑑)𝑅𝐴𝑇𝐼𝑂
∗∗  is drop concentration ratio from Eq. 19, DE is the drop size diameter 

evaporation rate from Eq. 8, μ is the mu variable from Eq. 13, and λ is the lambda value 

from Eq. 14. 

 Next, an LWC evaporation term based on gamma fitting is found. To do this the 

following equation is utilized: 

Figure 6 - Observed total liquid water content (green line) compared to a calculated 
evaporation rate by height from Gamma fitting (red line). 
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𝐿𝑊𝐶𝐸𝑉𝐴𝑃𝛾 =  
𝜋

6
∗ 𝑁(𝐷)𝐸𝑉𝐴𝑃𝛾 ∗

𝐷𝐸
3

10
                                                      (24) 

where N(d)EVAPγ is the drop size concentration evaporation rate based on gamma fitting 

from (23), and DE is the raindrop diameter evaporation rate from Eq. 8. The plotted data 

are finally computed using a ratio of summations of the calculated variables above. 

𝐿𝑊𝐶𝑇𝑂𝑇𝐴𝐿 𝐸𝑉𝐴𝑃 =  
∑ 𝐿𝑊𝐶𝐸𝑉𝐴𝑃𝛾 ∗ ∑ 𝐿𝑊𝐶(𝑇𝑂𝐼)

∑ 𝐿𝑊𝐶𝐸𝑉𝐴𝑃𝛾(200)
                                              (25) 

Here the product of the summation of the gamma fitted LWC evaporation term (Eq. 24) 

and the summation of total LWC values over the time of interest temporal resolution is 

divided by the gamma fitted LWC evaporation term values at 200 meters to create Figure 

6.  

2.8 Investigating Drop Size Behavior 

The last graphic created in this study focuses on the behavior of different raindrop 

sizes as the droplets fall toward the surface. Noted earlier is the complex nature of the 

Figure 7 - Diameter evaporation of 7 different drop size distributions through the lowest levels 
of the atmosphere being analyzed above the MRR. 
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evaporation process and a large portion of that complexity is due to how differently 

smaller raindrops are impacted by the evaporation process than larger raindrops. 

Therefore, it is imperative to investigate how different raindrop sizes change as they fall 

from the height of their greatest size just below the cloud base where LWC is greatest to 

the lowest gate height analyzed at 200 meters. To accomplish this, seven theoretical drop 

sizes from 0.25 mm to 1.75 mm separated by 0.25 mm intervals are graphed to showcase 

their diameter change as they fall toward the surface. To show this graphically data 

created using Eq. 8 are plotted where diameter evaporation (DE) was found for each size 

analyzed and plotted between the initial DSD height and the 200-meter gate. Figure 7 
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yields a graphic detailing how the different raindrop sizes change as a result of the 

evaporative processes they undergo.  

 

 

 

 

 

 

  

 

 

 

Figure 8 - Radar Reflectivity observed by the MRR graphed in a time-height format for 29 July 2018 during 
which a case study was performed. 
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3 Case Study Observations 

3.1 Overview 

It is important to look at a specific case study to understand how the evaporation process 

can be impacted by an atmosphere in flux as a storm system migrates across a given 

region. The region in question here is located in central Missouri, specifically in the 

vicinity of Columbia, MO. Of the nine case studies performed in this research, the study 

conducted on 29 July 2018 will be outlined here. Five balloons were launched for this 

particular study beginning 1243Z that morning and concluding at 2132Z that afternoon. 

The details of the five flights performed can be found in Table 1.  This study was chosen 

for several reasons. First, the highest low level average relative humidity (96.7%) found 

in all 30 of the balloon flights across the 9 case studies analyzed is found in the fourth 

flight performed on July 29. Secondly, this case study does an excellent job of 

showcasing the gradual erosion of the dry layer as precipitation invades the region from 

the southwest.  Finally, despite this being a warm summer day, with higher relative 

humidity values, the dry layer does a sufficient job of keeping precipitation development 
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at bay until the afternoon hours as shown in the radar reflectivity measured from the 

MRR shown in Figure 8. This is depicted numerically in the average low-level relative 

humidity column in Table 1 and graphically in the skew-T log-P diagrams from the 

balloon flights.   

Case Study Flight Flight Time Average LL RH 

7/29/2018 A 1243 - 1358 Z 80.2 

7/29/2018 B 1434 - 1502 Z 84.8 

7/29/2018 C 1619 - 1657 Z 88.0 

7/29/2018 D 1833 - 1929 Z 96.7 

7/29/2018 E 2029 - 2132 Z 83.5 
Table 1 - A balloon flight schedule for the case study performed on 29 July 2018. (Times in Z). 

 3.2 Flight A 

The first flight was launched at 1243Z and featured the lowest relative humidity values of 

the day at 80.2%. Average low-level relative humidity is calculated from the surface up 

Figure 9 - The skew-T log P diagram created from observed radiosonde data collected during flight A of the case study 
performed on 29 July 2018. The red line is ambient temperature while the blue line is dewpoint temperature. 
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to the initial DSD height. Figure 9 is the skew-T log-P diagram from that flight. In cases 

where the atmosphere is unsaturated it is the deficit in saturation vapor pressure that is of 

most importance for this research. Analysis of the diagram shows two distinct dry layers 

below 600 hPa and the radiation inversion commonly found in early morning soundings. 

The southwesterly wind profile in the lower levels suggest that Columbia resides in the 

warm sector of the frontal system impacting the Midwest. 

Figure 10a & 10b - 10a is a summarized  raw drop concentration data graph which a gamma fitted theoretical 
concentration from the first 15 minutes of balloon fight A. 10b is a graph showing how the averaged drop 
concentration line evolves as height decreases toward the surface. 

Figure 11a & 11b - 11a is the LWC time series graph from the first 15 minutes of balloon flight A. 11b is the observed 
total LWC compared to gamma fitted evaporation graph from the same time period. 

b a 
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 Figure 10a details the summarized drop size distribution found in the cloud cover 

present at the time of the balloon flight as observed by the MRR at a height of 2800 

meters. Figure 10b depicts the progression of the averaged raw drop concentration line as 

heights decrease toward the surface through the low levels of the atmosphere.   

The higher concentration of very small droplets that is seen in Figure 10a gets 

obliterated as height decreases toward the surface as shown in Figure 10b. The relatively 

small drop sizes in these graphs are indicative of the observation that only clouds are 

present at the time of observation with no precipitation falling towards the surface. Figure 

11a is a graphical time series version of the raw LWC measured by the MRR. Figure 11b 

shows the calculated LWC from Eq. 21 an LWC profile calculated using an evaporation 

rate calculated using Eq. 24 for a drop size distribution initiated at a height 3000 meters. 

The higher values of LWC near the initial DSD height at heights between 2600 and 2000 

meters matches in each graph and are inferred to be effects of the melting layer. The 

Figure 12 - A theoretical graph of how these 7 different drop sizes 
would evolve falling through the atmosphere observed during the 
first 15 minutes of flight A. The x-axis corresponds to drop size 
(mm) and the y--axis pertains to height (m). 
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effect of the dry layers can be viewed graphically in Figures 11a and 11b as the total 

LWC values evaporate with decreasing height. 

 Finally, Figure 12 shows the behavior of different theoretical drop sizes as they 

fall through an atmosphere defined by the real-time data observed by the radiosonde 

balloon flight. Here, even with a low level average relative humidity the smaller drops are 

greatly affected by the dry layers present in the low levels of the atmosphere.  

  3.3 Flight B 

The second balloon on July 29 flew roughly 2 hours later at 1434Z. Figure 13 is the skew 

T log P diagram from that flight. Analysis of the diagram shows the higher of the two dry 

layers still prominent though the lower dry layer has shrunk considerably. The dewpoint 

Figure 13 - The skew-T log P diagram created from observed radiosonde data collected during flight B of the case 
study performed on 29 July 2018. The red line is ambient temperature while the blue line is dewpoint temperature. 
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outside of the obvious dry layers has also become smaller indicating moisture advection 

into the region. Due to the moisture advection seen in the sounding data there is a slight 

increase in the low level average relative humidity found in the balloon flight at 84.8%. 

Again, while precipitation is not reaching the surface at the time of the balloon flight 

(according to radar reflectivity from the MRR) clouds are being examined and the 

summarized raw dropsize concentration (red line) found in Figure 14a is indicative of this 

observation. Figure 14b depicts the averaged raw drop concentration line at different 

Figure 14a & 14b - 14a is a summarized raw drop concentration data graph with a gamma fitted theoretical 
concentration from the first 15 minutes of balloon flight B. 14b is a graph showing how the averaged drop 
concentration line evolves as height decreases toward the surface. 

Figure 15a & 15b - 15a is the LWC time series graph from the first 15 minutes of balloon flight B. 15b is the observed 
total LWC compared to gamma fitted evaporation graph from the same time period. 

a b 

a b 
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heights and depicts how this averaged raw drop concentration evolves as height decreases 

toward the surface.  The raindrop sizes and concentrations are relatively the same as 

those found in the first balloon flight.  Figures 15a & 15b again show LWC in the 

atmosphere during the first 15 minutes of the balloon flight and again depict the effects of 

the melting layer creating LWC near the top of the layer in question. These figures also 

accurately show the evaporation process at work as the values of LWC at the top of the 

layer are quickly evaporated towards the surface. Figure 15b also shows how the 

calculated LWC values from Eq. 25 (green line) line up rather well with the gamma fitted 

theoretical evaporation rate (red line). Finally, the theoretical drop sizes are put to the test 

in real time atmospheric conditions in Figure 16 and again it is seen that even with an 

increase in relative humidity the smaller drop sizes still succumb to the evaporation 

process before reaching the surface. 

  

 

Figure 16 - A theoretical graph depicting how these 7 different drop sizes 
would evolve falling through the lowest levels of the atmosphere 
observed by balloon flight B. 
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3.4 Flight C 

The third flight of the day is a first look at actual falling precipitation reaching the 

ground. This balloon was launched into rainfall as shown on the radar reflectivity of the 

MRR found in Figure 17. The sounding from balloon flight C (Figure 18) shows the 

typical overlaying of the temperature and dewpoint depression lines indicative of 

precipitation development in the atmosphere. Despite this the higher dry layer still 

persists above the saturated lower level. The dry layer continued to be eroded away, 

however, as the overall flow is still southwesterly depicting continued moisture advection 

into the region. It was inferred that the erratic nature of the lowest wind barbs is due to 

some local interference from the precipitating storm cells near the launch site in 

Columbia.  

Figure 17 - The radar reflectivity observed by the MRR during balloon flight C shown in a time-height graph. 
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Figure 19a reveals a well-fitted gamma distribution line matching up with the 

summarized raw data from the MRR. This graph correlates well with other graphs of the 

same data when precipitation is falling suggesting that the methodology works best in 

falling precipitation conditions and less so when only clouds are being observed. 

Figure 18 - A skew-T log P diagram featuring sounding data from the radiosonde balloon flight C on 29 July 2018. 

Figure 19a & 19b - 19a is a graph comparing summarized raw drop concentration data to a theoretical gamma fitted 
concentration line. 19b is a graph depicting how the averaged drop concentration line evolves as height decreases toward the 
surface. 

a b 
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Conversely, Figure 19b shows a complication of the averaged raw drop concentration 

data when precipitation is falling. The lines representing raw raindrop size concentration 

meander when rain falls due to a “budgeting” of the raindrop size. In falling precipitation, 

the total LWC gets partitioned moreso in the median size drops (in case ~ 1.5mm) for 

various reasons. Certainly, the smallest drops still feel the impact of the evaporation 

process, though the concentration of medium size raindrops (0.75 mm-1.2 mm) 

experience some growth as they fall through the lower levels. The bigger drops (>2 mm) 

experience more growth hypothesized to be due to the collision-coalescence process as 

they collect smaller, slower moving raindrops falling towards the surface.  Figure 20 

shows the contribution of several drop sizes to the total overall LWC at different heights 

as observed by the MRR. This leads to a larger percentage of the LWC being contained 

in the median drop sizes for this precipitation event at around 1.5 mm according to Figure 

20 showcasing the MRR’s observations of LWC at different heights. 

Figure 20 - A graph depicting the "budgeting" of total liquid water 
content based on raindrop size as height decreases toward the 
surface. 
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Figures 21a & 21b show good correlation regarding the behavior of the total 

LWC during the rainfall event. Figure 21b shows a much greater amount of water content 

close to the initial drop size height and significantly less towards the surface.   

 The total LWC line in Figure 21b correlates well with its theoretically calculated 

evaporation rate counterpart showing that the calculation of LWC does a sufficient job of  

matching the MRR observations when mapping the evaporation process of the total liquid 

water content during a falling precipitation event. Note that even though the scale of the 

Figure 21a & 21b - 21a is observed total LWC featured in a time series of the first 15 minutes of balloon flight C. 21b is 
total LWC in the lowest levels of the atmosphere compared to a gamma fitted theoretical evaporation rate line. 

Figure 22 - A graph depicting theoretically how these 7 different raindrop 
sizes evolve as they fall through the lowest levels of the observed 
atmosphere during the first 15 minutes of balloon flight C. 

a b 
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amount of water content (denoted by the x-axis in Figure 22; created based on the 

observation data) is relatively small for this particular precipitation event the MRR still is 

able to discriminate the erosion of the raindrops as they fall. Figure 22 is good indication 

that despite the higher relative humidity values in the lower levels the smaller drop sizes 

are still effected by the evaporation process even during a falling precipitation event. 

3.5 Flight D 

Figure 23 shows the radar reflectivity observed by the MRR during balloon flight D of 

the 29 July 2018 case study. The fourth flight of the day was the wettest with an average 

low level relative humidity of 96.7%. Again, the overlaying of the temperature and 

dewpoint lines signifies falling precipitation as seen in Figure 24. The sounding shows 

that the dry layer is gone as the lower levels are now fully in the influence of the moisture 

Figure 23 - Radar reflectivity observed by the MRR during balloon flight D on 29 July 2018 shown in a time-height 
graph. 
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advection from the southwest. The effects of the encroaching cold front are present in the 

wind profile as the average wind direction in the lower levels has taken a more westerly 

flow pattern. Though rainfall ceases around 19Z at the MRR site the first 15 minutes of 

the balloon flight still features falling precipitation. In Figure 25a another good 

correlation between the summarized raw concentration data and the gamma fitted 

theoretical concentration data is viewed. Noted here is the slight reduction in drop size as 

the tail end of the precipitation event is captured and the heaviest of the rainfall has 

already occurred. Evaporation is evident in the upper levels depicted in Figure 25b 

though the process gets contaminated in the lower levels when precipitation is falling 

during the balloon flights.   

Figure 24 - A skew-T log P diagram featuring observed sounding data taken from radiosonde data from balloon flight D. 
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as  The eradication of the smaller rain droplets is again shown in Figure 26 where a 

reduction is seen in LWC through the levels in drop sizes ~0.5 mm. The inverse is seen 

as raindrop sizes increase where again a “bell-curve” pattern occurs when focusing on the 

dashed black line representing the lowest level at 200 meters. The precipitation 

encountered in the early portion of the balloon flight is well represented in the LWC time 

series shown in Figure 26 with higher values of LWC found both near the initial DSD 

height and near the surface. The theoretically calculated LWC evaporation rate in Figure 

Figure 26 - a graph depicting how LWC is "budgeted" amongst the 
raindrop sizes as height decreases toward the surface. 

Figure 25a & 25b - 25a pairs the summarized raw drop size concentration (red line) with a theoretical gamma fitted 
concentration (blue line). 25b gives the evolution of the averaged raw drop concentration line as height decreases 
toward the surface. 

a b 
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27b responds well to the higher value of the low level average relative humidity. The 

actual total LWC however does not follow the gamma fitted rate. It can be inferred that 

the higher values of LWC in both the higher levels and lower levels of the first few 

minutes seen in the LWC time series of Figure 27a have translated over to the erratic 

nature of the total LWC line in Figure 27b. The mismatch of the gamma fitted line and 

the total LWC line can be inferred to be caused by the longer 15-minute averaged time 

resolution. Using a smaller average time resolution would potentially correct this erratic 

Figure 27a & 27b - 27a is observed LWC in a time series featuring the first 15 minutes of balloon flight D. 27b is a graph 
comparing the total LWC (green line) compared to a theoretical gamma fitted evaporation rate line (red line).  

Figure 28 - a theoretical graph depicting how these 7 different drop 
sizes would evaporate as they fall through the observed atmosphere 
from the first 15 minutes of balloon flight D.  

a b 
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nature though the convenient time matchup to the observed low levels in the balloon 

flights would be lost. The behavior of drop sizes in a very high relative humidity average 

environment can be viewed in Figure 28. The larger raindrops in the graph are unaffected 

by the evaporative process and even the smallest 0.25 mm drops make it to the surface 

though at a somewhat reduced size. 

Figure 29 - Radar reflectivity observed by the MRR shown here in a time-height series during balloon flight E on 29 July 2018. 

Figure 30 - A skew-T log P diagram featuring the sounding data taken from radiosonde observations during 
balloon flight E. 
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 3.6 Flight E 

The final balloon flight of this case study occurs in the afternoon at 20:49Z. Radar 

reflectivity from the MRR in Figure 29 is showing some light reflectivity in the latter 

stages of the first 15 minutes of the balloon flight. The sounding data seen in Figure 30 

shows a post frontal regime setting up over the Columbia, MO area. The profile is 

noticeably dryer as one would expect after a frontal passage and the wind profile 

continues to back around to the northwest behind the eastward retreating cold front.  

Figure 31a reveals another reduction in raindrop size while a nice match occurs between 

the raw drop concentration data and the gamma fitted counterpart. Figure 31b (while 

somewhat noisy) reverts back to showing the evaporation process between the highest 

levels and the lowest levels quite nicely. The low level spike in LWC levels observed by 

the MRR is shown in the LWC time series in Figure 32a and the total evaporation rates in 

Figure 32b. Taking a smaller average for time resolution may again correct the mismatch 

in Figure 32b though for now matching the higher LWC values in Figure 32a with the 

LWC spike in Figure 32b is sufficient for explanation. The individual theoretical raindrop 

Figure 31a & 31b - 31a pairs the summarized raw concentration data (red line) with a theoretically gamma fitted drop 
concentration data (blue line). 31b shows the evolution of the averaged raw drop concentration line as height 
decreases toward the surface. 

a b 
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size analysis (Figure 33) reverts back to what was seen in earlier balloon flights with 

similar low-level averaged relative humidity. The smallest droplet sizes are completely 

eradicated by the evaporation process while the larger droplet sizes saw only slight 

decreases closer to the surface. 

 

 

Figure 32a & 32b - 32a represents LWC in a time series featuring the first 15 minutes of balloon flight E. 32b depicts 
the observed total LWC (green line) compared to the theoretical gamma fitted evaporation rate (red line). 

Figure 33 - Raindrop size evolution graph featuring 7 theoretical raindrop 
sizes and how their size changes as they fall through the observed 
atmosphere during the first 15 minutes of balloon flight E. 

a b 
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4 Data Analysis and Results 

4.1 Relative Humidity Correlation 

It is not surprising that the relationship between relative humidity and the evaporation 

process is well defined. Certainly, in Pallardy & Fox’s (2018) study an “evaporation 

power” value is directly correlated from relative humidity values found using RAP model 

sounding data. In this study relative humidity is taken from observed radiosonde data and 

averaged over the Time of Interest (TOI) which is predominantly a 15-minute time period 

for this study. The best way to characterize this relationship is an analysis of the 

individual drop sizes. Analysis was performed on three drop sizes separated by 0.5 

millimeters: 0.5 mm, 1mm, 1.5 mm. What is distinct about this analysis is how the 

relative humidity affects these three different sizes even with only a 0.5-millimeter 

diameter difference between them. The 0.5 mm raindrops are the most evaporated of the 

three drop sizes even in the higher values of relative humidity. 

Date Flight Diameter Low Level RH Evaporated % Evap 

6/2/2018 C 0.50 52.8 0.5050 100.0 

6/2/2018 C 1.00 52.8 1.0050 100.0 

6/2/2018 C 1.50 52.8 0.5442 36.2 

 

Date Flight Diameter Low Level RH Evaporated % Evap 

8/23/2018 C 0.50 74.9 0.5050 100.0 

8/23/2018 C 1.00 74.9 0.3185 31.7 

8/23/2018 C 1.50 74.9 0.1807 12.0 

 

Date Flight Diameter Low Level RH Evaporated % Evap 

7/29/2018 D 0.50 96.7 0.0526 10.4 

7/29/2018 D 1.00 96.7 0.0237 2.4 

7/29/2018 D 1.50 96.7 0.0154 1.0 
Table 2a, 2b, & 2c - Numerical data from the driest, median, and wettest averaged low-level relative humidity. 
Raindrop diameters here are 0.5, 1.0, and 1.5 mm for each case study listed. 
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Figure 34 - A scatterplot graph featuring 30 data points each for 0.5, 1.0, and 1.5 mm raindrop sizes for each balloon 
flight conducted. The x-axis represents low-level averaged relative humidity while the y-axis gives the percentage of 
evaporation of the raindrop. 

Tables 2a, 2b, & 2c give numerical data from the driest, wettest, and median relative 

humidity from the 30 analyzed balloon flights and give an accurate account of how 

relative humidity affects the different drop sizes.  Figure 34 shows that even with 

averaged relative humidity values as high as 85% the smallest drop sizes (red dots) 

become 100% evaporated. A more exponential correlation is viewed in the 1 millimeter 

drop sizes especially between averaged relative humidity of 90% and 70%. Though the 

1.5 mm drops also exhibit an exponential nature in how much evaporation occurs the 
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higher end values of averaged relative humidity depict a linear correlation for the biggest 

raindrops being analyzed.  

 When graduating up to a total Liquid Water Content perspective the correlation 

between relative humidity and the evaporation process becomes a bit murky.  Figure 35 

shows that there exists no logical pattern to the evaporation rate of total LWC as height 

descends from the initial DSD height used in the study (2800 meters) toward the surface. 

Date Flight 
Low Level 

RH Initial LWC 200m LWC Evaporated Percent_Evap 

6/2/2018 C 52.8 0.0000639 0.0000059 0.0000579 90.7 

8/23/2018 C 74.9 0.0002704 0.0002262 0.0000442 16.3 

7/29/2018 D 96.7 0.0002492 0.0000578 0.0001914 76.8 
Table 3 - A numerical table giving the values of total LWC evaporation for the driest, median, and wettest low level 
averaged relative humidity for the 30 balloon flights. 

Table 3 gives numerically the driest, wettest, and median relative humidity again but this 

time involves total LWC values. While the driest atmosphere of the 3 flights analyzed 

Figure 35 - A scatterplot featuring the total LWC evaporation rate for all 30 balloon flights when the initial DSD height 
is 2800 meters. The x-axis is low-level averaged relative humidity while the y-axis gives the percentage of evaporation 
of total LWC. 
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makes sense with a 90.7% evaporation rate the median and wettest relative humidity 

flights lose the pattern entirely. Between the graphical and numerical versions of the data 

it is easy to see that the most appropriate way to analyze the evaporation process is 

through individual raindrop sizes. 

4.2 Initial DSD Height at the Cloud Base 

To attempt “fixing” the total LWC problem the study changed the height at which 

the raindrops that embodied the total liquid water content fell. Figure 36 depicts this 

experiment where the height is changed for each flight based upon the height of the 

Lifted Condensation Level (LCL) found in the sounding data. The LCL is commonly 

referenced as the cloud base. In this experiment the 15-minute average for temporal 

resolution is kept.  Figure 36 bears the results of this experiment and again it is seen that 

there exists no real pattern to the amount of LWC evaporation given the value the low 

Figure 36 - A scatterplot showing the evaporation of the total LWC when initial DSD height is based upon the LCL found 
from sounding data from each balloon flight. The temporal resolution for each flight here is 15 minutes. 
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level average relative humidity. In this graph data point size and color are changed based 

on the initial heights at which the study starts. Higher height values are larger green dots 

while the lower initial heights are the smaller red dots. Analysis shows that there is a 

change in the amount of LWC evaporation based on initial height from the values seen 

when the initial height is kept constant at 2800 meters. Table 4 bears this out numerically. 

Note that the relative humidity values change when the spatial resolution is altered. The 

significant decrease in height down to 600 meters increases the relative humidity up to 

66.6% though the same amount of evaporation occurs. The median relative humidity is 

peculiar in that when initial DSD height is increased to 3200 meters based on the LCL 

and while the relative humidity decreases expectedly the amount of evaporation drops to 

0 as the amount of LWC actually increases. 

Date Flight 
Low Level 

RH 
Initial 
Height 

Initial 
LWC 

200m 
LWC Evaporated Percent_Evap 

6/2/2018 C 52.8 2800 0.0000639 0.0000059 0.0000579 90.7 

6/2/2018 C 66.6 600 0.0000639 0.0000059 0.0000580 90.7 

        
8/23/2018 C 74.9 2800 0.0002704 0.0002262 0.0000442 16.3 

8/23/2018 C 74.3 3200 0.0001796 0.0002262 -0.0000466 0.0 

        
7/29/2018 D 96.7 2800 0.0002492 0.0000578 0.0001914 76.8 

7/29/2018 D 98.2 1000 0.0002425 0.0000578 0.0001846 76.1 
Table 4 - Numerical data depicting the change in evaporation and other variables when initial height is altered from 
the 2800-meter control to a specific LCL value found from sounding data. This highlights the importance of initial DSD 
height. 

Despite the failure to find a pattern based on relative humidity regarding total LWC a 

correlation between initial DSD height and relative humidity is found. The lower the 

initial DSD height is established the higher the relative humidity becomes due mainly to 

spatial resolution.  
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Finally, an analysis is performed in which initial DSD height values are changed 

again but this time are matched with a logical time resolution based on initial DSD 

height. Times were matched with an average terminal velocity value based on three drop 

sizes (0.5 mm, 1mm, 1.5 mm). Figure 37 reveals the results of this experiment where yet 

again it is seen that no real pattern pertaining to relative humidity exists.  This time the 

colors are based upon the initial height values which were based upon LCL values from 

sounding data. The size of the data point dots is now based upon the amount of time that 

was averaged for this experiment with longer time averages being larger and the shorter 

time averages being smaller. Again, it is seen that a difference in the percentage of 

evaporation of total LWC and as expected changing the temporal resolution changes 

these values from when these values are based on a 15-minute time average. While this 

experiment is worth noting, the number of values that have changing variables is too 

much to glean any real information about the evaporation process. The randomness of the 

total LWC data regarding relative humidity does highlight the importance of raindrop 

Figure 37 - A scatterplot graph depicting percentage of evaporation of total LWC when initial height and 
temporal resolution are adjusted to match LCL height from sounding data for each balloon flight. 
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size distribution when attempting to quantify evaporation. The lack of pattern in the LWC 

data can be attributed to the fact that different drop sizes evaporate in different ways even 

when facing the same conditions (relative humidity, initial DSD height, vertical velocity).  

 The evaporation rates of individual drop sizes changes quite dramatically when 

the initial DSD height is altered to reflect the height of the LCL. This is not an unusual 

result, as intuitively a raindrop falling from a taller height value will evaporate more as it 

has more time to evaporate before it reaches the surface. Conversely, a lower LCL will 

inhibit the evaporation process from effecting the raindrops as they fall. Figure 38a 

highlights individual raindrop size evaporation rates from the fourth balloon flight of the 

case study performed on 21 June 2018. Here, an initial DSD height of 2600 meters is 

used as a control for the majority of experiments, but the initial DSD height is lowered 

down to 1000 meters based upon the LCL analysis of the sounding data from the 

radiosonde. The smallest drops (per usual) are the most influenced by the change in 

height. The 0.25 mm drops previously wiped out completely by 1800 meters in the 2600-

meter analysis actually reach the surface in the LCL-adjusted analysis with only some 

Figure 38a & 38b. 38a is a theoretical depiction of how 7 different raindrop sizes change as the drops fall toward the 
surface from an initial DSD height of 2600 meters for 15 minutes. 38b is a theoretical depiction of how 7 different 
raindrop sizes change as the drops fall toward the surface with adjusted LCL and time. 

a b 
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evaporation taking place. Raindrops larger than 0.75 mm that do experience some 

evaporation in the original analysis are largely unaffected by the evaporation process in 

the LCL-adjusted analysis. From these results it can be surmised that initial DSD height 

is an important variable in the power of the evaporation process.   

4.3 Sensitivity to Vertical Velocity 

The majority of analysis performed in this study has centered around the correlation to 

relative humidity values. The ability to alter vertical velocity was created when installing 

terminal velocity (Eq. 6) into the ventilation coefficient (Eq. 7). Vertical velocity has 

predominantly been carried out with ω = 0 m/s used as a control. Some theoretical 

analysis was performed regarding the role of vertical velocity in the evaporation process. 

In this vertical velocity analysis a value of  ω = 0 m/s is utilized as a control. The same 

analysis is then performed for each balloon flight time with ω being changed to 0.1, 0.3, 

and 0.5 m/s. The results of this analysis are then compared with striking results.  

Drop sizes of 0.5 mm, 1 mm, and 1.5 mm are investigated in the study of updraft 

impact. These values of DSD best reflect the differences in how small droplets react to 

atmospheric conditions as opposed to larger drop sizes. This study is also an indicator of 

the importance of the fall velocity for every drop size. It is intuitive that the faster 

raindrops fall through the dry layer responsible for evaporative process, the less 

evaporation will impact the raindrop. It is also intuitive that larger drops will fall faster 

than smaller drops simply based on the fact that larger drops weigh more and due to this 

will fall faster. It is then expected that updrafts will have a significantly larger impact on 

smaller droplets than the larger drops investigated. What is not known is just how 

sensitive raindrops are to vertical velocity. Analysis is performed on all 30 balloon flights 
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for the three updraft velocities stated above. Even with just 0.1 m/s of updraft added to 

the terminal velocity equation (Eq. 6) almost all of the 0.5 mm droplets become 100% 

evaporated even in high average low level relative humidity scenarios as depicted in 

Figure 39. 1.0 mm droplets are less affected by a simple 0.1 m/s vertical velocity though 

the exponential curve that is resolved in the relative humidity analysis is slightly shifted 

to low level averaged RH values higher than 65% (as opposed to the lower level average 

relative humidity value in Figure 39). 1.5 mm droplets are largely unaffected by 0.1 m/s 

updraft. 

 Analyzing 0.3 m/s vertical velocity yields far more dramatic results. 0.5 mm 

droplets continue to be 100% evaporated as expected. Joining the smaller counterparts 

now on the 100% evaporation line in Figure 41 are more than half of the 1 mm droplets. 

The exponential correlation to relative humidity has now been shifted to greater than 75% 

Figure 39 - A scatterplot graph featuring 30 data points for 0.5, 1.0, and 1.5 mm raindrops for each balloon flight 
analyzed with 0.1 m/s updraft. 
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low level average relative humidity. 1.5 mm droplets make their first appearance on the 

100% evaporation line where the low level average relative humidity is the lowest for the 

Figure 41 - A scatterplot graph featuring 30 data points for 0.5, 1.0, & 1.5 mm drop sizes for all 30 balloon flights 
analyzed with 0.5 m/s updraft. 

Figure 40 - A scatterplot graph featuring 30 data points for 0.5, 1.0, and 1.5 mm raindrops for each balloon flight 
analyzed with 0.3 m/s updraft. 
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30 analyzed balloon flights. The exponential correlation to low level averaged relative 

humidity for 1.5 mm droplets is now depicted as shifted slightly to higher relative 

humidity values than previously noted.   

The final analysis performed regarding vertical velocity updrafts involves an updraft 

speed of 0.5 m/s. In this analysis (Figure 41), all of the 1 mm droplets are found on the 

100% evaporation line suggesting that just a half meter of updraft has the ability to 

eradicate all drop sizes of 1 mm or less. This is a significant sensitivity. A much more 

dramatic impact can be seen regarding 1.5 mm droplets. Lower values of averaged 
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relative humidity now yield 100% evaporation of 1.5 mm droplets. The exponential 

correlation to relative humidity for 1.5 mm droplets is again shifted to higher values of 

low level averaged relative humidity to values greater than 70%.  

While these are theoretical values for vertical velocity being analyzed, the lessons 

learned from this analysis are valid and should be considered when realistic values of 

vertical velocity are applied to evaporation analysis. Future studies could include a height 

analysis of how fast the radiosonde ascended to calculate a real-time vertical velocity to 

Figure 42a, 42b, 42c, & 42d - 42a is the theoretical graph from balloon flight E during the 20 June 2018 case study showing how 
7 different drop sizes change as they fall through the observed atmosphere. 42b, 42c, 42d are the same graph with adjusted 
updrafts. 

a b 

c d 
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be used for this particular vertical velocity research. Table 5 gives a numerical version of 

what has been shown graphically so far. This data was taken from analysis performed on 

the fourth balloon flight of the case study on 20 June 2018 when the average low-level 

relative humidity was 91.9% and the MRR observed reflectivity in the first fifteen 

minutes of the balloon flight. Again, three raindrop sizes are used separated by 0.5 

millimeters: 0.5 mm, 1.0 mm, and 1.5 mm. The smallest 0.5 mm raindrops are 

completely evaporated with even a tenth of a meter per second increase in vertical 

velocity. The sensitivity to updraft is profound here especially considering the bulk of the 

total liquid water content is partitioned in the smaller drop sizes. A slow increase in 

evaporation is seen in the 1.0- millimeter analysis. With 0.5 m s-1 updraft, 1.0 millimeters 

are eradicated completely. On the opposite end of the spectrum the 1.5 mm raindrops are 

less effected by updraft with only a 4% increase in in evaporation with half a meter per 

second of updraft present. Figures 42a, 42b, 42c, & 42d give a graphical breakdown of 

how raindrop sizes react to the different updraft speeds analyzed. 

Diameter (mm) Updraft (m/s) Evaporated (mm) Percent_Evap (%) 

0.5 0.0 0.3135 62.1 

0.5 0.1 0.5050 100.0 

0.5 0.3 0.5050 100.0 

0.5 0.5 0.5050 100.0 

    
1.0 0.0 0.0985 9.8 

1.0 0.1 0.1128 11.2 

1.0 0.3 0.1856 18.5 

1.0 0.5 1.0050 100.0 

    
1.5 0.0 0.0623 4.1 

1.5 0.1 0.0675 4.5 

1.5 0.3 0.0834 5.5 

1.5 0.5 0.1211 8.0 
Table 5 - A numerical graph showing the change in evaporation and percentage of evaporation for 0.5, 1.0, & 1.5 mm 
drop sizes with adjusted updrafts for balloon flight E flown during the 20 June 2018 case study. 
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Finally, analysis of the effect of vertical velocity on total LWC is performed. The 

analysis was performed on the third flight of the case study performed on 20 June 2018. 

Figure 43 shows the results of the analysis when the vertical velocity is altered to be 0.1, 

0.3, and 0.5 m s-1. Figure 43a represents observed LWC and a gamma fitted evaporation 

rate when vertical velocity is 0 m s-1. In this graph the gamma fitted evaporation rate is 

underestimating the amount of evaporation taking place as the green line representing the 

observed LWC is lower that its gamma fitted counterpart. 43b represents the same graph 

with a vertical velocity of 0.1 m s-1. Here, the gamma fitted evaporation rate line better 

represents the observed line though there exists some underestimation from 1600 meters 

down to 600 meters. 43c and 43d represent vertical velocities of 0.3 and 0.5 m s-1 

43a shows the gamma fitted evaporation rate of total LWC compared to the MRR 

observed total  

Figure 43 - 43a represents a gamma fitted evaporation rate for total LWC (red line) compared to an observed LWC when vertical 
velocity is 0. 43b is the same graph when vertical velocity is 0.1. 43b, 43c, 43d are the same graphs when vertical velocity is 0.1, 
0.3, and 0.5 m s-1 respectfully. 

a b 

c d 
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respectively and analysis shows an overestimation of the gamma fitted evaporation of 

total LWC. This implies three conclusions. First, the actual vertical velocity lies 

somewhere between 0.1 and 0.3 m s-1 according to what the observed LWC shows 

compared to the gamma fitted evaporation rate. Second, there exists a variation in the 

vertical velocity as the drops fall from the cloud base to the surface. This is expected 

given the variable nature of wind and wind measurement. Finally, the sensitivity to 

vertical velocity in the evaporation process is profound and requires further research. 
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5. Conclusions 

The objectives of the research outlined earlier centered around the need to analyze 

raindrop size evolution between the cloud base and the surface in an observational sense. 

This real-time analysis appeared to be the missing piece in the puzzle of quantifying the 

evaporation process’s effect on precipitation. While the MRR proved to be essential in 

observing drop size behavior between the initial DSD height and the surface some 

questions still remain about the evaporation process. It can be concluded that there are 

four variables of emphasis that must be accounted for when quantifying evaporation: 

• Raindrop size 

• Relative humidity 

• Initial DSD Height 

• Vertical velocity 

The attempt at using total LWC to quantify the evaporation process proved to be more 

difficult than anticipated. The difficulty is based on the different behaviors exhibited by 

different raindrop sizes. It becomes much easier to calculate evaporation when looking at 

individual drop sizes. The process of getting from individual drop sizes back to a quantity 

such as LWC or rainfall rate offers a chance at further research. Relative humidity is a 

major factor in the evaporation process that when averaged over the layer between the 

LCL and the surface will influence drop size evolution immensely. Initial DSD height is 

another major factor in the evaporation process. Initial height changes both the spatial 

and temporal resolution of DSD evolution and as is shown in the analysis above can alter 

the relative humidity variable. Vertical velocity has emerged as a potentially extremely 
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important factor in the evaporation process. While this study has done some preliminary 

analysis involving vertical velocity more formal research is needed to examine the extent 

of the sensitivity to updrafts particularly in individual raindrop sizes. One of the 

advantages of using real time radiosonde data is the ability to utilize the z-coordinate data 

derived from GPS triangulation to calculate an observed vertical velocity. The observed 

vertical velocity can then be used in real-time calculation to quantify the sensitivity of 

evaporation rates to vertical motions. Once this sensitivity has been quantified it can be 

properly attributed in the quantification of evaporation. 

 Once these important factors are further analyzed the observational work done 

here involving DSD evolution could be paired up with the observational aspects of 

Pallardy and Fox’s (2018) research. Concluded in this research is the idea that when the 

MRR is paired up with radar data above and surface ground truthing instruments 

including disdrometers and tipping bucket rain gauges, then a complete observation of 

the evaporation process can occur. The MRR also would be a useful tool in researching 

how the collision-coalescence process affects the drop size distribution. The effects of 

potential collision-coalescence contamination were seen in the analysis of LWC 

distribution amongst drop sizes as height decreased toward the surface. Analysis of this 

process would achieve a level of completeness when quantifying DSD evolution. Once 

an accurate quantification of the evaporation process happens, that data can be applied 

toward research involving the role of evaporation in convective downdrafts and cold pool 
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development. The error in rainfall estimation may be solved with this quantification data 

while also giving a better sense of the importance of evaporation in the atmosphere. 
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