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Abstract: The evaluation of raindrop-size distribution (DSD) is a crucial subject in radar meteorology, 
as it determines the relationship between radar reflectivity (Z) and rainfall rate (R). The coefficients 
(a and b) of the Z-R relationship vary significantly due to several factors (e.g., climate and rainfall 
intensity), rendering the characterisation of local DSD essential for improving radar quantitative 
precipitation estimation. This study used a unique network of 21 disdrometers with high spatio-
temporal resolution in Mexico City to investigate changes in the local drop size distribution (DSD) 
resulting from seasonal fluctuations, rain rates, and topographical regions (flat urban, and 
mountainous). The results indicate that the DSD modelling utilizing the normalized gamma 
distribution provides an adequate fit in Mexico City, regardless of geographical location and season. 
Regional variation in DSD's slope, shape, and parameters was detected in flat urban and 
mountainous areas, indicating that distinct precipitation mechanisms govern rainfall in each season. 
Severe rain intensities (R > 20 mm/h) exhibited a more uniform and flatter DSD shape, accompanied 
by increased dispersion of DSD parameter values among disdrometer locations, particularly for 
intensities exceeding R > 60 mm/h. The coefficients a and b of the Z-R relationship, exhibit significant 
geographic variability, dependent on the city's topographic gradient, underscoring the necessity for 
regionalisation of both coefficients within the metropolis.  

Keywords: Rainfall; drop-size distribution; disdrometer; spatial variability; reflectivity; rain rate 
 

1. Introduction 

The raindrop size distribution (DSD) provides fundamental information in many fields related 
to hydrology and soil erosion [1,2]. It defines the relationship between reflectivity factor (Z) and the 
rain rate (R), which enables quantitative precipitation estimation (QPE) for ground base or space 
borne radar [3–5]. Therefore, understanding the DSD variability is of great importance in several 
areas of hydro-meteorology.  

Numerous studies have focused on elucidating the statistical characteristics of DSD worldwide, 
emphasising the significance of geographical locations, climate conditions, seasonal variations, types 
of precipitation and diurnal cycles [6–14]. Research indicates that geographical location significantly 
affects DSD features [10,15]. The DSD in northern and southern China exhibits considerable 
variations in precipitation microphysical parameters across different regimes during convective 
rainfall, although the differences are less pronounced in stratiform events [16]. Seasonal variations 
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have also been observed in the cities of Beijing and Taiwan [9,11,17]. In Mediterranean regions, the 
orographic environment, seasonal variations and weather patterns are significant factors influencing 
the characteristics of DSD [18]. Therefore, there is a dynamic variability in the DSD characteristics 
across both spatial and temporal dimensions.  

However, less attention has been devoted to the spatial variability of the DSD parameters within 
urban environments as the majority of research have relied on data from a single disdrometer [14,19]. 
In contrast, [20] observed a significant variability of DSD features on a kilometer scale using an 
observation network comprised by 16 disdrometers, while [15,21] conducted the few studies looking 
at the spatial variability of DSD characteristic within urban environments using information from 10 
and 11 disdrometers in Beijing, respectively. In their study [21] indicated that the regional variations 
of DSD spectra in Beijing could be linked to factors such as precipitation type, the urban heat island 
effects, the aerosol effects, and orography. The study of [15] revealed disparities between urban and 
suburban areas for identical precipitation types, as well as differences between mountain and plain 
regions (i.e., urban and suburban) due to the convection/stratiform precipitation types The observed 
variations indicated the great need to further examine the impact of topography on the DSD 
variability in cities with mountainous regions.  

Moreover, recent studies have pointed out the need to measure precipitation at high spatial 
resolutions for accurate rainfall modeling in urban areas. Stating that coarse measurement resolutions 
can lead to significant errors, especially during intense rainstorms [22,23]. 

Mexico City, one of the largest cities globally, has a population of 129.7 million. The urban 
expansion and consequent soil impermeabilization, coupled with the intricate topography, render 
the western region of the city particularly susceptible to extreme weather phenomena, including 
torrential rainfall and floods [24]. Mexico City's rainfall regime is marked by a pronounced wet season 
with significant spatial and temporal variability. Urbanization and natural climatic oscillations both 
play crucial roles in shaping the city's precipitation patterns, leading to increased intensity and 
frequency of rainfall events [25,26]. Studies report an increase in the number of severe storms in 
recent decades, raising the risk of flooding [27]. Therefore, understanding these urban dynamics of 
precipitation is essential for effective water resource management and disaster preparedness. 

Several years ago, a network of second-generation laser-optical disdrometers were put in 
various locations throughout Mexico City, offering an excellent chance to examine the spatial 
variability of DSD. Currently, only a couple of studies have focused on the DSD characteristics in 
Mexico city due to the lack of DSD measurements [28,29]; however, these studies have been limited 
to data obtained from very few or a single optical disdrometer limiting the number of rainy periods 
and spatial extent.  

This paper offers a thorough examination of DSD properties based on continuous observations 
over one year (June 2018–June 2019) in the metropolitan area of Mexico City with the objective of 
enhancing our understanding and characterization of the DSD in urban settings to improving radar 
rainfall retrievals. We examine the DSD properties, their variabilities, and their implication on Z-R 
relationship on two categorized topographic regions, a seasonal scale and throughout rain classes. 
As the DSDs gathered across different precipitation regimes offer significant insights into natural 
DSD variability [30]. This paper builds upon the prior preliminary work completed by [28]. It is 
anticipated that this will enhance our understanding of the microphysical characteristics of 
precipitation and improve the accuracy of radar QPE.  

This paper is organised as follows, Section 2 describes the study area and data used, the DSD 
adjustment methodology, and the seasonal classification. The spatial characteristics of DSD in Mexico 
City and its implication in Z-R relationship are analyzed and discussed in Section 3. Section 4 
provides the conclusions. 
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2. Data and Methodology 

2.1. Study Area and Data Set 

The study area corresponds to Mexico City, located in a large valley in the central-southern part 
of Mexico, surrounded by a mountain range with an average elevation of  2,500 meters above the 
mean sea level. Precipitation in this area primarily arises from convective clouds formed under the 
influence of trade winds that introduce unstable air and moist conditions, along with orographic 
effects, with occasional occurrences during the dry season, particularly from cold-front systems 
[27,31]. 

This research collected DSD measurements at different locations in Mexico City during 
June/2018 and June/2019 using 21 laser-optical disdrometers (Parsivel2) with a temporal resolution 
of 1 min (see Figure 1 and Table 1). The distance between the DSD stations varies from 2.5 to 39.6 km. 
This network of disdrometers was installed by the National Autonomous University of Mexico [32] 
and the instruments are evenly distributed within the political boundaries of Mexico City (black solid 
line in Figure 1). Figure 1 illustrates their geographical locations, together with the topographical 
variability in the region. The mountainous terrain is situated in the southwestern part of the city, as 
depicted in the image. 

 

Figure 1. Spatial distribution of the 21 OH-IIUNAM disdrometer stations located in the flat urban area (black 
points) and high mountain region (red diamond), topographical gradient (background), mean annual 
precipitation isohyets (grayscale lines) and study area (33 km from city center) (black dotted circle) of Mexico 
City. 

The laser-optical disdrometers can simultaneously measure the size and falling velocity of 
particles, with a sampling area of 54 cm2 (18 cm in length and 3 cm in width). The particle size and 
falling velocity are categorised into 32 bins. The bins exhibit non-uniformity, able to measure particles 
ranging from 0.062 to 24.5 mm in size, with fall velocities in the range 0.05 to 20.8 m/s. The primary 
variables exhibit sensitivity to the following value range: raindrop diameter: 0.2–25 mm, rain rate: 
0.001–1200 mm/h and radar reflectivity: -9.999–99.999 dBZ [33]. The disdrometer processor computes 
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N(D) and estimates various integral rainfall variables, such as rain rate, kinetic energy of raindrops, 
radar reflectivity, and precipitation types (e.g. rain, snow, hail, etc) based on particle diameter and 
velocity class [34]. 

The analysis of the collected data revealed that missing data were absent during the rainy period. 
Following the methodologies established by [35] and [7], data pertaining to 1-min N(D) with large 
diameters (Dmax > 8 mm) was excluded to eliminate the potential influence of hail particles in the 
dataset. Furthermore, only data exhibiting values across four or more consecutive diameter classes 
were included to mitigate measurement errors. Finally, N(D) data corresponding to 1 or 2 isolated 
rain minutes were excluded, as they typically indicated very low rain rates (< 1 mm), which may be 
linked to measurement errors and uncertainties, as demonstrated by [36]. A total number of 543,604 
1-min observations from 21 disdrometers were analyzed in this study. 

In urban environments, the distribution of raindrop sizes and rainfall rates demonstrate 
significant spatial and temporal variability. Accurate rainfall estimation necessitates a high density 
of spatial measurements and an understanding of local topography [2,14]. Topographic effects have 
been found to significantly influence raindrop size distribution [37–40]. Therefore, a categorisation of 
disdrometers based on their location and terrain elevation is conducted due to the complexity of the 
terrain in Mexico City. 

Table 1. Geographical coordinates, elevation and region class of the disdrometer stations. 

No. Station name Latitude Longitude Elevation (m.a.s.l.)1 Region 
1 

Acopilco 19.322 -99.329 2949.63 
high 

mountain 
2 

Ajusco 19.215 -99.188 2849.55 
high 

mountain 
3 AMC 19.241 -99.174 2606.05 high 

mountain 
4 Aragón 19.466 -99.08 2226.61 flat urban 
5 

Bosque Real 19.436 -99.283 2401.89 
high 

mountain 
6 CCH ote 19.384 -99.06 2230.26 flat urban 

flat 
7 CCH Vallejo 19.484 -99.141 2232.41 flat urban 
8 Centenario 19.356 -99.239 2514.88 high 

mountain 
9 Coapa 19.288 -99.134 2236.39 flat urban 

10 
Contreras 19.306 -99.247 2542.2 

high 
mountain 

11 Cuajimalpa 19.355 -99.292 2728.35 high 
mountain 

12 Cuauhtenco 19.193 -99.098 2756.71 high 
mountain 

13 IIUNAM 19.329 -99.182 2271.93 flat urban 
14 Prepa8 19.367 -99.195 2298.72 flat urban 
15 SACMEX 19.425 -99.137 2227.14 flat urban 
16 San Bartolo 19.326 -99.28 2751.84 high 

mountain 
17 Tlalnepantla 19.539 -99.195 2249 flat urban 
18 Tulyeahualco 19.25 -99.01 2248.03 flat urban 
19 UAM Az 19.504 -99.189 2241.24 flat urban 
20 

Vista Hermosa 19.372 -99.276 2623.11 
high 

mountain 
21 Xochimilco 19.25 -99.107 2241.76 flat urban 
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1 m.a.s.l. meteres above mean sea level. 

In the first group, 11 disdrometers are analyzed based on their placement in the flat urban region 
of the city, where terrain elevation is below 2300 meters above sea level. The second group, namely 
high mountain region, comprises 10 disdrometers situated at elevations exceeding 2300 meters above 
sea level (see Table 1).  

2.3. Raindrop Size Distribution and Normalized Gamma Function  

Research has shown that the normalized gamma distribution can be used to describe raindrop 
spectra in a range of seasonal and atmospheric conditions [8,41–43]. The primary significance of these 
results is that their parameters have different physical interpretations [7] and facilitate the 
comparison of DSDs with markedly different characteristics, hence enhancing the understanding of 
cloud microphysics [36]. 

The three-parameter normalized gamma distribution can be expressed as follows, according to 
[44] and [7]. 

                𝑁𝑁(𝐷𝐷) = 𝑁𝑁𝜔𝜔𝑓𝑓(𝜇𝜇)( 𝐷𝐷
𝐷𝐷𝑜𝑜

)𝜇𝜇exp[−(3.67 + 𝜇𝜇) 𝐷𝐷
𝐷𝐷0

]                   (1) 

where N (D) is the number of particles/drops per unit volume per interval of diameter (m-4), D is the 
drop diameter (mm), Nw is the normalized intercept parameter (mm-1m-3), µ is the shape parameter, 
Do is the median volume diameter (mm), and f(µ) is given by: 

                            𝑓𝑓(𝜇𝜇) = 6
(3.67)4

                             (2) 

Initially, the mass-weighted mean diameter (Dm) and Nw are computed for each observed 1-
minute distributions through the n-order moment approach [7] assert that Dm is as physically 
significant as Do, facilitating its calculation from the observed spectra. According to [7,8,44], the Dm 
and Nw parameters can be computed by: 

                     𝐷𝐷𝑚𝑚 = ∫ 𝑁𝑁(𝐷𝐷)𝐷𝐷4𝑑𝑑𝑑𝑑∞
0
∫ 𝑁𝑁(𝐷𝐷)∞
0 𝐷𝐷3𝑑𝑑𝑑𝑑

                         (3) 

                 𝑁𝑁𝑤𝑤 = 44

𝜋𝜋𝜌𝜌𝜔𝜔
( 𝑊𝑊
𝐷𝐷𝑚𝑚4

)                                  (4) 

where ρw is the water density and W is the liquid water content (gm-3) given by: 
          𝑊𝑊 = 𝜋𝜋𝜌𝜌𝜔𝜔

6 ∫ 𝑁𝑁(𝐷𝐷)∞
0 𝐷𝐷3𝑑𝑑𝑑𝑑                            (5) 

The aforementioned two parameters are first computed without adjustment of the distribution. 
Nw, which is characterized by two physical quantities (W and Dm), indicates the variation in total 
drop concentration [45] and serves as the intercept parameter of the exponential distribution 
corresponding to the same W and Dm [7]. 

In the sequence, each N(D) data set was normalized using F(Di/Dm) = N(Di)/Nw, where Di is drop 
diameter in i diameter class, and N(Di) is the drop concentration. In this case, only the µ parameter 
determines the best-fitting normalized gamma distribution. The search technique is utilized to 
determine the best µ, which characterizes the normalized shape of the gamma DSD, as delineated in 
equation 16 of [7]: 

  𝐹𝐹𝐹𝐹(X) = Γ(4)
(4)4

(4 + 𝜇𝜇)4+𝜇𝜇

Γ(4 + 𝜇𝜇)
𝑋𝑋𝜇𝜇 𝑒𝑒𝑒𝑒𝑒𝑒[−(4 +  𝜇𝜇)𝑋𝑋]        (6) 

where X represents the relationship D/Dm. 
[46] examined the natural variation of µ values, focusing on identifying the optimal µ within the 

range of -3 to 15, as noted by [8] and similarly by [10]. The initially computed Nw (Eq. [4]) is 
recalibrated utilizing µ as used in Eq. [1] for enhanced parameter adjustment. Regarding the Do 
parameter, [47] suggests use Dm as an estimator, as Do signifies the drop diameter divided into two 
equal segments of the liquid water content, rendering direct measurement exceedingly challenging. 
In gamma DSD, Do is associated with Dm by: 

   𝐷𝐷0
𝐷𝐷𝑚𝑚

= 3.67+𝜇𝜇
4+𝜇𝜇

                                       (7) 

This paper uses the three-parameter normalized gamma distribution described in this section, 
characterized by Nw, Do and µ, to fit the measured DSDs from the 21-disdrometers. 
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2.3. Z-R Relationship  

Enhancing radar quantitative precipitation estimation (QPE) can be achieved by calibrating the 
radar reflectivity-rain rate relationship (Z-R relationship) to local meteorological conditions, hence 
reducing uncertainty in rainfall estimation. The Z-R relationship is frequently represented as a 
power-law equation as introduced by [48]: 

      𝑍𝑍 = 𝑎𝑎 𝑅𝑅𝑏𝑏                                             (8) 
the coefficients a and b are related to the wide range of DSDs expected in natural rain at the location 
of interest. 

Using the results from the normalized gamma DSD fitting, values of R (mm/h) and Z (mm6 m-3) 
are derived from the 3.67th and 6th moments of the DSD and given by [44,49]: 

    𝑅𝑅 = 0.6𝜋𝜋 × 10−3∫ 𝜈𝜈(𝐷𝐷)𝐷𝐷3𝑁𝑁(𝐷𝐷)𝑑𝑑𝑑𝑑                                 (9) 
              𝑍𝑍 = ∫ 𝐷𝐷6𝑁𝑁(𝐷𝐷)𝑑𝑑𝑑𝑑                                           (10) 

where ʋ(D) is the terminal fall velocity of raindrops (m/s). This study utilized the ʋ(D) model 
proposed by [50]. 

The coefficients a and b are estimated using linear regression on log-transformed Z-R time series, 
calculated through least-squares fitting for each disdrometer station. Data with R < 0.5 mm/h are 
excluded from the Z-R time series as suggested by [51], which indicate that very light rainfall results 
in significant dispersion of DSD parameters, causing erratic spectral behaviour, as small drops are 
challenging to measure. 

2.3. Rain Rates Classification and Seasonal Evaluation 

This study aims to assess the impact of various rainfall types on DSD behaviour, focussing on 
the parameters Nw, Do, and µ. The analysis involves classifying 1-minute DSD data from the 21 
disdrometer stations based on rain rate values (similar previous researchers, for example [6,14,52–
54]. 

Six classes are established based on the specified ranges of rain rate values as follows: R<2, 
2<R<20, 20<R<40, 40<R<60, 60<R<100, and R>=100 mm/h. The rain rate for this classification was 
derived using Equation 9. 

The rainfall patterns of Mexico City, marked by different wet and dry seasons [55], are examined 
for their seasonal impact. Previous research has demonstrated clear differences in DSD between 
summer and winter precipitation (for instance, [11]). The DSD parameters and Z-R coefficients are 
classified into two seasons: summer, which includes May to October (the rainy period), and winter, 
covering November to April. Appendix A (Table A 2) contains the specifics of the data set for the six 
rain rate classifications and seasonal intervals. 

3. Results and Discussions 

3.1. Gamma Function Validation 

This study evaluates between 20,190 and 32,762 minutes of rainfall from each disdrometer 
station (complete period), resulting in a cumulative total of 543,604 minutes of observations (see 
Appendix A - Table A 1 for further details). Most rainy minutes, approximately 85.86%, are recorded 
during the summer, while just about 14.14% occur in the winter. 

Using the 1-min N(D) data series of the 21 disdrometers, Figure 2 presents the average measured 
DSDs (solid lines) with the fitted DSDs (dotted lines), employing the normalized gamma distribution. 
Moreover, results for the whole period (June 2018 – June 2019) are shown in panel (a), while results 
for the summer and the winter periods are shown in panels (b) and (c), respectively. The gamma 
distribution shows a good agreement in all three periods.  

To enhance comprehension of the results, raindrop diameter classification is categorized as small 
(< 1 mm), medium (1 - 3 mm), and big (> 3 mm), consistent with methodologies employed in other 
research papers (e.g., [43,53,56,57]). 
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Generally, the forms of the DSD spectrum exhibit resemblance throughout the flat urban and 
high mountainous regions of Mexico City. The drop concentration has a singular peak with diameter 
values ranging from 0 to 1 mm in all analyzed periods and regions. This pattern underscores the 
consistent predominance of smaller droplets. In this peak, the concentration of drops in the upper 
mountain region exceeds that of the flat urban area. 

Other research indicates that this configuration of the DSD spectrum is commonly observed; for 
instance, [10] concentrated on the global characteristics of DSD. In their comparison of DSD 
characteristics across various locations in India, [58] found two peaks in all DSDs, with the initial 
peak falling within the same range as this study. 

The most significant differences in the DSD spectrum between flat urban and high mountain 
regions are identified in drop diameter values >3 mm, increasing to large diameter value across all 
investigated periods. The slope of the DSD is less steep in summer than in winter (Figure 2 b-c), 
indicating a more even distribution of drop sizes and the occurrence of larger drops. Conversely, a 
much gentler slope in the DSD form is observed during winter, indicating a predominance of smaller 
raindrops, hence implying distinct precipitation processes responsible for rainfall. The similarity of 
the DSD for both the complete and summer seasons indicates that the majority of rainfall in Mexico 
City occurs during the summer season. 

The DSD spectrum of Mexico City reveals two points where the behaviours of the regions are 
inverted, indicating that the contribution of small drops (diameters between 0 and 1 mm) and large 
drops (> 6 mm) to the drop concentration is comparatively greater in the high mountain region than 
in the flat urban region, while the reverse is true for medium-sized drops.  

The investigation of the DSD spectrum in Beijing, China, indicated that the curve for the 
mountainous region consistently falls below that of the urban area [15]. Conversely, the Tianshan 
Mountains in China exhibit an opposing behaviour [54]. 

Table 2 presents the mean and standard values of the normalized gamma DSD parameters for 
21 disdrometer stations for the complete period. The parameters of the Nw logarithm (logNw), Do, and 
µ exhibit values ranging from 3.64 to 3.94 mm-1m-3, 0.94 to 1.04 mm, and 6.04 to 8.59, respectively, 
over all disdrometer stations in Mexico City. Based on these findings, the mean local gamma 
parameters are: logNw = 3.77 mm-1m-3, Do = 1.0 mm, and µ = 7.89. 

 
Figure 2. Comparison of the average measured DSDs (continuous lines) and modelled DSDs fitted by the 
normalized gamma distribution (dotted lines) between each period analyzed in the flat urban (a) and high 
mountain (b) region of Mexico City. 

Table 2. Mean values of the normalized gamma DSD parameters, and a and b coefficients for the Z-R relationship 
adjusted for all 21 disdrometer stations for the complete period. 
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 No and Station name 
log(<Nw>) (mm-

1m-3) 
<Do>(mm) <µ> 

a b 
  mean Sd mean sd mean sd 

1 - Acopilco 3.858 3.954 0.994 0.448 8.197 5.332 177.198 1.567 
2 - Ajusco 3.937 4.153 0.944 0.417 8.599 5.382 162.264 1.622 
3 - AMC 3.818 3.945 0.967 0.424 8.585 5.319 179.452 1.644 

4 - Aragon 3.722 3.829 0.992 0.446 6.042 4.723 211.967 1.688 
5 - BosqueReal 3.822 4.078 0.979 0.452 7.723 5.223 187.569 1.644 

6 - CCHOTE 3.649 3.725 1.034 0.482 8.263 5.239 208.757 1.642 
7 - CCHVALLEJO 3.686 3.766 1.031 0.428 8.285 5.165 195.684 1.628 

8 - Centenario 3.790 3.927 1.019 0.449 8.196 5.226 184.630 1.586 
9 - Coapa 3.737 3.814 0.960 0.421 7.844 5.075 196.207 1.620 

10 - Contreras 3.809 3.925 1.026 0.463 7.982 5.307 180.372 1.620 
11 - Cuajimalpa 3.764 3.853 1.006 0.442 8.522 5.319 185.716 1.585 
12 - Cuauhtenco 3.949 4.181 0.952 0.446 8.393 5.423 167.374 1.651 

13 - IIUNAM 3.751 3.965 1.035 0.498 6.628 4.796 206.772 1.657 
14 - PREPA8 3.722 3.824 1.048 0.481 8.012 5.184 203.315 1.590 

15 - SACMEX 3.701 3.840 1.040 0.486 6.845 4.825 217.306 1.653 
16 - SanBartolo 3.872 4.028 0.990 0.443 8.148 5.374 172.911 1.611 

17 - Tlalnepantla 3.653 3.724 1.048 0.462 8.198 5.144 207.021 1.623 
18 - Tulyehualco 3.700 3.863 1.027 0.443 8.280 5.237 204.493 1.588 

19 - UAMAZC 3.708 3.784 1.043 0.466 8.018 5.169 196.593 1.640 
20 - VHermosa 3.846 4.067 0.976 0.451 7.057 5.025 191.456 1.629 
21 - Xochimilco 3.707 3.800 1.045 0.489 7.960 5.184 200.339 1.644 

mean 3.772  -  1.007  - 7.894  -   -  - 

The overall mean results align with those reported by Dolan et al. (2018) for low latitude and 
mean global (logNw 3.94 / 3.95 mm-1m-3 and Do 1.18 / 1.13 mm, respectively), except for the µ 
parameter, where results from this study indicate more than double the mean value.  

The logNw values are comparable to the traditional reference values given by [48] for exponential 
DSD (logNw = 3.9 mm-1m-3). The DSD gamma parameters exhibited variability based on geographical 
location and precipitation type, as shown in other global studies by [8,42,59]. However, they provide 
unequivocal proof that the µ parameter exhibits the most significant variations among locations 
(from -2 to 8.37 from the studies mentioned above), hence affirming the considerable variability of 
the DSD shape, as µ dictates the spectrum's narrowness and width [60]. 

The normalized standard deviation of the mass spectrum (σM) in relation to Dm against µ 
facilitates the assessment of the DSD shape in comparison to the predicted gamma distribution over 
several sites [8,60] (Figure 3a). These results illustrate that the scaled gamma functions accurately 
represent the normalized measured drop size distribution across all disdrometer stations. The 
gamma function might represent the average form of the DSD in Mexico City. 

Regarding the gamma parameters from all stations, Figure 3b illustrates a significant correlation 
with the mean values of logNw and Do [8,30,59]. The inverse relationship between parameters with 
negative slopes is clearly identified, wherein the reduction of logNw is due to the positive deviation 
of Do. This behaviour is intimately associated to with raindrop formation [45]. The development of 
raindrops in cold/warm rain depends on the expansion of small particles by collision, aggregation, 
or coalescence processes, resulting in a low total concentration of drops (logNw) paired with a slightly 
larger mean drop diameter (Do) or vice versa. 
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Figure 3. Average values of σM/Dm (with ±1σ std dev bars) versus average µ (a) and scatter plot of the average 
value of logNw (with ±1σ std dev bars) and average Do (b) from disdrometer stations. Located in the flat urban 
(black points) and high mountain region (red diamonds) of Mexico City. Note: In the right panel (b), MP1948 
(dotted line) refers to the traditional reference for logNw value [48]. 

Figure 4 illustrates the spatial distribution of three DSD gamma parameters logNw, Do, and µ 
modelled for Mexico City based on the interpolation of data from the three distinct analysis periods, 
the complete period (left panels), summer (middle panels) and winter (right panels). A clear spatial 
variation of parameters is identified. This aligns with findings by other studies that have similarly 
documented the regional variability of DSD characteristics [2,20,56,57]. The extent of variance in DSD 
differs globally, however disparities are consistently observed. For instance, [57] demonstrated on a 
smaller scale (0.65–1.7 km) that the values varied greatly, with logNw at 0.92, Dm at 1.39, and µ at 3.5 
among stations on Wallops Island, Virginia, USA. 
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Figure 4. Spatial distribution of the average values of the parameters: logNw (mm-1m-3), Do (mm) and µ adjusted 
for 21 disdrometer station located in the flat urban (black circles) and high mountain region (black diamonds) 
across the study area (33 km) for the complete (a), summer (b), and winter (c) periods. Note: the short color scale 
is used to emphasize the Do variation. 

In all three periods of analysis, the largest logNw values are recorded in the southwestern 
mountainous area; while the Do values present minimal spatial variation with the greatest values 
recorded in the northeastern part of the urban area. This is particularly clear for the results of the 
complete period.  

In the case of the spatial variability of µ a defined spatial pattern with regard to mountainous or 
flat urban regions is not identified. The parameter µ, as previously discussed, is closely associated 
with the shape of the DSD, indicating variations in raindrop concentration (logNw). [60] identified an 
exponential growth tendency between the two parameters. Figure 4a indicates a subtle upward trend 
in µ as the logNw increases, albeit it is not distinctly pronounced. 

The spatial characteristics of the Nw-Do relationship consistently maintain the previously 
established inverse correlation throughout all investigated periods. The values of logNw and Do 
adhere to the topographic gradient (refer to Figure 1), with logNw diminishing from the mountainous 
region to the flat urban area. Similarly, Do experiences a modest increase, with the largest values 
observed in the flat urban area. A question may emerge regarding the rationale behind the flat urban 
area exhibiting this condition. This behaviour may be associated with topographic factors and 
average annual precipitation (see detail in Figure 1). 
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Comparing average values of logNw and the Do in the flat urban and mountainous regions of 
Mexico City. Results show that for the flat urban area logNw (3.7032 mm-1m-3) is lower than that 
registered in the mountainous region (3.8465 mm-1m-3), while Do (1.0275 mm) is slightly larger than 
in the mountainous region (0.9853 mm).A larger concentration of small drops and a lower 
concentration of midsize drops in mountainous regions (see Figure 2) may account for the lower 
mean Do value in these areas compared to the flat urban area. 

Topographic influences predominantly govern the spatial distribution of annual precipitation 
over Mexico City (see greyscale lines in Figure 1). Precipitation in mountainous regions may be twice 
as abundant as in the flat urban region [61]; however, storms tend to be more severe in the urban 
area, potentially due to elevated temperatures of urban surfaces (albedo) and other urbanization 
effects [32,62,63]. The occurrence of the most severe rainfall is influenced by convective activity, as 
seen in the urban area of Mexico City, where we observed larger drops sizes and reduced drop 
concentrations. 

The relationship between topography and DSD remains unknown, with little research dedicated 
to this topic. Some researchers have found that the terrain elevation has a big effect on the structure 
of the rain and, in turn, on the variations in the DSD parameters across space [15,54,64,65]. 

[64] identified a greater number of big drops in orographic rain compared to non-orographic 
rain in the Indian peninsula. Orography enhances precipitation mostly to convective processes on 
hillslopes that elevate moisture, resulting in numerous short-lived showers on summits. In southern 
France, [65] noted that the reduced descent time of droplets from clouds over the mountains results 
in a higher prevalence of small raindrops and diminished characteristic raindrop diameters; hence, 
the coalescence process is less significant over this region. 

When it comes to mountain effects, similar results have been seen in China's Tianshan Mountain. 
The summit region (1941.8 m.a.s.l.) has higher values of logNw and a smaller average diameter size 
(Dm) than the foot region (935 m.a.s.l.) [54]. The minimal altitude variation (only 200 meters between 
urban and mountain zones) in Beijing may have caused the observed contrary behaviour [15]. 

[51], in their examination of DSD fluctuations, discuss the impact of evaporation on Do values, 
noting that evaporation reduces the quantity of small drops, thus increasing Do. Furthermore, in 
addition to the aforementioned effects, evaporation may also be regarded as a contributing element 
in Mexico City. The flat urban area has larger average Do values, and the lower troposphere in this 
area is comparatively drier than in the mountainous region, resulting in enhanced convective effects 
that promote this condition. 

These results indicate that the geographic variation of DSD features from the disdrometer 
network data in Mexico City is significantly influenced by topography, which affects the distribution 
of rainfall in the city. 

The spatial behaviour of DSD parameters estimated over the entire period does not exhibit 
substantial variations compared to those derived during the summer period, as illustrated in Figure 
4 b-c. During the winter period: (i) the range of values across stations increases; (ii) the Do values are 
lower than in summer, resulting in an elevation of logNw, particularly in the southern mountainous 
region; and (iii) the range of µ values shifts to higher values. 

The regional variations in the average seasonal DSDs compared to those calculated for the 
complete period are attributable to distinct rainfall formation processes occurring in each season, 
together with the prevailing type of precipitation [58]. During the winter period in Mexico City, 
precipitation primarily results from cold fronts, leading to a lighter and more spatially uniform 
rainfall intensity compared to the summer, which is characterized by convective rain. 

Considering this, the following relationships will be employed to compare DSD behaviour in 
Mexico City with other studies: Summer convective precipitation and winter stratiform precipitation. 
Numerous authors have demonstrated that convective rain has a higher concentration of elevated 
values of Do and, subsequently, reduced logNw, in comparison to stratiform precipitation 
[8,52,58,59,66]. Nonetheless, these relationships are not general; contrary behaviour is observed in 
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certain regions [6,51], while [10] identified elevated values for both parameters in convective rain 
compared to stratiform rain. 

In convective rain, vigorous updrafts transport small droplets to elevated altitudes, 
subsequently allowing medium droplets to develop from these smaller ones. The hydrometeor 
development process and evaporation effects on certain droplets during descent result in reduced 
precipitation of small droplets during heavy rain (as summarized by [59], leading to an increase in 
drop diameter [67]. 

This corroborates that summer rainfall in Mexico City is linked to a higher prevalence of larger 
droplets with a more uniform and sloping DSD drop size distribution. 

3.2. DSD Variability Due to Rain-Rates  

Recent studies indicate that DSD parameters fluctuate with rain rate, exhibiting greater values 
for convective rain and lesser values for stratiform rain, whereas the DSD transitions towards bigger 
diameters as rain rate escalates [21,29,68]. Figure 5 illustrates the average DSD results in Mexico City, 
derived from six distinct rain rate classifications and the dataset for the complete analysis period.  

The analysis reveals that for the initial two categories (R<2mm/h and 2mm/h ≤R<20mm/h), the 
average drop size distribution (DSD) exhibits a narrow shape, signifying that smaller droplets 
predominantly contribute to the overall number concentration. In rain rate categories with larger 
values (20mm/h ≤R<40mm/h; 40mm/h ≤R<60mm/h; 60mm/h ≤R<100mm/h; R≥100mm/h), the 
distribution of drop sizes (DSD) exhibits greater homogeneity [69], characterized by a broader 
spectral width and reduced slope [36,58]. This is attributed to an increase in the number of bigger 
drops, as indicated by [36].  

Furthermore, a maximum drop concentration is evident across all rain rates for diameters less 
than 1mm, as demonstrated by the results using the complete dataset (Figure 2a). A gradual and 
uniform rise in drop concentration is observed for greater diameters across most of the rain rates 
categories, especially for those representing more severe precipitation values R≥20 mm/h. This 
outcome aligns with findings of [2,52,58]. 

 

Figure 5. Average measured DSDs by 21 disdrometers stations in six rain rate class for the complete period. 

Research indicates that a rise in rain rate correlates with a diminished prevalence of small 
raindrops, as observed in studies of precipitation in tropical regions [6,51,70]. Overall, precipitation 
in Mexico City indicates that, for all analyzed diameters, there is a rise in drop concentration 
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proportional to the rain rate. This aligns with findings reported by prior studies in various global 
areas [58,71–73]. However, [59] only identified this condition for medium and large raindrops on two 
islands in the Western Pacific. 

Figure 6 illustrates the values of logNw, Do, and µ for the six rain rate categories evaluated at 
each of the 21 disdrometer stations. The left panel of the figure indicates that across all stations, the 
mean values of logNw range from 2 to 4.58 mm-1m-3, exhibiting significant variability for higher 
rainfall rate categories (R≥20 mm/h) compared to the initial three categories. The results in the central 
panel depict mean values of Do, ranging from 0.8 to 6.56 mm, exhibiting more variability for rain rates 
over 40 mm/h. The value of Do increases with an increasing rain rate, as heavy rainfall often has a 
higher concentration of medium and big drops compared to smaller ones (see figure 5) [59]. 

The right panel presents the data for the form parameter µ, with a value range from -1.66 to 9.48. 
It illustrates a pronounced decrease from low and moderate precipitation to strong rainfall, with 
negative values observed at specific disdrometer locations. Conversely, as the rain rate class 
increases, the values of Do increase whereas µ exhibits an inverse relationship, hence elucidating the 
observed flatter DSD shape. 

The total duration of rainfall in minutes employed for each class and disdrometer station is 
shown in Appendix A - Table A2.  

 

Figure 6. Average of normalized gamma DSD parameters (logNw left panel; Do middle panel and µ right panel) 
adjusted for each disdrometer station considering six rain rate categories and the complete period of 
measurements. 

The DSD parameters (Nw, Do and µ) across all disdrometer locations showed higher variability 
as the rainfall rate increases, and lower variability for low rainfall intensities. This result indicates 
that during severe storms with higher rain rates, these parameters shift in response to the confirmed 
alteration in average DSD form (slope and width), demonstrating a diverse range of drop sizes, in 
contrast to the prevalence of smaller diameters during light rain events.  

Numerous authors have examined the distinctive variations in DSD parameters across various 
rain rate categories, although they have not reached universal results, particularly for number 
concentration (Nw) and shape (µ) parameters. [52] indicate that the absence of homogeneity among 
studies suggests a consistent shape of DSDs, independent of rain rate, as drop interactions rise as 
precipitation intensifies. 

The findings of the behaviour of Do in Mexico City align with most existing studies 
[2,7,14,36,53,59,72]. Concerning Nw, analogous results were documented by [2] and [14] in China; 
however, this parameter exhibits considerable variation globally with increasing rainfall rates [36,59]. 
The µ parameter exhibits a tendency similar to that identified by [14] and in contrast to the findings 
of [52]. 

3.3. Z-R Relationship in the Mexico City Environment  

The geographic variability of DSD in Mexico City results in differing adjusted Z-R relationships, 
characterized by different a and b coefficients, across disdrometer stations.  
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The coefficients a and b for the 21 disdrometer stations during the complete period are listed in 
Table 2. The values of coefficient a in Mexico City range from 166.72 to 215.77, while the values of b 
fluctuate between 1.15 and 1.67 among stations. 

The Z-R relationship, with coefficients a = 200 and b = 1.6, introduced by [74], is extensively 
utilized in numerous weather radar networks globally, particularly for stratiform precipitation, 
referred to here as M1955 for comparison.  

Figure 7 presents the scatter plot of coefficients a and b for the 21 disdrometer stations, together 
with the MP1955 values (represented by *) and their estimations using the complete (panel a), 
summer (panel b), and winter (panel c) periods. 

 

Figure 7. Scatter plot of a and b coefficients for the 21 disdrometer stations, overall adjusted for each topographic 
region in Mexico City alongside MP1955 values for the complete (a), summer (b) and winter (c) periods. 

The coefficient values demonstrate similar behavioural patterns for both the complete and 
summer periods. All station results approximate the M1955 value; however, a larger number of 
stations demonstrate a significant reduction in the a value and a marginal increase in the b value. 
Moreover, it is evident that the values of the coefficient a have a propensity to cluster based on 
topographic regions (urban and mountainous). This effect is particularly apparent during the 
summer, when the clustering of the points is more pronounced. Conversely, in winter, there exists a 
broader spectrum of values in both coefficients, resulting in greater data pair dispersion relative to 
the M1955 value. 

Figure 8 illustrates the spatial variation of coefficients a (top panels) and b (bottom panels). This 
is assessed using spatial interpolation of point estimates of the coefficients for the complete (left 
panels), summer (middle panels), and winter (right panels) periods. Coefficient a exhibits distinct 
regional variability, whereas coefficient b has more spatially homogeneous values throughout Mexico 
City across all examined periods. The greatest geographical variation in both coefficients occurs in 
winter, which is characterized by less precipitation, mostly due to different rainfall-generating 
processes. 
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Figure 8. Spatial distribution of a (top panels) and b (bottom panels) coefficients adjusted for 21 disdrometer 
stations located in the flat urban (black circles) and high mountain region (black diamonds) across the study area 
(33 km) for the complete (a), summer (b), and winter (c) periods. 

Throughout all examined periods, the coefficient a exhibits a trend towards lower values in the 
southwestern region (mountainous area), whereas larger values are observed in the flat zone (urban 
area). It is noteworthy that coefficient b exhibits a comparable geographical distribution in both 
complete and summer seasons; however, an ambiguous spatial distribution of these values is 
observed during winter.  

This feature indicates that the fluctuation of the two coefficients is primarily associated with the 
joint variance of DSDs. Coefficient a indicates the size of raindrops, whereas coefficient b pertains to 
microphysical processes [59]. When comparing these results with the behaviour of DSD parameters 
(described in Section 3.1), the coefficient a exhibits a spatial distribution pattern similar to Do (Pearson 
correlation of maps, r = 0.96) and the inverse of logNw (r = -0.98) throughout all periods (see Figure 
4). 

Taking into consideration the evidence of coefficient value change due to topography and 
seasonality, Figure 9 illustrates the Z-R relationship utilizing data from all disdrometer stations 
throughout each topographic group for complete (a), summer (b), and winter (c) periods.  

The Z-R relationship coefficients indicate that the flat urban zone exhibits higher values, 
particularly for the coefficient a, compared to the high mountainous region. Particularly during the 
winter season, the coefficient b exhibits an inverse relationship between urban and mountainous 
regions, but with minimal differences. The summer period, characterized by increased convective 
activity, exhibits values comparable to those for the complete period. The winter season has lower 
coefficients than the summer season across all regions.  

The Z-R relationship coefficients for the flat urban region are generally similar to those reported 
by M1955, exhibiting marginally elevated a and b values over all assessed periods. Nonetheless, 
values recorded in the mountainous region exhibit considerable disparities with M1955 over all 
examined periods. These results indicate that both coefficients might vary regarding the topographic 
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gradient within Mexico City. This indicates the need for a regionalization of these coefficients within 
the metropolis.  

The coefficient values for the complete and summer periods are comparable to those identified 
in the preliminary assessment for Mexico City utilizing data from nine disdrometers [28]. 
Nonetheless, during winter, they observed elevated coefficient values compared to summer, contrary 
to the findings presented here; this discrepancy may be attributed to a limited investigation period 
and the quantity of stations evaluated. 

 

Figure 9. Z-R scatter plot from the fitted normalized gamma DSD using all disdrometer data of each topographic 
region (top panels mountainous and bottom panels flat urban). The equation in the graphs shows the overall Z-
R relationship for the complete (a), summer (b), and winter (c) periods. 

Previous studies have concentrated on examining these characteristics through local or regional 
calibration, demonstrating clear spatial, altitudinal, and temporal variability [36]. The coefficients a 
and b can fluctuate significantly throughout various global regions, with a ranging from 16 to 900 and 
b from 0.7 to 2.9, as documented by [75–77]. 

[70] and [78] examined various cities in Brazil and identified the following overall coefficients: a 
= 176.5 and b = 1.29 for Maceió, a = 288.5 and b = 1.5 for Cascavel, and a = 236 and b = 1.5 for Curitiba. 
[52,59,79] demonstrate significant variability in coefficients for tropical rain, influenced by 
geographical location, particularly for coefficient a (a = 61.75 – 368 and b = 1.30 – 1.61), through their 
assessments of Taiwan, Palao, Singapore, and Dakar, respectively. 

[66], using [75,77], indicate that the majority of a and b values (75%) often fall within the ranges 
of 150 to 550 and 1.19 to 1.7, respectively. The coefficients derived in this study for two regions of 
Mexico City align with those documented in the literature. This is the first study employing a vast 
network of 21disdrometers in an urban setting. 

4. Conclusions 

This study utilized an extensive operational disdrometer network with high spatio-temporal 
resolution in Mexico City to investigate, for the first time, changes in the local drop size distribution 
(DSD) attributable to seasonal fluctuations, rainfall rates, and topography regions (flat urbans and 
high mountains) within the urban environment. 
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The results indicated that in Mexico City, the DSD modelling employing the normalized gamma 
distribution provides an adequate fit, regardless of the disdrometer location or season being 
investigated. Nonetheless, regional heterogeneity in DSD parameters in flat urban and mountainous 
areas was observed. Additionally, it was noted that during the winter season the DSD presents a less 
uniform distribution given by its steeper slope. The findings indicate that the diversity of DSD 
features is influenced by topographic and climatic conditions, arising from distinct precipitation 
generating processes within the metropolis. 

An inverse correlation between the parameters Nw and Do was identified, which geographically 
aligns with the topographic gradient. On average, the storms that descend in Mexico City’s flat urban 
zone have marginally larger raindrop diameters than those that occur in the mountainous area. This 
is attributed to the increased convective activity in the summer within the flat urban area. The winter 
season features higher concentrations of smaller raindrops, resulting from the precipitation due to 
the incidence of cold fronts.  

For severe rain intensities (R > 20 mm/h) a more uniform and flatter DSD shape was registered, 
along with increased dispersion of DSD parameter values among disdrometer sites, particularly for 
intensities larger than R > 60 mm/h. An increase in Do values and a reduction in µ with ascending 
rain rate classes was also noted, attributed to the influence of severe convective activity and 
significant variation in DSD form, respectively. 

The heterogeneity in the features of the DSDs leads to the clear identification of a geographic 
variability in the coefficients (a and b) of the Z-R relationship in Mexico City. Large coefficient values 
are observed in the flat urban zone, where coefficient a exhibits an inverse correlation with the spatial 
distribution of logNw and a direct correlation with Do. The greater geographical variability of 
coefficients was registered during the winter season, leading to diminished total coefficient values 
across all regions. Furthermore, across all examined periods, results suggest the necessity for the 
regionalization of Z-R coefficients inside the city. 

Results underscore the significance of investigating local DSD characteristics and their impact 
on the spatial-temporal variability of the Z-R relationship in Mexico City and elsewhere. This implies 
that urban settings exhibit considerable variability in the Z-R relationship, which must be 
acknowledged to enhance radar quantitative precipitation estimations.  
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Appendix A 

The Appendix A presents details of data from used in this study. 

Table 1. Summary of data evaluated from 21 disdrometer stations. . 

  Data period: June/2018 - June/2019  

Station Name  
Rainy minutes  Rainfall* (mm/h)  Reflectivity* (dBz)  

complete  summer  winter  mean  max  mean  max  

Acopilco  32672  28227  4445  1.96  90.43  19.69  56.20  

Ajusco  31365  26262  5103  1.58  86.58  18.42  55.25  

AMC  25952  21541  4411  1.49  65.24  18.53  54.79  

Aragon  20653  17244  3409  1.68  90.94  18.83  54.58  

BosqueReal  27502  24224  3278  1.78  76.21  18.66  55.45  

CCHOTE  22321  19231  3090  1.73  84.63  18.96  54.54  

CCHVALLEJO  22124  18724  3400  1.67  72.99  19.67  53.22  

Centenario  26510  23302  3208  1.95  128.62  19.87  56.11  

Coapa  22822  19694  3128  1.48  84.80  17.81  54.05  

Contreras  27240  23868  3372  2.04  78.92  20.18  54.60  

Cuajimalpa  30379  26722  3657  1.88  109.64  19.37  54.85  

Cuauhtenco  25245  20351  4894  1.48  96.74  18.19  54.62  

IIUNAM  25712  22663  3049  2.09  104.18  19.45  55.63  

PREPA8  24393  21353  3040  1.95  85.47  20.02  55.44  

SACMEX  22498  20341  2157  1.74  73.28  19.39  54.48  

SanBartolo  29099  25162  3937  1.94  97.07  19.72  55.21  

Tlalnepantla  23393  19625  3768  1.77  153.31  19.77  55.11  

Tulyehualco  20190  16888  3302  1.50  113.93  19.04  55.04  

UAMAZC  22746  19413  3333  1.86  105.66  19.94  54.65  

VHermosa  29872  26285  3587  1.83  137.46  18.20  58.81  

Xochimilco  21916  17898  4018  1.75  84.00  19.04  53.54  

∑¹/mean²  534604¹  459018¹  75586¹  1.77²  96.20²  19.18²  55.05²  

%  100  85.86  14.14             

Table 2. Summary of rainy minutes for the six rain rate classes for 21 disdrometer stations. . 

 Data period: June/2018 - June/2019  

Station Name 2>R 2<=R<20 20<=R<40 40<=R<60 60<=R<100 100<=R 

Acopilco 24517 7721 341 77 16 0 

Ajusco 25423 5586 255 71 21 9 

AMC 21252 4495 159 44 2 0 

Aragon 16784 3584 212 51 13 9 

BosqueReal 21800 5301 299 82 19 1 

CCHOTE 18174 3803 264 56 23 1 

CCHVALLEJO 17501 4351 221 46 5 0 

Centenario 20139 5946 349 59 14 3 

Coapa 19096 3496 174 44 12 0 
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Contreras 20443 6321 371 78 24 3 

Cuajimalpa 23464 6514 302 79 19 1 

Cuauhtenco 20549 4419 210 41 20 6 

IIUNAM 20192 4959 422 85 46 8 

PREPA8 18684 5298 304 71 26 10 

SACMEX 17810 4394 243 42 9 0 

SanBartolo 22234 6504 265 51 39 6 

Tlalnepantla 18576 4478 288 41 7 3 

Tulyehualco 16013 3946 187 37 5 2 

UAMAZC 17737 4684 238 67 19 1 

VHermosa 23450 6063 267 69 21 2 

Xochimilco 17259 4233 347 53 14 10 

mean 20052.24 5052.19 272.29 59.24 17.81 3.57 
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