
P
os
te
d
on

21
N
ov

20
22

—
C
C
-B

Y
-N

C
-N

D
4
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
10
02
/e
ss
oa
r.
10
50
4
99
2.
1
—

T
h
is

a
p
re
p
ri
n
t
an

d
h
as

n
ot

b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
at
a
m
ay

b
e
p
re
li
m
in
ar
y.

The new Mountain Observatory of the Project “Optimizing Cloud

Seeding by Advanced Remote Sensing and Land Cover

Modification (OCAL)” in the United Arab Emirates: First results

on Convection Initiation

Oliver Branch1, Andreas Behrendt2, Osama Alnayef2, Florian Späth2, Thomas Schwitalla2,
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Abstract

In this study, we discuss a new mountain peak observatory in the United Arab Emirates (UAE). Using coordinated scan patterns,

a Doppler lidar and cloud radar were employed to study seedable convective clouds, and identify pre-convection initiation (CI)

clear-air signatures. The instruments were employed for approximately two years in an extreme environment with a high

vantage point for observing valley wind flows and convective cells. The instruments were configured to run synchronized polar

(PPI) scans at 0°, 5°, and 45° elevation angles and vertical cross-section (RHI) scans at 0°, 30°, 60, 90°, 120°, and 150° azimuth

angles. Using this output imagery, along with local C-band radar and satellite data, we were able to identify and analyze

several convective cases. To illustrate our results, we selected two cases in unstable conditions - the 5 and 6 September 2018.

In both cases, we observed areas of convergence/divergence, particularly associated with wind flow around a peak 2 km to the

south-west. The extension of these deformations were visible in the atmosphere as high as 3 km above sea level. Subsequently,

we observed convective cells developing in the same directions – apparently connected with these phenomena. The cloud radar

images provided detailed observations of cloud structure, evolution, and precipitation. In both convective cases, pre-convective

signatures were apparent before CI, in the form of convergence, wind shear structures, and updrafts. These results demonstrate

the value of synergetic observations for understanding convection initiation, improvement of forecast models, and cloud seeding

guidance.
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 Advanced remote sensing synergies are essential for the understanding of convection 19 

initiation and the forecasting of seedable clouds.  20 

 Scanning Doppler lidar and cloud radar facilitate observation of clear air dynamics and 21 

the subsequent evolution of convective cells.  22 

 During two cases, the decisive role of low level orographic wind flow distortion and 23 

convergence is exemplified and quantified. 24 

Abstract  25 

In this study, we discuss a new mountain peak observatory in the United Arab Emirates 26 

(UAE). Using coordinated scan patterns, a Doppler lidar and cloud radar were employed to 27 

study seedable convective clouds, and identify pre-convection initiation (CI) clear-air 28 

signatures. The instruments were employed for approximately two years in an extreme 29 

environment with a high vantage point for observing valley wind flows and convective cells. 30 

The instruments were configured to run synchronized polar (PPI) scans at 0°, 5°, and 45° 31 

elevation angles and vertical cross-section (RHI) scans at 0°, 30°, 60, 90°, 120°, and 150° 32 

azimuth angles. Using this output imagery, along with local C-band radar and satellite data, 33 

we were able to identify and analyze several convective cases. To illustrate our results, we 34 

selected two cases in unstable conditions - the 5 and 6 September 2018. In both cases, we 35 
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observed areas of convergence/divergence, particularly associated with wind flow around a 36 

peak 2 km to the south-west. The extension of these deformations were visible in the 37 

atmosphere as high as 3 km above sea level. Subsequently, we observed convective cells 38 

developing in the same directions – apparently connected with these phenomena. The cloud 39 

radar images provided detailed observations of cloud structure, evolution, and precipitation.  40 

In both convective cases, pre-convective signatures were apparent before CI, in the form of 41 

convergence, wind shear structures, and updrafts. These results demonstrate the value of 42 

synergetic observations for understanding convection initiation, improvement of forecast 43 

models, and cloud seeding guidance. 44 

1. Introduction  45 

Here we present a unique synergy of scanning Doppler lidar and cloud radar on a peak of the 46 

Al Hajar Mountains in the United Arab Emirates (UAE). The purpose of this unique 47 

observatory is to study the clear-air pre-convective environment, convergence lines, and 48 

subsequent convection initiation (CI). 49 

The UAE is one of the Arabian Peninsula's driest countries with an annual precipitation 50 

amount varying from 20-40 mm up to 140-150 mm per year (Almazroui, 2012; Sherif et al., 51 

2014). Furthermore, the whole region is projected to be extremely vulnerable to climate 52 

change (Pal and Eltahir, 2016) and UAE precipitation is projected to decrease by 20% by the 53 

year 2050 and 45% by 2100, compared to the period 1961 to 1990 (Odhiambo, 2017). In 54 

order to counteract this water scarcity, the ‘UAE Research Program for Rain Enhancement 55 

Science’ (UAEREP, see http://www.uaerep.ae) was initiated to intensify scientific research 56 

into deliberate weather modification. This program focuses primarily on cloud seeding 57 

approaches and operational hygroscopic seeding has been ongoing for some time in the UAE. 58 

However, much research remains to reduce the uncertainty of convective cloud seeding 59 

efficacy, especially relating to the detection of positive impacts within acceptable attribution 60 

error limits (e.g. see Breed et al., 2007; Bruintjes, 1999).  61 

Other rain enhancements approaches are also now being considered, particularly weather 62 

modification through deliberate land-surface change (see Becker et al., 2013; Branch et al., 63 

2014; Branch and Wulfmeyer, 2019; Wulfmeyer et al., 2014) and such methods may be more 64 

efficient and reliable than cloud seeding. In that context, the University of Hohenheim 65 

proposed the project ‘Optimizing Cloud Seeding by Advanced Remote Sensing and Land 66 

Cover Modification’ (OCAL) and was funded by UAEREP for a duration of three years 2016-67 

2019. 68 

In this context, the OCAL sub-project had the following aims: 69 

1. To provide the UAE with unique modeling and observational capabilities for 70 

improving cloud process understanding, forecasting, and cloud seeding guidance 71 

2. To study the effect of land surface modifications on the initiation and amplification of 72 

convective precipitation over the UAE 73 

http://www.uaerep.ae/
https://ocal.uni-hohenheim.de/en/homepage


3 

 

 

This particular study primarily addresses the first aim and is based on the following 74 

objectives:  75 

 O1: Improve understanding and forecasting of convergence zones and CI in the UAE 76 

 O2: Provide the UAE with the knowledge towards an operational forecast system 77 

optimized for high‐resolution cloud and precipitation forecasts  78 

These objectives are based on the following two hypotheses: 79 

 H1: Better understanding and modeling of the pre‐convective environment and CI is a 80 

pre‐requisite for an improved simulation of clouds and precipitation 81 

 H2: For reliable guidance on cloud seeding an NWP‐based nowcasting system is 82 

necessary including the assimilation of clear‐air remote sensing data 83 

H1 is based on the fact that current model systems still have severe deficiencies simulating 84 

the pre‐convective environment leading to the formation of clouds (e.g. Heinze et al., 2017; 85 

Macke et al., 2017; Nelli et al., 2020a). Good simulations of dynamics and thermodynamics 86 

are prerequisites for accurate cloud modeling. This requires both advanced clear‐air and cloud 87 

observations and the development of model systems operating down to the turbulence-88 

permitting scale (e.g. see Bauer et al., 2020). 89 

H2 states that the best means of incorporating clear‐air, cloud, and precipitation 90 

measurements within model simulations is data assimilation (e.g. Pu et al., 2010; Schwitalla 91 

and Wulfmeyer, 2014; Thundathil et al., 2020) which leads to an optimal analysis of 92 

meteorological conditions. In contrast, cloud seeding guidance from nowcasting, based on 93 

existing remote sensing data alone, e.g., satellite radiances and radar, suffers from erroneous 94 

results, with little lead time for initiating cloud seeding operations. This is mainly due to 95 

missing information concerning the clear‐air thermodynamic environment, e.g., upper level 96 

inversions as well as inflows and outflows of moisture. A NWP‐based nowcasting system can 97 

provide optimized performance with respect to the simulation of clouds for process 98 

understanding and cloud seeding guidance. 99 

Two other studies were conducted within the OCAL project to address objectives O1 and O2. 100 

The first study provides context for regional orographic convection initiation. In this study, 101 

we generated statistics of summer CI events between 2010 and 2016 for the Al Hajar 102 

Mountains by identifying CI from satellite brightness temperatures, using regionally-103 

prescribed thresholds (Branch et al., 2020). The second study provided a step toward a cloud 104 

seeding forecast system, using a convection-permitting (CP) model ensemble approach, 105 

evaluated with surface meteorological and remote sensing data (Schwitalla et al., 2020). In 106 

these works, insight was gained into the necessary pre-convective environment for CI, via 107 

measured and simulated indices such as convective available potential energy (CAPE). These 108 

insights have been extremely valuable, complementing several other regional forecasting and 109 

verification studies (Chaouch et al., 2017; Fonseca et al., 2020; Francis et al., 2020; Valappil 110 
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et al., 2020; Wehbe et al., 2019), and observational and process studies (Karagulian et al., 111 

2019; Nelli et al., 2020a, 2020b; Weston et al., 2019).  112 

To further address objective O1 and hypothesis H1, a key component of our research was the 113 

realization of new measurements of the pre‐convective environment and convection CI. There 114 

have been several observational and modelling studies on convective process employing 115 

instrumentation synergies (e.g. Aoshima et al., 2008; Bauer et al., 2015; Behrendt et al., 2011; 116 

Groenemeijer et al., 2009; Schwitalla et al., 2020; Smith et al., 2014; Wulfmeyer et al., 2011). 117 

However, to our knowledge a synergy of clear-air and cloud measurements has not been 118 

attempted before in this region. 119 

To address this omission, we employed a scanning Doppler lidar (DL) and Doppler cloud 120 

radar (DCR), to be operated at a site where convection initiation and precipitation 121 

development are likely during the campaign. The DL allows us to observe clear-air dynamics, 122 

given the presence of sufficient aerosols, and the Doppler cloud radar enables us to study 123 

larger cloud hydrometeors as well as cloud dynamics. Both instruments were configured with 124 

synchronized alternating polar plane indicator (PPI) and range height indicator (RHI) modes 125 

scan patterns. The observations should provide deep insights into convective processes in the 126 

Al Hajar Mountains and identify the necessary pre-convective conditions for seedable clouds.  127 

We demonstrate the value of the observatory with two convective case studies using the DL 128 

and DCR observations, complemented by data from precipitation radar, geostationary 129 

satellites, radiosondes, and analysis/reanalysis model simulations from the European Centre 130 

for Medium-Range Weather Forecast (ECMWF). These data provide context in respect to 131 

synoptic atmospheric conditions, and comparisons with our observations in respect to clouds 132 

and precipitation.      133 

The structure of this work is as follows. In Section 2 ‘Materials and Methods’, we describe 134 

the study area and its characteristics; we discuss the rationale behind the selection of our 135 

measurement observatory; we provide detail of the instruments and corresponding 136 

measurements; and describe the other datasets used for the study. In Section 3 ‘Results and 137 

Discussion’ we introduce the two convective case studies used to illustrate our observations 138 

and present our findings. Finally, in Section 4 ‘Summary’ we discuss the implications of our 139 

study. 140 

2. Materials, methods, and logistical preparations 141 

Our approach for executing the OCAL observatory campaign was as follows: 142 

1. Conduct an investigation into regional climate particularly with respect to precipitation 143 

and clouds over the UAE. 144 

2. Design optimal observatory configuration, including the selection of suitable 145 

instruments and configuration for remote operation and data collection. 146 
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3. Select optimal mountain site based on climatological/logistical constraints. 147 

4. Conduct observational campaign for 1-2 years. 148 

5. Analysis of DL and DCR observations during case studies, alongside several other 149 

remote sensing and model datasets 150 

Steps 1-4 are now presented in the following sections. The analysis in Step 5 is presented in 151 

Section 4 (Results). 152 

2.1. Geography and climate of the study region 153 

2.1.1. UAE and surrounding regional climate 154 

The climate over the north-east Arabian Peninsula, where the UAE is located, is controlled 155 

generally by four weather systems: a) troughs which originate from the Atlantic and 156 

Mediterranean Sea in winter, b) the summer monsoon, c) cyclones from the Arabian Sea 157 

during June and October, and d) locally forced convective storms over the Al Hajar 158 

Mountains in summer (Branch et al., 2020; Bruintjes and Yates, 2003; Steinhoff et al., 2018). 159 

The UAE climate is characterized predominantly by high temperatures and very scarce 160 

precipitation. However, there are annual cycles, with the maximum precipitation and 161 

minimum temperatures occurring in winter, and the reverse in summer. Annual precipitation 162 

in the UAE ranges between 20-40 mm in the drier west to 130-140 mm in the higher Al Hajar 163 

Mountains of the east, mainly produced in the winter-spring time period according to Sherif et 164 

al. (2014). It should be noted however that rainfall in the region is difficult to measure, and to 165 

quantify with any certainty from existing rainfall data, between which there is considerable 166 

variability (Wehbe et al., 2019). In terms of cloud cover, clouds tend to occur more often over 167 

the Arabian Gulf during winter, whilst in the summer they are more prevalent over the Al 168 

Hajar Mountains (Kumar and Suzuki, 2019). In fact, there is a distinct west-east cloudiness 169 

trend, with more clouds occurring in the east close to the Al Hajar Mountains (the cities of Al 170 

Ain and Fujairah) than further west (Abu Dhabi and Sharjah) (Yousef et al., 2019). Despite 171 

this trend, during the summer (June to August [JJA]) in the Al Hajar region, subtropical 172 

subsidence inhibits summer precipitation to the extent that it represents only around 20% of 173 

the annual amount. And yet, summer in the Al Hajar Mountains may still likely to present the 174 

most potential for rainfall enhancement, given the more frequent occurrence of cumulus 175 

clouds during this season (Kumar and Suzuki, 2019; Yousef et al., 2019). For these reasons, 176 

the study area, and the observatory would be located within the Al Hajar Mountains, and a 177 

general focus would be on summertime periods. In the UAE the meteorological summer 178 

extends from June-September. 179 

2.1.2. Al Hajar Mountain range 180 

The Al Hajar Mountains extend for approximately 400 km between 22.5°N and 26.4°N 181 

latitude, and between 55.8°E and 59.7°E longitude in the eastern UAE/northern Oman (see 182 

Figure 1a). The range runs parallel to the north-eastern coast of the Arabian Peninsula, with 183 
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the highest point reaching 3009 meters in Oman (Jebel Shams). There are distinct geophysical 184 

zones on each side of the mountains with coastal plains on the east side and desert and gravel 185 

plains to the west. Vegetation on the mountains is sparse, but some scrublands and woodlands 186 

do exist at lower elevations, and fruit trees are grown in the cooler valleys (Branch et al., 187 

2020; Chambers et al., 2016). Generally, irrigation is needed to maintain vegetation on a 188 

permanent basis. 189 

From June to September, weather conditions are often complex in the mountains, with 190 

summer convection being initiated by complex phenomena acting in concert. Upper-level 191 

disturbances from the southern monsoon flows can transport moisture towards the Arabian 192 

Peninsula and the UAE, especially when the position of the oscillating Inter Tropical 193 

Convergence Zone (ITCZ) is favorable (Böer, 1997; Bruintjes and Yates, 2003; Schwitalla et 194 

al., 2020). There are also daytime sea breezes from both the Gulf of Arabia to the north, and 195 

the Gulf of Oman to the east, which can penetrate up to 50 km inland (Eager et al., 2008). At 196 

night, as the land-sea temperature gradients reverse, land breezes then develop which may 197 

interact with the southerly low‐level nocturnal jet extending up from further south in Oman 198 

(Ranjha et al., 2015). The properties of this nocturnal jet may influence the strength and 199 

nature of the sea breeze on the following day (Schwitalla et al., 2020). Due to high sensible 200 

heat fluxes over land and the low‐level wind shear induced by the sea breeze and low-level 201 

jet, boundary‐layer convective motion often self-organizes into horizontal convective rolls 202 

(Schwitalla et al., 2020), with a structure thought to be determined by the ratio of the 203 

boundary‐layer height and the Monin–Obukhov length (Weckwerth et al., 1997). These 204 

phenomena interact in such a way that the sea breeze advects moisture from the sea and the 205 

convective rolls transport the moisture vertically upwards. These local circulations are 206 

complicated further by the heterogeneity of the terrain and landscapes on either side of the 207 

mountains which lead to differential heating. These flows combine to initiate sporadic 208 

convective storms particularly in summer (e.g. Branch et al., 2020), and these can be intense 209 

enough to cause flash floods and erosion (Chowdhury et al., 2016; Wehbe et al., 2019). 210 

Sporadic flashfloods provide a much need resources, with large quantities of water being 211 

collected with dams for agricultural and residential use. 212 

As part of our regional climate assessment, for the first time in the eastern UAE we generated 213 

multi-year statistics of summer CI events from 2010 to 2016 (see Branch et al., 2020) based 214 

on Meteosat (MFG) radiances (see Figure 1). The relatively few detectable CI events (387) 215 

occurring over the seven years reflects the aridity of the region. However, the available pixel 216 

resolution for the MFG longwave radiances was only around 5 km, which means that smaller 217 

convective cells may not have been detected and only the most substantial CI events were 218 

captured. It is possible that other deep convective clouds with a more limited horizontal scale 219 

occurred somewhat more often, and these smaller cells may in fact provide the best 220 

opportunity for rainfall enhancement. However, we can still see that larger-scale deep 221 

convective events do tend to initiate more toward the west of the mountains.  222 



7 

 

 

 223 

Figure 1: Study area – The Al Hajar Mountains in the eastern UAE/northern Oman, showing elevation 224 
[m.a.s.l] and a line marking the highest ridge through the mountains. Also marked on the map are 225 
summer CI events (2010-2016) as derived by Branch et al. (2020) from a Meteosat 8 infrared channel data 226 
using a back-tracing method. The times of CI occurrence are also indicated as dot colors. 387 events were 227 
detected. 228 

2.2. Selection of instrumentation 229 

The following combination of instruments was chosen to study CI in the mountain range:  230 

 a passive microwave radiometer (Radiometer Physics Gesellschaft mit beschränkter 231 

Haftung (RPG)-Humidity And Temperature PROfile (HATPRO), RPG-HATPRO) 232 

described by Temimi et al. (2020). Unfortunately, this data was not available during 233 

the analysis undertaken in this study. 234 

 An AWS meteorological station was also generously added (later in our campaign) by 235 

the UAE’s National Center for Meteorology (Al Farfar available at 236 

https://www.ncm.ae). The station measures standard variables such as temperature, 237 

humidity, pressure, wind speed, and wind direction. The station also contained a sky 238 

camera for visual inspection of weather conditions.   239 

To order to observe the wind, aerosol particle, and cloud fields from the top of the OCAL 240 

observatory at Al Farfar, two remote sensing instruments from the Institute of Physics and 241 

Meteorology (IPM) at the University of Hohenheim were deployed: 242 
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 a HALO Streamline XR scanning Doppler lidar from Halo Photonics to measure the 243 

wind and aerosol fields in clear air. 244 

 a MIRA-35 Ka-band scanning polarization Doppler cloud radar to measure cloud 245 

wind, reflectivity, and depolarization. 246 

Analysis of observations from these last two instruments are the main focus of this work. A 247 

schematic of the intended scan patterns and scan ranges (as given by the manufacturer) are 248 

shown in Figure 2. The instrument scan patterns were synchronized and set to operate in a 249 

continuous pattern with a full sequence lasting one hour. The sequence included 360° rotating 250 

scans (plane-position indicators or PPIs) at elevation angles of ~0° and 45°, and six 180° 251 

vertical sweeps starting at 0°, 30°, 60°, 90°, 120°, and 150° azimuth angles (range-height 252 

indicators or RHIs). This sequence was designed to best capture low and mid-level 253 

perspectives of dynamics, cell evolution, and clouds simultaneously. A more detailed look at 254 

the programmed scan patterns and instrument specifications are shown in the following 255 

descriptions. 256 

 257 

Figure 2: Schematic of the DL and DCR range and plane-position indicator (PPI) and range-height 258 
indicator (RHI) scan patterns to generate polar and vertical cross-section images. In reality, more scans 259 
patterns are programmed than seen here. In green, the maximum range of the DL is shown, and in 260 
orange, that of the DCR. Background imagery taken from Google Earth Pro (2019). 261 

2.2.1. Doppler lidar (DL) 262 

The Streamline XR Doppler lidar system from Halo Photonics allows a specified extended 263 

measurement range up to ~12 km (manufacturer specifications). It uses a wavelength of 264 

1.5 µm and a pulse repetition rate of 10 kHz. The DL uses aerosols and small particles in the 265 
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free atmosphere as wind tracers and can also provide data from inside of thin clouds. The 266 

lidar has a freely movable scanner head to point the laser beam in all directions. The measured 267 

wind velocity vector is orientated along the laser beam, known as line-of-sight wind velocity 268 

(hereafter, referred to simply as wind velocities in reference to the DL and DCR 269 

measurements). Interpretations of these however must account for this partial measurement of 270 

the vector field. During OCAL, the DL sampled the wind along 6 range-height indicator 271 

(RHI) scans in 6 azimuthal directions (0°, 30°, 60°, 90°, 120°, and 150°) and along two 360° 272 

plane-position indicator (PPI) scans with elevation angles of 0° and 45°. The scan pattern is 273 

illustrated in Figure 2. The RHI scans were performed between -5° and 185° elevation angles, 274 

i.e. -5° under the horizon. The scan speed was 3°/s and with an integration time of 1 s and an 275 

angular resolution of 3°. Data were stored up to a range of 12 km with a range resolution of 276 

30 m and the first reliable data point was at a distance of 60 m but the maximum range 277 

depends on the atmospheric conditions (number of scatters needed to produce a sufficiently 278 

high signal-to-noise ratio, and atmospheric attenuation of the laser radiation). The full scan 279 

pattern was timed to be repeated every 15 minutes. The DL operated fully autonomously and 280 

continuously, even during precipitation and severe weather events, with no operator 281 

intervention required. With a remote connection, the system status and the measurement 282 

configuration could be supervised and data could be downloaded. ‘Quick-look’ images were 283 

created in real time and uploaded to a server to be used also by other project partners, and for 284 

quality control. For analyses, we stored and assessed the Doppler velocity, the backscatter 285 

coefficient, and the signal-to-noise ratio. 286 

Measurement period: Jul 2017-Apr 2019. Data availability was >70%. The DL sensor was 287 

maintained between 31 August 2017 and 1 February 2018 by HALO Photonics in the UK. 288 

Additionally, there were three short measurement interruptions (< 24 hours) due to power 289 

cuts, after which, immediate automatic rebooting took place under remote and local 290 

supervision. More details of DL specifications and operation can be found in Table A1 in the 291 

Appendix. 292 

2.2.2. Doppler cloud radar (DCR)  293 

The DCR instrument is a MIRA-35 Doppler cloud radar (Görsdorf et al., 2015) which 294 

operates on a Ka-band frequency of 35.1 GHz, and is developed and manufactured by Metek 295 

GmbH. Due to its longer wavelength, the radar signal is sensitive to larger objects than the 296 

DL such as larger cloud droplets, raindrops, and ice crystals. Consequently, it extends the 297 

velocity measurements to the insides of clouds where the DL signal is quickly blocked. 298 

Therefore, the DL and DCR measurements complement each other. The main technical 299 

specifications of the MIRA-35 radar are listed in Table 1.  300 

The DCR has a movable scanner unit allowing the beam to be orientated freely in all 301 

directions. Similar to the lidar, the measured wind velocity of the DCR is in line-of-sight with 302 

respect to the radar beam. The performed scan pattern was synchronized to that of the DL as 303 

closely as possible both directionally and chronologically. Six RHI scans (azimuth of 0°, 30°, 304 
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60°, 90°, 120°, 150°) and two PPI scans (5°, 45°) were executed every 15 minutes. The first 305 

PPI scan was set with an elevation angle of 5° because the nearby roof, on which the DL was 306 

placed, would have blocked the radar beam set at an 0° elevation. The scan speed was 3°/s 307 

and with an integration time of 1 s and an angular resolution of 3°. Data were stored up to a 308 

range of 15 km with a range resolution of 30 m and the first reliable data point was at a 309 

distance of ~60 m. Once deployed, the DCR was set to operate autonomously and 310 

continuously with minimal operator intervention. System status and alarm messages were sent 311 

via internet connection, facilitating daily supervision of the system. As for the DL, ‘quick-312 

look’ images were created in real time and uploaded to a server to be used also by other 313 

project partners and for quality control.  314 

For our analyses, we recorded the Doppler velocity and radar reflectivity. Other data products 315 

of the system like peak width, linear depolarization ratio and skewness were also stored. 316 

Measurement period: Jul 2017-Apr 2019. Data availability was >95%. There was a break for 317 

a cable repair between 3 October 2018 and 31 October 2018. Additionally, there were three 318 

short measurement interruptions (< 24 hours) due to the aforementioned power cuts, after 319 

which, immediate automatic rebooting took place under remote and local supervision). More 320 

details of DCR specifications and operation can be found in Table A1 in the Appendix. 321 

2.3. Selection of measurement site 322 

The site for the OCAL Observatory was selected first and foremost on a scientific basis, but 323 

also with some necessary logistical considerations. We developed our meteorological and 324 

geophysical criteria in a way that would best meet our objectives – namely, to observe both 325 

the pre-convective environment and the orographic processes leading to CI, including valley 326 

flows and convergence lines. Our criteria for an ‘optimal’ site were as follows: 327 

 Moist convection should ideally occur several times within the project timeframe. 328 

Therefore, there should be occasional CI events occurring around the observatory, 329 

determined statistically through observations. 330 

 To observe low-level convergence lines, the observatory should be in a prominent 331 

position with a clear viewpoint in many directions, to allow for measurements down to 332 

0° and even negative elevation angles.      333 

 The observatory location should be representative of the Al Hajar Mountain climate. It 334 

should therefore not be situated where very unusual conditions exist, such as on a very 335 

high peak, close to a particularly large valley or the ocean, or toward the edge of the 336 

mountains. 337 

Technical and project-related prerequisites were that the observatory should have: 338 

 A high-elevation location in the Al Hajar Mountains, within the UAE, accessible by 339 

road with (mostly) unblocked hemispherical view 340 
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 Access to a reliable power source including 3-phase AC electricity (for the DCR) 341 

 Access to a telecommunications network for monitoring and data retrieval 342 

With these criteria in mind, we selected seven candidates for a suitable site, initially through 343 

analysis of satellite imagery, and subsequently via terrestrial and low-level aerial surveys. 344 

The candidate sites are shown together alongside the aforementioned detected summer CI 345 

events from Branch et al. (2020), in Figures 3a and 3b. It can be seen that several, though not 346 

many, CI events were detected in the region of the measurement sites in the summers between 347 

2010 and 2016. Most CI events occurred to the west and south of the measurement sites (3a 348 

and 3b).  349 

 350 

Figure 3: Images of Al Hajar Mountains in the eastern United Arab Emirates and northern Oman (panel 351 
a). Marked in red are the candidate measurement sites initially chosen for surveys and final selection. 352 
Marked in blue are summer convective initiation events as detected from Meteosat data for 2010-2016. 353 
Marked in green are the cities of Fujairah and Al Ain in the UAE. Panel b shows a close-up view of the 354 
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candidate sites. Panel c shows a 3D view of the chosen site looking north (site 3 from panel b). Panel d is a 355 
layout of the observatory including radio station and transmission towers, and instruments. Background 356 
imagery taken from Google Earth Pro (2020). 357 

Several proposed sites were discounted after due consideration. Site 2 was available but had 358 

no power source. Sites 6 and 7 likewise, were deemed to be too close to the coast to be 359 

optimal and Sites 4 and 5 were located in sensitive military areas close to the border of Oman, 360 

and as such permissions were not available. Furthermore, Site 4 was considered to be sub-361 

optimal because it sits at the north edge of a broader, deeper valley running east-west (Figure 362 

3b). It was feared there might be a dominating influence by this valley, and it would be less 363 

representative of the mountain terrain overall. This influence from larger valleys may indicate 364 

why one of the broadest valleys, situated to the south, east of the city of Al Ain (marked in 365 

green on Figure 3a) had the highest observed density of summer CI events in the Al Hajar 366 

Mountains between 2010-2016. This valley, although interesting scientifically, is situated 367 

outside of the UAE though. 368 

With consideration of all criteria, we finally selected Site 3 as the best candidate. This is the 369 

Jabal Umm al Farfar peak at 730 m above sea level at 25.1662°N, 56.1758°E in the emirate of 370 

Fujairah (site henceforth named Al Farfar). Al Farfar is located higher than most nearby 371 

mountains, allowing a remarkably unrestricted horizon-viewpoint in most directions for at 372 

least 2-3 km (see Figure 3c), the only exception being a slightly higher peak to the north 2 km 373 

away at 25.1844°N, 56.1703°E, which is ~850 m.a.s.l and a peak of similar height 2 km to the 374 

south-south-east. Because of its prominent location, and position in relation to the city of 375 

Fujairah, Al Farfar houses a radio transmission station for the Fujairah FM radio station. This 376 

comprises several permanently-staffed buildings and 2 large transmitter towers - the highest 377 

of which is 110 m tall (see Figure 3d). Such towers of course mean a slight obstruction, but 378 

the blockage is relatively narrow and can be accounted for when interpreting the output of the 379 

instruments. On the other hand, having such an installation there provided a big advantage in 380 

terms of in-situ infrastructure like power, communications, access, security, support in 381 

instrument maintenance, and thankfully permissions. Al Farfar sits on the northern edge of an 382 

east-west orientated valley which links the desert plains in the west with the city of Fujairah 383 

on the east coast, via a road which traverses ~34 km through the mountains. Being situated 384 

halfway along this pass (the coast is 19 km away) it was deemed to be not too close to the 385 

coast or to the desert to the west as to be unrepresentative of the mountain terrain. 386 

Additionally, although Al Farfar is connected to the coast by the valley, it is relatively narrow 387 

and not so deeply cut into the mountains. Because of this limited scale, it was judged at the 388 

time that the valley should not likely be an overly dominant effect on CI.  389 

In summary, Al Farfar was judged to offer the best all round position from a scientific 390 

viewpoint, i.e., i) a prominent viewpoint in most directions, ii) good representativeness in 391 

terms of the mountain terrain and iii) situated far enough west to have a good chance of 392 

observing CI events (as detectable using the Meteosat MFG method of Branch et al. (2020). 393 

From a logistical viewpoint, it offered excellent infrastructure for a substantial campaign – 394 

albeit with an extremely challenging access road for delicate instruments. 395 
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2.3.1. Installation and positioning of instruments at observatory 396 

The transport and installation of the instruments to Al Farfar was extremely challenging due 397 

to the poor access road, which is extremely steep, at times exceeding a 1:2 slope. 398 

Furthermore, the road was occasionally damaged and made impassable by flash floods and 399 

needed to be repaired. Consequently, the surface was very uneven and our approach toward 400 

the mountain top needed to be very slow to protect the delicate instrumentation (> one-hour 401 

drive from the mountain base to the top). Images of the transport of the DCR to Al Farfar are 402 

shown in Figure 4a and 4b.  403 

The final positioning of the DL and DCR at the observatory are shown in Figure 4c and 4d 404 

and also in Figure 3d. The DL was installed on a single-story flat roof to provide the best 405 

possible vantage point, with the correct orientation in respect to magnetic north (Figure 3, 406 

left). The DCR was positioned within 20 m of the DL, and was also orientated in respect to 407 

magnetic north (Figure 4d). The final positions of both instruments were adjusted to avoid 408 

blocking by the large radio towers with respect to the vertical RHI scans. Some blocking 409 

during the PPI scans was naturally unavoidable, and this was taken into account during the 410 

interpretation of images.  411 

 412 

Figure 4: Images of the transport of the DCR and the final positions of the DL and DCR on site. Panel 413 
(a) shows the night time transport of the DCR scanner up to Al Farfar at 01:08 local time. Panel (b) 414 
shows the loading of the DCR trailer onto the AWD vehicle at NCM in Abu Dhabi, before transport 415 
to the mountains. Panels (c) and (d) show the final positions of the DL and DCR respectively, with the 416 
white arrows showing approximate compass headings. The personnel involved in the transport, 417 
shown in panel (b), are pixelated for privacy reasons. 418 



14 

 

 

2.4. Other datasets used for analysis 419 

2.4.1. Soundings 420 

Standard radiosonde data were taken from the twice-daily launches at Abu Dhabi 421 

International Airport. They were available at both 00:00 and 12:00 UTC (04:00 and 16:00 422 

local-time (LT)). The launching station is 174 km away to the west of the OCAL field 423 

observatory, and with a lower elevation, but this was the closest available data. The 424 

radiosonde data was obtained from the Department of Atmospheric Science at the University 425 

of Wyoming in the United States. As well as deriving a Skew-T diagram from the radiosonde 426 

data, we extracted convective available potential energy (CAPE), convective inhibition (CIN), 427 

and precipitable water (PWAT) to characterize the stability of the atmosphere along the 428 

radiosonde track. 429 

2.4.2. Geostationary Satellite Imagery 430 

In order to provide wide gridded coverage of the distribution of clouds, High Rate Level 1.5 431 

Image Data was taken from the SEVIRI sensor aboard the Meteosat-8 (MSG) geostationary 432 

satellite, situated equatorially at a longitude of 41.5°E over the Indian Ocean. Two channels 433 

were used to assess the presence of clouds and corresponding brightness temperatures: the 434 

High-Resolution Visible [HRV] channel at a wavelength of 0.6 μm (∆x ~1 km) the infrared 435 

(IR) channel at a wavelength of 10.8 μm (∆x ~3 km). 436 

2.4.3. ECMWF operational analysis model data 437 

To show the synoptic weather situation, we assessed geopotential height at 500 hPa, U and V 438 

components at 850 hPa and column integrated water vapor. These fields were retrieved from 439 

the European Centre for Medium-Range Weather Forecasts (ECMWF) Integrated Forecasting 440 

System (IFS), in the form of 6-hourly operational analysis data on the 41r1 cycle, on standard 441 

pressure levels. The model horizontal grid increment is 0.125° (~12 km) with 137 vertical 442 

levels up to 0.01 hPa.  443 

2.4.4. ECMWF ERA5 Reanalysis data 444 

To show the static stability of the atmosphere during our two cases, convective available 445 

potential energy (CAPE) was used. We retrieved this field from the European Centre for 446 

Medium Range Weather Forecasting (ECMWF) ERA5 reanalysis dataset. ERA5 is derived 447 

from the ECMWF Integrated Forecasting System (IFS), and employs a horizontal grid 448 

spacing of 0.28125° or ~30 km. The model data is then retrospectively corrected with 449 

observations (Hersbach et al., 2020).  450 

2.4.5. UAE precipitation radar network 451 

To provide a wider context for our measurements and show precipitation in conjunction with 452 

the cloud radar measurements, we retrieved reflectivity data from the National Center for 453 
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Meteorology (NCM) C-band precipitation radar network (5596-5622 MHz). Vertical 454 

resolution is 0.75 km with a horizontal resolution of 500 m. The location and range of the 455 

radars are shown in Figure 5. Detailed technical and historical information on the UAE radar 456 

network can be found in a report by NCAR (2005).  457 

Figure 7b indicates a large land-based heat low over the western Arabian Peninsula which is 458 

typical for this hot desert. This low-pressure draws southerly-westerly winds over the UAE. 459 

Integrated water vapor is 27-30 mm m-2 over the north-eastern UAE coast indicating 460 

moderately high moisture in the atmosphere. Figure 7c shows very high static instability 461 

indicated over the Gulf of Oman and the north-eastern tip of the UAE, with CAPE values of 462 

up to 7000 J kg-1. These quantities indicate that even though conditions further to the west 463 

were stable (e.g. in the city of Abu Dhabi), the atmosphere close to the OCAL observatory 464 

was strongly primed for moist convection.  465 

 466 

Figure 5: Location of UAE C-Band precipitation radar network with 6 radar sites. Three of those sites 467 
overlap with the Al Farfar measurements observatory – Abu Dhabi, Al Ain, and Dubai. 468 

3. Results 469 

3.1. Case studies 470 

Here we present two interesting cases – the 6 September 2018 which was a relatively strong 471 

convective case and the 5 September 2018 which is a weaker convective event. These were 472 

selected, based on analysis of the lidar and cloud radar quick-look images, alongside satellite 473 

and ground precipitation radar imagery. A central focus of this analysis is to compare what 474 

insights can be gleaned from readily available data during these convective cases, with those 475 

gained from high resolution observations at the observatory – particular in respect to 476 

convective process and the pre-convective environment. Hence for each case, we present first 477 
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analyses of satellite imagery and precipitation radar, followed by observations from the DL 478 

and DCR. 479 

3.1.1. The 6 September 2018 – a stronger convective case 480 

Satellite and precipitation radar - on the 6 September, scattered convective cells appear 481 

over the northern Al Hajar Mountains, with a large precipitating convective cloud developing 482 

over the OCAL observatory at ~9:00 to 9:30 UTC (13:00 to 13:30 LT). This can be seen in 483 

Figure 6. The Meteosat HRV visible channel shows a small cloud appearing just to the south-484 

west of the OCAL observatory at around 8:30 UTC (6a). In the previous time step (8:15) 485 

there are no clouds visible nearby. At both of these times, the Meteosat brightness 486 

temperature (BT) (derived from 10.8 μm channel radiances) is 309.5 K directly over the 487 

observatory. At 9:00 UTC, the cell strengthens and appears directly over the observatory (6b), 488 

and the BT drops to 273.0 K. At 09:15 it drops further to 266.2 K. In the precipitation radar 489 

imagery, the first signal only appears at 09:30 (6c) with a maximum reflectivity of 45 dBZ 490 

near the observatory.  491 

 492 

Figure 6: Satellite imagery (top panels (a) and (b)), and ground-based precipitation C-band radar (bottom 493 
panel (c)) on 6 September 2018. The satellite imagery is based on Meteosat-8 SEVIRI sensor data and 494 
shows the High Resolution Visible (HRV) channel (0.6 μm) in greyscale. The C-band precipitation radar 495 
images show the vertical-maximum reflectivity [dBZ] as derived from 20 measured levels. 496 
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Weather situation, from ECMWF operational analysis and ECMWF ERA 5 reanalysis 497 

model data – The 00:00 UTC radiosonde profile from Abu Dhabi Intl. Airport (Figure 7a) 498 

indicates warm surface temperatures at >32° C with low surface humidity at ~7-10 g kg-1, 499 

which dries off rapidly with height. Surface winds are southerly. There is a fairly stable 500 

environment with a high level of free convection (LFC) at roughly 600 hPa, and CAPE and 501 

CIN values are close to zero and with a moderate column PWAT of 23.2 mm. We selected the 502 

preceding radiosonde to the first cloud appearance (on 6 September ~9:00 to 9:30 UTC) to 503 

assess the pre-convective environment. However, this is nine hours after the launch. Given the 504 

time lag and the 173 km distance to the launch site, the radiosonde can only provide a 505 

coarsely representative picture of the pre-convective environment in the region. Panels 7a 506 

shows the synoptic weather situation based on ECMWF analysis data, and panel 7b shows 507 

atmospheric static stability (CAPE) over the east coast of the UAE and the OCAL observatory 508 

at 08:00 UTC, based on ECMWF ERA5 data. The time of 08:00 UTC is approximately one 509 

hour before the first appearance of clouds near the observatory and so provides an overview 510 

of the pre-convective environment.  511 

 512 

Figure 7: Weather situation for 6 September 2018, as illustrated by a Skew-T diagram (panel a), and 513 
synoptic meteorology (panels b and c). The Skew-T diagram shows vertical profiles of virtual temperature 514 
(right bold curve) and dew point (left curve) at 12:00 UTC – measured by radiosonde at Abu Dhabi 515 
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International airport. CAPE is the area bounded on each side by the non-bold right curve and the parcel 516 
path. Isopleths of temperature, mixing ratio, moist/dry adiabats, and total CAPE/CIN and precipitable 517 
water (PWAT) are indicated. The synoptic situation (b), was derived from ECMWF operational analysis 518 
data, and shows geopotential height at 500 hPa (filled contours) [m.a.s.l], wind barbs at 850 hPa [m s-1] 519 
and integrated water vapor [mm] – at 06:00 UTC. Panel (c) shows virtual CAPE based on ERA5 data [J 520 
kg-1] – at 06:00 UTC.    521 

Figure 7b indicates a large land-based heat low over the western Arabian Peninsula which is 522 

typical for this hot desert. This low-pressure draws southerly-westerly winds over the UAE. 523 

Integrated water vapor is 27-30 mm m-2 over the north-eastern UAE coast indicating 524 

moderately high moisture in the atmosphere. Figure 7c shows very high static instability 525 

indicated over the Gulf of Oman and the north-eastern tip of the UAE, with CAPE values of 526 

up to 7000 J kg-1. These quantities indicate that even though conditions further to the west 527 

were stable (e.g. in the city of Abu Dhabi), the atmosphere close to the OCAL observatory 528 

was strongly primed for moist convection.   529 

Observations at the OCAL observatory – Figure 8 shows selected PPI and RHI scans from 530 

the DL just around the time of the first cloud development close to the observatory on the 6 531 

September. The range shown is 5 km which exceeds the DL range on this day – determined 532 

both by the amount of aerosol particles required for backscattering, the atmospheric 533 

extinction, and the laser’s performance. Figures 8a to 8c show PPIs at a 0° elevation. The red 534 

colors in all scans indicate a line-of-sight velocity in a direction away from the lidar, and a 535 

blue color is towards the DL. A white color indicates either very low or zero wind speeds, or 536 

more likely a wind direction which is normal to the laser beam. If these transitions occur at 537 

the position of the lidar, e.g. directly at the PPI center, this would only indicate the change in 538 

laser beam direction with respect to mean wind flow. If it occurs away from the DL then this 539 

can indicate wind shear or convergent/divergent flows. From 8a, we can see that the mean 540 

surface wind direction is generally from an easterly direction. Panels 8a to 8c show a flow 541 

distortion around 1.5-2 km to the south-south-west of the lidar (indicated by black circles), 542 

which is almost certainly due to the presence of a mountain peak slightly higher than the 543 

observatory (8d). It appears that the easterly valley flow directly south of the observatory is 544 

distorted here creating a convergence line as the winds flow over and around this obstruction. 545 

Such orographic flows can provide a lifting mechanism which can initiate convection in the 546 

right conditions (e.g. Behrendt et al., 2011; Smith et al., 2014). Figure e-g show vertical RHI 547 

scans on roughly the same azimuthal plane toward this hard target (30°) and we can observe 548 

the steady development of an updraft over the lidar between 8:46 and 09:17 UTC (also 549 

circled) which corresponds approximately with the distance to this flow distortion, in panels 550 

8a to 8c. We may surmise then this updraft is directly attributable to the flow distortion. 551 
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 552 

Figure 8: Doppler lidar PPI (El 0°) and RHI (AZ 30°) wind velocity scans on the 6 September 2018. Also 553 
shown is the relative position of a peak of similar elevation (hard target) ~2 km south-south-west from the 554 
OCAL observatory. 555 

Figures 9 and 10 show images from the DCR which require larger droplet sizes to provide a 556 

Doppler signal (note the difference in the plotted DL and DCR ranges). with a signal 557 

indicating the presence of clouds and/or falling hydrometeors. Rapid velocities within or 558 

below clouds can therefore reflect the fall speeds of hydrometeors – again assuming line of 559 

sight velocities. Figure 9 shows corresponding PPI images with elevation angles of 0° and 45° 560 

(panels a to c, and d to f, respectively). Panel 9a shows no signal at 8:53 UTC meaning there 561 

are no clouds or hydrometeors reaching the observatory level. Panel 9b shows the first signal 562 

to the west of the DCR. This also corresponds to the visible satellite image where a cloud 563 

forms to the west and south (Figure 6a). In 9e we can see the increasing development of 564 

clouds toward the west and south with line of sight fall velocities of 5-10 m s-1. These 565 

hydrometeors start to reach the ground at 9:08 UTC (9b). At 9:26 UTC we see the presence of 566 

a significant single cell over the DCR with up and downdrafts of at least 10 m s-1 with a 567 

widespread area of precipitation at the ground (9c). The initiation and depth of this cell can be 568 

seen in the 30° RHIs in Figure 10. Figure 10a shows the time just before CI is apparent in this 569 

plane (09:00 UTC) and the subsequent appearance of the cell which reaches up to 8 km in 570 

height (10b), along with strong updrafts above 4 km height and greater downdrafts and fall 571 
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speeds below 4 km. Interestingly, the position and direction of this cell (1.5-2km, ~210° from 572 

north) corresponds to the direction and distance of the hard target (as seen also in Figure 9e).  573 

 574 

Figure 9: PPI velocity scans (5° and 45°) from the DCR on the 6 September 2018. 575 

 576 

Figure 10: 30° RHI velocity scans from the DCR on the 6 September 2018. 577 

In this case study, we can observe from the DL scans in Figure 8 that there were already 578 

strong signs in the pre-convective clear air environment that CI may occur. This was even 579 

before the first signs of hydrometeors in the DCR at around 9:00 UTC and certainly long 580 

before precipitation becomes visible in the C-band radar at 9:30 UTC (6c). Figure 8e clearly 581 



21 

 

 

shows the onset of strong updrafts 10-15 minutes before clouds develop (see also Figure 9d to 582 

9e).  We may surmise that the visible low-level flow distortion was the decisive trigger of the 583 

development of the cell and its position, with upper air phenomena in the wider region 584 

providing the overall conditions required for CI.  585 

3.1.2. The 5 September 2018 – a weaker convective case 586 

From satellite and precipitation radar – on the 5 September, two faint convective cells 587 

appear in the HRV visible channel to the south of the OCAL observatory at ~10:15 UTC 588 

(14:15 LT) (Figure 11). A stronger cell develops over and to the south of the OCAL site at 589 

11:15 UTC (observatory BT is 287.4 K). These cells dissipate, or move away and then 590 

another larger cell is apparent over the observatory at 12:15 UTC (11d). At this point the 591 

observatory BT is 291.5 K, which indicates a lower cloud height than at 11:15 UTC. 592 

However, the 10.3 μm channel has a 3 km spatial resolution in contrast with the 1 km HRV 593 

channel, and hence some error might be expected in terms of strong but isolated cells. In the 594 

C-band precipitation radar imagery, there is only a single faint signal at 12:36 UTC (11d) in a 595 

small patch to the south of the observatory, and this only shows a maximum reflectivity of 596 

~15 dBZ.  597 

 598 

Figure 11: As for Figure 6 but for the 5 September 2018. 599 
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Weather situation, from ECMWF operational analysis and ECMWF ERA 5 reanalysis 600 

model data – The radiosonde Skew-T in Figure 12a shows very hot surface conditions in at 601 

Abu Dhabi Intl. Airport at 12:00 UTC, when the largest cells were observed around the 602 

observatory. The observed conditions are similar to the 6 September. The surface humidity is 603 

quite low at 7 g kg-1 and a statically stable atmosphere is indicated with a high LFC at 600 604 

hPa, almost zero CAPE, and a moderate PWAT of 26.3 mm. The synoptic situation, as seen 605 

in the ECWMWF analysis data (12b), shows quite similar conditions to the 6 September – 606 

with an area of low pressure dominating the western Arabian Peninsula and south-westerly 607 

winds crossing over the eastern UAE and the Gulf of Oman. However, the integrated water 608 

vapour over the Al Hajar Mountains near the OCAL site is higher at around 30-33 mm m-2. 609 

Figure 12c indicates an area of high CAPE to the east of the Al Hajar Mountains but with 610 

more moderate values - up to 3500 J kg-1 at the eastern UAE coast. Higher values of up to 611 

5000 J kg-1 occur further out to sea. Hence, the atmosphere over the UAE Al Hajar Mountains 612 

is also primed for convection, but perhaps fractionally less so than on the 6 September. This 613 

appears to be well-reflected in the higher number and size of clouds on the 6 September 614 

(Figure 6), as compared to the 5 September (Figure 11). 615 

 616 

Figure 12: Daily weather situation for the 5 September 2018. All plot variables are the same as for Figure 617 
5 except for the Skew-T plot which is at 12:00 UTC. 618 
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Observations at the OCAL observatory – During this case, we observed two different 619 

occurrences of CI – one around 10:30-11:00 and one at 12:00 to 12:30. These are presented 620 

respectively in Figures 12 and 13. Figure 13 shows a series of DL and DCR PPIs and RHIs at 621 

differing elevation and azimuth angles. The mean wind direction is easterly with speeds of 622 

around 5-7 m s-1 (13a). Similar to the 6 September, we can see a visible flow distortion 623 

attributable to the hard target at both low (13a) and high level (13b). The visible flow 624 

distortion at ~ 2 km in a 45° PPI indicates an impact at the same height of 2 km (because Tan 625 

45° = 1). This indicates the potentially strong impact of moderate orography high into the 626 

atmosphere. The DCR images (13e to13f) show the first appearance of hydrometeors (in these 627 

geometric planes) occurs sometime after 11:00 UTC, which indicates that these flow 628 

distortions were ongoing long before clouds developed. In 13b we can also see a small 629 

convergent zone almost at the PPI centre to the west of the DL. In the DL RHIs (13c to 13d) 630 

we can see some structures between 0.75 and 2 km in height to the south-west of the DL, 631 

correspondingly with that seen in the circle in 12b. These appear to be turbulent structures and 632 

wind shear. These may be attributable to the hard target impact, but this is not certain. In 13f 633 

we have marked a 60° azimuthal transect on the 45° PPI which passes through the cloud to 634 

the south-west. The cell structure is visible with areas of strong up and downdrafts are clearly 635 

seen. Figures 13e and 13g respectively, show the corresponding DCR and DL 60° RHI just 636 

before. The DCR shows the cloud base at around 3-4 km height, the size of the cloud (2-3 km 637 

wide), and the up/downdraft velocities (reaching 10 m s-1). The DL image (13g) also shows 638 

the cloud base at around 3 km height (circled). Again, we conclude that areas of flow 639 

distortion, wind shear and finally updrafts (13d) are clearly captured by the DL within the 640 

clear air environment (13a to 13d), quite some time before clouds develop at ~11:18 UTC. 641 
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 642 

Figure 13: Scans from the first visible cell on the 5 September (between 10:15 and 11:30 UTC). Selected 643 
RHI and PPI scans from both the DL and DCR are presented from varying angles. 644 

Then there is a short break where no nearby clouds are visible (Figure 14a) between 12:00 645 

and 12:20 UTC. However, we can clearly see the continuance of some updrafts in the 30° and 646 

60° DL RHIs directly above the observatory (14e and 14f). At 12:26 UTC, hydrometeors 647 

appear (14b) but at some distance away >3 km. At around 12:31 UTC the cell develops and 648 

moves closer to the observatory (1-2 km) (14d). At this point, updrafts reach velocities of 10 649 

m s-1 below 4 km, fall speeds reach 5 m s-1 at ~4 km height, and precipitation is visible at the 650 

ground. This cloud is also clearly visible in the DL RHI at ~4 km height (14g). 651 

Again in the DL scans, we can see dynamics in the clear air environment that precede cell 652 

development visible with the DCR. Once the cloud has developed, we can then see much 653 

more detail and structure with the DCR. In particular, the precipitation signal is seen some 654 

time before the C-band radar (11d) which only indicates light reflectivity of 15-20 dBZ, at 655 

12:36. 656 
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 657 

Figure 14: Scans from the second visible cell on the 5 September (between 12:00 and 13:00 UTC). PPI (El 658 
45°) and RHI (AZ 60°) DCR scans and RHI (AZ 30° and 60°) DL scans from the 5 September. 659 

4. Summary 660 

The objective of the high elevation OCAL observatory was to provide a means to investigate 661 

CI and orographic convective clouds in the Al Hajar Mountains, and the preceding clear-air 662 

environment, all well as identifying pre-convective signatures for CI. By doing so, we aim not 663 

only to improve our process understanding, particularly in respect to orographic CI, but also 664 

to provide a means of nowcasting seedable clouds – a key objective of the OCAL Project. To 665 

achieve these goals, we have employed a synergy of complementary instruments (DL and 666 

DCR), in a highly challenging arid environment, to assess dynamics in clear air and in clouds. 667 

We have compared the output with readily available satellite, radar, and model data to assess 668 

the added value of employing shorter range but higher resolution instruments to gain deeper 669 

insights into regional orographic convective cells.  670 

We have observed that the 1 km resolution HRV channel (0.6 μm) of Meteosat provides a 671 

good overview of cloud development over large areas and allows us to identify convective 672 

cells with a horizontal extent >1 km. However, it provides little to no information about 673 

processes occurring before or during CI. Brightness temperatures derived from the thermal 674 

infrared (10.8 μm) channel can be useful for tracking cell development and the identification 675 

of CI locations (e.g. Branch et al., 2020) but due to the coarser 3 km resolution of the SEVIRI 676 

sensor at 10.8 μm, this only accounts for larger convective cells. The resolution is likely to be 677 
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improved in the proposed Meteosat Third generation. Similarly, the long-range UAE C-band 678 

radar network provides useful observations of precipitation over the whole UAE. However, 679 

we have seen that the C-band radar, suffers from blocking by the Al Hajar Mountains (Branch 680 

et al., 2020; Wehbe et al., 2020), and also tends to be rather late in identifying the onset of 681 

precipitation, when compared with the DCR for instance. This latter issue may indicate a lack 682 

of sensitivity, perhaps requiring a revision in the Z-R relationship.    683 

The DL and DCR, using synchronized scan patterns, provide complementary insights into 684 

when and how convective cells develop, their evolution, and structure thereafter. The DL 685 

captures the pre-convective clear air dynamics at low and high levels, including the updrafts 686 

necessary for CI, and the subsequent cloud base after CI. Once cloud droplets have reached a 687 

certain size, one is then able to observe the cloud and precipitation dynamics with the DCR, 688 

alongside the DL scans.  689 

One of the main outcomes of the study has been the identification of clear-air signatures in the 690 

DL, which occur before CI. Low-level flow distortion and convergence caused by orographic 691 

geometry can penetrate far into the atmosphere. We can deduce from the close proximity of 692 

the cell and the flow distortion, that in unstable conditions these flows are influencing CI. 693 

However, further examination is warranted to provide confirmation into the relative 694 

contribution of this valley flow to CI, e.g. under differing atmospheric conditions. We can 695 

also investigate the influence of other known regional phenomena such as horizontal 696 

convective rolls or sea breezes (e.g. see Branch et al., 2020; Francis et al., 2020; Schwitalla et 697 

al., 2020). In any case, the DL clearly captures the appearance of the updrafts some time 698 

before CI occurs, which implies that forecasting of seedable clouds with a reasonable lead 699 

time could be feasible in the Al Hajar Mountains, e.g. with a network of relatively 700 

inexpensive Doppler lidars. Such a lead time is critical for cloud seeding operations, where a 701 

latency exists between a forecast and the deployment of seeding aircraft. To increase forecast 702 

certainty, clear air DL measurements, and standard meteorological charts, could be 703 

supplemented with convective indices like CAPE or lifted index, and also more sophisticated 704 

regional indices (e.g. Branch and Wulfmeyer, 2019; Findell and Eltahir, 2003). Lidar/radar 705 

data can also be assimilated to improve the forecast system (e.g. Kawabata et al., 2018; 706 

Schwitalla and Wulfmeyer, 2014; Thundathil et al., 2020) Observations could be 707 

supplemented still further with by ground-based remote sensing (Wulfmeyer et al., 2015), 708 

especially continuous very high-resolution thermodynamic profiling with lidar (e.g. Behrendt 709 

et al., 2020; Lange et al., 2019; Späth et al., 2016). These would provide much more accurate 710 

profiles of lower and upper atmosphere at much higher spatiotemporal resolution than 711 

radiosondes or models can offer (e.g. Behrendt et al., 2011; Corsmeier et al., 2011). 712 

In summary, this study has demonstrated the value of employing this synergy of instruments 713 

with synchronized scan patterns in a high elevation observatory for assessment of clear air 714 

and cloud dynamics. The OCAL observatory provides an excellent platform for studying the 715 

whole process chain of orographic CI within the Al Hajar Mountains, and shows potential as a 716 

timely forecasting system of seedable clouds.  717 
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Appendix 

Table A1: Specification and operation details of DL and DCR. 

Streamline XR Doppler lidar 

Specifications 

Manufacturer HALO Photonics 

Type Moveable scanner, all hemispherical directions 

Wavelength 1.5 µm 

Pulse repetition 10 kHz 

Stated line-of-sight range 12 km 

Variables Line-of-sight Doppler velocity, backscatter coefficient, signal-to-noise ratio 

RHI scans 
190° vertical scans from -5° to 185° elevation angles at 0°, 30°, 60°, 90°, 120°, and 150° 

azimuth angles 

PPI scans 360° azimuthal scans at 0° and 45° elevation angles 

Scan synchronicity All RHIs and PPIs synchronized with their equivalents in the DCR 

Scan speed, integration time, 

angular resolution 
3°/s, 1 s, and 3° respectively 
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Range resolution 60 m 

Scan sequence duration 15 mins 

Measurement period Jul 2017-Apr 2019 

Data availability >70% 

Significant breaks 31 August 2017 to 1 February 2018 – sensor maintenance  

Quicklooks Available at https://ocal.uni-hohenheim.de/en/rc1 

MIRA-35 Doppler cloud radar 

Specifications 

Manufacturer Metek GmbH 

Type Moveable scanner, all hemispherical directions 

Frequency Ka-band, 35.1 GHz 

Peak power 30 kW 

Pulse length 200 ns 

Pulse repetition frequency 5 kHz 

Minimum range 0.15 km 

Maximum range 15 km 

Range resolution 30 m 

No. of pulses for FFT 256 

No. of spectra for averaging 200 

Sensitivity at 5 km -55 dBZ 

Variables 
Line-of-sight Doppler velocity, radar reflectivity, peak width, linear depolarization ratio 
and skewness 

RHI scans 
180° vertical scans from 0° to 180° elevation angles at 0°, 30°, 60°, 90°, 120°, and 150° 
azimuth angles 

PPI scans 360° azimuthal scans at 5° and 45° elevation angles 

Scan synchronicity Synchronized with DL 

Scan speed, integration time, 

angular resolution 
3°/s, 1 s, and 3° respectively 

Range resolution 30m 

Scan sequence duration 15 min 

Measurement period Jul 2017-Apr 2019 

Data availability >95% 

https://ocal.uni-hohenheim.de/en/rc1
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Significant breaks 3 October 2018 to 31 October 2018 - DCR scanner cable maintenance 

Quicklooks  Available at https://ocal.uni-hohenheim.de/en/rc1 
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