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Abstract

This study investigates the evolution of orographic clouds over the Atlas Mountains, empha-
sizing the effective radius of water droplets within lee wave clouds. Employing the ESA Cloud
Climate Change Initiative Retrieval Products, derived from Sentinel-3 satellite observations,
this project uniquely focuses on the microphysical properties and dynamic behaviors of clouds
affected by mountainous terrain. The research method integrates cloud effective radius and
cloud top height measurements with advanced satellite instrumentation, allowing for precise
characterization and analysis of cloud formations. Unexpected findings include a decrease in
droplet size contrary to predictions based on the growth-by-condensation model, likely due to
an increase in cloud top temperature facilitating droplet evaporation. This indicates complex
interactions between cloud microphysics and atmospheric conditions that deviate from tradi-
tional models of orographic cloud formation. The results contribute to a better understanding
of cloud dynamics in mountainous regions, which could significantly influence predictive models
of weather and climate in such areas. Further studies could expand the scope of satellite data
usage and incorporate diverse geographic locations to broaden our understanding of orographic

cloud phenomena.

1 Introduction

When humid air is advected toward an oro-
graphic feature, such as a mountain, it under-
goes forced ascent, resulting in adiabatic cool-
ing. Should the moisture content of the air be
adequate, saturation may be achieved, leading
to the formation of a cap cloud at the moun-
tain’s summit. Subsequent to traversing the
orographic barrier, the elevated air mass de-
scends, during which process the cloud droplets
undergo evaporation. This air mass then con-
tinues to experience vertical oscillations as it
progresses downwind, giving rise to the forma-
tion of lee-wave clouds at the apex of each oscil-
lation (figure 1). Contrary to the movement of
the air mass, these clouds maintain a relatively
stationary position [1].

Orographic clouds may constitute the princi-
pal source of precipitation within mountainous
regions. The maximal precipitation rates are
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Figure 1: Clouds generated by mountains.

usually observed on the windward side of the
mountain, where forced ascent is the strongest.
As the air mass descends, it undergoes warming
and drying, thereby creating a rain shadow on
the leeward side of the range [2].

Velocity and wave frequency are important
properties of orographic clouds and have been
intensively studied [3][4]. In contrast, the evo-
lution of water particles in lee wave clouds has
not received as much attention. This gap in the



literature underscores the need for our project,
which aimed to examine orographic clouds gen-
erated at the Atlas Mountain. Specifically, we
emphasized evaluating the effective radius of
water droplets along the direction of lee wave
cloud propagation.

For our analysis, we employed data from the
ESA Cloud Climate Change Initiative (CCI)
Retrieval Products. This level-2 product, de-
rived from the Sea and Land Surface Tempera-
ture Radiometer (SLSTR) aboard the Sentinel-
3 satellites, is integral to our research method-
ology. The advanced capabilities of this instru-
ment allowed us to accurately measure and an-
alyze cloud properties, providing valuable in-
sights into the dynamics of cloud formation in
this region.

2 Method

2.1 ESA Cloud CCI Retrieval
Products

In this project, we leveraged the ESA Cloud
CCI Retrieval Products, level-2 products pro-
cessed through the Oxford-RAL Retrieval of
Aerosol and Cloud (ORAC) system, which are
instrumental to our analysis. The ORAC sys-
tem utilizes a method that aligns a physi-
cally consistent cloud model with satellite ob-
servations across the spectrum, from the visi-
ble to the mid-infrared [5]. This approach en-
sures the accurate representation of cloud dy-
namics as observed by the Sentinel-3 satellites’
Sea and Land Surface Temperature Radiometer
(SLSTR). Specifically, the critical parameter of
cloud effective radius was derived using an Op-
timal Estimation Method (OEM), applied to
the visible channels of the SLSTR, facilitating
precise measurement of this key cloud charac-
teristic.

Additionally, cloud top height, another vi-
tal metric for our study, is determined from
stereoscopic observations made possible by the
SLSTR’s multiple viewing angles. This capa-
bility underscores the Sentinel-3 satellites’ ad-

vanced observational technologies, enhancing
our understanding of cloud structures and be-
haviors.

The Sentinel-3 satellites operate in a near-
polar, sun-synchronous orbit, with a descend-
ing node equatorial crossing at 10:00 h Mean
Local Solar Time, at an orbit inclination of
98.65°.  This strategic orbiting pattern en-
sures consistent, global coverage and observa-
tion conditions, contributing to the comprehen-
sive dataset each retrieval file presents. With
each file containing 1,800,000 pixels at a 1 km
resolution, our dataset offers unparalleled gran-
ularity and scope for analyzing cloud proper-
ties, enabling detailed insights into cloud for-
mation and dynamics over the Atlas Mountain
region.
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Figure 2: Contour map of clouds effective radius
in North Africa shows the lee-wave cloud above
Atlas mountain. (2019.01.23)

2.2 Growth by Condensation

A good approximation describe the growth of
water particle by condensation is

dr  (S—1-2+1%)

"# T [Pt FY (1)

where S = e/es(T') is the ambient saturation
ratio; a/r and b/r3 are terms associated with
the solution and curvature effects on the par-
ticle’s equilibrium vapor pressure; Fj and Fjy




are associated with heat conduction and vapor
diffusion [6].

For a sufficiently large droplet, the a/r and
b/r? terms are negligible compared to (S — 1)
so we have

dr S—1
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which can be integrate to give
r(t) = /72 + 2&t (3)
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The horizontal wind velocity varying slowly

[7] so we can write the relationship between
droplet radius and the distance from cloud edge

rd) =i+ 2&% (5)

where vy, is the horizontal wind velocity in lee
wave clouds.

where

3 Results

3.1 Sampling Strategy

The structure of real lee wave clouds is
markedly influenced by the topography of the
mountain where the orographic cloud forma-
tion begins (figure 2), as opposed to idealized
lee wave clouds which are parallel. Recognizing
this, our study focuses on the evolution of cloud
effective radius within lee wave clouds, specifi-
cally targeting areas where clouds demonstrate
relatively homogeneous characteristics (figure
3). This decision was made to ensure that our
analysis could more accurately reflect the influ-
ence of lee waves on cloud properties without
the added complexity of variable cloud struc-
tures.

To facilitate this, we employed a systematic
sampling approach across the selected cloud
formations. Our methodology included the es-
tablishment of 50 parallel vectors, with 800
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Figure 3: Sampling area. (2019.11.12)

sampling points distributed along each vector.
The sampling algorithm was designed to iden-
tify the retrieval file’s pixel closest to each sam-
pling point. The deviation in longitude (\) and
latitude (¢)

0= |Xa = Xs| + |¢a — ¢4 (6)

is minimised. Subsequently, the data collected
along each vector are grouped by distance from
the starting point and averaged, resulting in
plots of variables against distance from the ini-
tial point. This precision in sampling is crucial
for accurately tracking the changes in cloud ef-
fective radius as the lee wave propagates.

The masks used for selecting valid data are
shown in table 1.

Phase Water
Quality Retrieval converge
Particle type consist
Validity™ >80%
CER Uncertainty <40
* . The percentage of valid data at certain dis-
tance.

Table 1: Data masks.

3.2 Cloud Effective Radius

The averaged cloud effective radius along each
sampling vector, as illustrated in figure 3, is
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(a) Averaged cloud effective radius along sampling vector

in figure 3.
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(b) Averaged cloud top temperature along sampling vec-

tor in figure 3.

Figure 4: Cloud effective radius and cloud top
temperature along sampling vector in figure 3.

further detailed in figure 4a. Contrary to
our expectations based on Equation 5, the ob-
served trends diverge significantly from the an-
ticipated patterns. This deviation becomes
even more pronounced when examining an ad-
ditional sampling group, as depicted in figures
5 and 6a. Instead of observing an increase
in droplet radius from the cloud edge, as ini-
tially hypothesized, there is a notable decrease
in droplet size.
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Figure 5: Another sampling area. (2019.11.12)
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(a) Averaged cloud effective radius along sampling vector
in figure 5.
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(b) Averaged cloud top temperature along sampling vec-
tor in figure 5

Figure 6: Cloud effective radius and cloud top
temperature along sampling vector in figure 5

The unexpected decrease in droplet size, ini-
tially observed in figures 4a and 6a, can be ra-
tionalized by examining the cloud top temper-
ature. As illustrated in figures 4b and 6b, there
is an increase in cloud top temperature when
moving away from the cloud edge. This rise in
temperature leads to an increase in saturation
vapor pressure, creating conditions conducive
to the evaporation of larger droplets, which
subsequently become smaller. This process ex-
plains the reduction in droplet size despite ini-
tial expectations of an increase.

3.3 Temperature Profile

Figure 8 presents the temperature profile de-
rived from the cloud top temperature and
cloud top height. The relationship between
temperature (T) and altitude (H) is modeled
through linear regression, resulting in the fol-
lowing equation:

T = —5.32H + 290.4. (7)

The intercept at 290.4 °K corresponds accu-
rately with the observed surface temperature.
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(a) Averaged cloud top height along sampling vector in

figure 3.
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Figure 7: Cloud top height along sampling vector
in figure 3 and figure 5

Furthermore, the slope of -5.32 °K/km is con-
sistent with a typical moist adiabatic lapse rate,
as discussed in existing literature [8].

3.4 Uncertainty

The retrieval method introduces edge effects,
which significantly increase the uncertainty of
the results, potentially exceeding 100% [5]. fig-
ure 9 illustrates the uncertainty in the retrieved
results of the cloud effective radius after data
screening. It can be observed that the level of
uncertainty is relatively low in two specific sam-
pling areas.

Given that the analysis averages data from 50
vectors, it is crucial to recognize that data at a
specific distance may not always originate from
the same cloud. This is particularly evident
when the cloud’s parallel structure is obscure at
the front and back ends of the sampling vectors.
Figures 4a and 6a illustrate that the standard
deviation is notably lower in regions where the
clouds exhibit relatively homogeneous charac-
teristics.
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Figure 8: Cloud top temperature and cloud top
height data and fitted temperature profile.

3.5 Discussion
3.5.1 Unstable Air Aloft

The characteristics of the cloud top height, as
depicted in figures 7a and 7b, suggest that these
formations are cumulus clouds. This observa-
tion can be attributed to strong thermal lifting,
where a moist air mass ascends rapidly [9]. This
rapid upward movement is a plausible explana-
tion for the observed cap cloud shape on the
windward side of the mountain.

However, the formation of such orographic
clouds typically does not lead to the develop-
ment of lee wave clouds downstream. The pres-
ence of cumulus clouds, indicative of unstable
air conditions aloft, raises questions about the
typical formation processes of lee wave clouds,
suggesting that different mechanisms may be at
play in these observed instances.
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Figure 9: Cloud effective radius uncertainty.

3.5.2 Wave Clouds at Different Levels

The orographic impact on airflow can extend
significantly beyond the peak or crest levels of
mountains, potentially generating one or sev-
eral lenticular, orographically-shaped clouds at
altitudes much higher than the mountain itself.
These formations, known as lenticular clouds,
are indicative of wave clouds that form at dif-
ferent levels due to the orographic disturbance
of stable airflows. Such structures, however,
might not always be captured or clearly re-
flected in the retrieval data due to their ele-
vated positions and the specific parameters be-
ing measured.

However, the measurements of cloud top
height available from our data do not indicate
any anomalous elevations that would suggest
the presence of such elevated lenticular clouds.

4 Conclusion

This project aims to enhance our understand-
ing of orographic cloud evolution by analyzing
the effective radius along the direction of lee
wave cloud propagation. Contrary to the ini-
tial assumption of growth via condensation, an
anomalously rapid increase in the effective ra-
dius was observed at the onset of orographic
cloud formation, followed by a gradual evapora-
tion. Further investigation of cloud top height

and cloud top temperature revealed that the
clouds assume an unexpected shape. In re-
sponse, [ propose two hypotheses, though nei-
ther fully accounts for the observed phenomena.

Future research could expand on this study
by incorporating more case studies of oro-
graphic clouds, given that the SLSTR data
from 2019 contains limited instances over the
Atlas Mountains. It would be beneficial to
cross-reference this data with other sources,
such as MODIS. Additionally, studying oro-
graphic clouds in various global locations may
help elucidate the influence of climate on their
characteristics.
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