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ABSTRACT: We used a 3 yr data set of NOAA-AVHRR (Advanced Very High Resolution Radiometer)
imagery to investigate cloud frequency, cloud-top height and cloud liquid water path for the
Ecuadorean area, with special reference to a specific region in the Andes of southern Ecuador. In
general, the seasonal cycle of cloudiness is significantly correlated to the spatial occurrence of the
rainy seasons. However, we found that the complex topography of the Andes with dynamic effects at
the windward and lee sides, as well as thermal breeze-systems, cause a specific spatial structure of
cloud frequency and cloud properties. For instance, the eastern Andean slopes are mainly affected by
a strong dynamic barrage effect of the easterlies, where a line of high cloud frequency occurs in the
area of the Andes-occurring system (AOS) rain band. Average cloud-top height reveals a clear divi-
sion between the Pacific area west of the western Cordillera chain, characterised by lower and more
stratiform clouds, and the eastern parts of the country where an increase in average cloud-top height
towards the Amazon indicates an intensification of convective cloud formation processes. This corre-
sponds with the higher amounts of cloud liquid path over the Amazon, which illustrates that the cloud
water cycle is more intensive in comparison to the Ecuadorian coastal plains.
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1. INTRODUCTION

Stephens (2005) emphasizes the key role of clouds in
the climate system, and underlines the importance of
proper information on cloud dynamics for climate
change research, due to multiple feedback effects with
other meteorological elements such as air temperature,
radiation or water budget. He also stresses that the
spatio-temporal knowledge of cloud dynamics is rela-
tively poor because of difficulties in ground-based
observation and the poor performance of GCMs and
numerical weather prediction (NWP) models in the
simulation of clouds. This is the result of the simplified
embedded cloud parameterization schemes which are
hard to evaluate with current global observations.
Deficiencies of climatic and cloud information are
particularly marked in tropical high mountain areas
(Barry 1992). Beyond the importance of cloud observa-
tions for climate change research and weather fore-
casting, clouds are also important for the terrestrial
hydrological cycle, especially in tropical high moun-
tain areas. Bruijnzeel (2001) recently highlighted the
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important contribution of cloud water deposition on
vegetation of tropical montane cloud forests (especially
in the Andes) to the regional water resources. This was
confirmed locally by investigations of rainfall intercep-
tion in a tropical montane forest of southern Ecuador
(Fleischbein et al. 2005), the central study area of the
present study. Additionally, clouds play an important
role in plant ecology, mainly due to modifications of
the radiation balance (for example, heat, UV-B and
water stress by high transpiration rates in the absence
of clouds) (e.g. Alados et al. 2000). Some authors
demonstrated that enhanced UV-B intensities during
clear sky conditions decrease and advance or delay
(depending on species) the time of flowering (e.g.
Caldwell et al. 1998). Wright et al. (1999) found that in
a wet tropical forest flowering and fruit production are
synchronized with drought periods and sunny condi-
tions. They stated that the absorption of photosynthet-
ically active radiation (PAR) by clouds in the wet sea-
son limits the reproduction potential due to the low
accumulation of resources through photosynthesis.
Hamann (2004) showed that nearly all canopy tree
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species in a submontane rain forest flowered during
the peak of solar irradiance which was mainly a func-
tion of cloud cover.

Satellite data are commonly used to overcome the
limits of ground-based observations and models for the
elaboration of cloud climatologies and weather/climate
change forecasts. Global and regional cloud climatolo-
gies have been derived from comprehensive data sets
of geostationary and polar orbiting systems, underlin-
ing the high potential of satellite imagery for cloud
observations from space (e.g. International Satellite
Cloud Climatology Project [ISCCP], cf. Schiffer &
Rossow 1983, Rossow et al. 1985, Kastner & Kriebel
2001, Bendix 2002). New opportunities for cloud stud-
ies (especially regarding the investigation of cloud
properties) have been opened up by novel technolo-
gies such as satellite-borne cloud radars (e.g. the
Cloudsat mission, Stephens et al. 2002). However, the
spatial resolution of the global data sets currently
available (e.g. ISCCP) is too low to register local differ-
ences of cloudiness especially in a complex topo-
graphy such as the Ecuadorian Andes.

Some studies on the climate of Ecuador give an
overview of climatic zones (Landivar 1977, 1989,
Richter 2003) or examine the diurnal and seasonal
course of wind velocity in the high Andes of Ecuador
(Endlicher 1982). Most studies describe the seasonal
variability of temperature and precipitation (Zimmer-
schied 1958, Bendix & Lauer 1992, Vuille et al. 2000,
Sklenat & Leegaard 2003) or focus on the impact of the
El Nino phenomenon on spatio-temporal patterns of
rainfall (Schiitte 1968, Bendix & Bendix 1998, Rossel et
al. 1998, Bendix 1999, 2000, Gasparri et al. 1999, Ben-
dix et al. 2003a). Only a few studies include information
on cloudiness. Bendix & Lauer (1992) used data of the
meteorological station network and low resolution Geo-
stationary Operational Environmental Satellite (GOES)
Analogue Picture Transmission (APT) images to elabo-
rate a dynamic climatology of Ecuador. However, no
detailed analysis of cloudiness could be performed for
Ecuador due to the low spatial and temporal resolutions
of the GOES-APT imagery available. Bendix & Rafiqg-
poor (2001) examined the climate of the Paramo de
Papallacta (including station data of cloudiness for the
village of Papallacta) in the eastern Cordillera of
Central Ecuador with special reference to the terrain
height-dependent development of soil temperatures.

In conclusion, no high resolution analysis of cloudi-
ness and cloud properties in Ecuador exists up to now.
Hence, the aim of the present study is to examine cloud
occurrence and the spatial distribution of cloud proper-
ties (cloud-top height, cloud liquid water path [LWP])
for Ecuador based on data of the AVHRR (Advanced
Very High Resolution Radiometer) aboard the NOAA
satellite series. The study also focusses on specific sub-

regions of southern Ecuador because the work was
performed as part of a joint ecological research project
(Beck & Miiller-Hohenstein 2001) situated in this area.

2. STUDY AREA, DATA AND METHODS

The main study area and relevant subsets are pre-
sented in Fig. 1. The investigation covered Ecuador
and adjacent areas (Fig. 1la). Special consideration is
given to the Andes of southern Ecuador, the core site of
the ecological special research group 402 (FOR 402) of
the German Research Council (DFG). The wider study
area (Fig. 1b) ranges from the dry inter-Andean basin
at Catamayo in the west to the main watershed
(Cordillera Oriental de los Andes) with altitudes up to
~3600 m a.s.l. in the center and the eastern Andean
slopes and foothills in the east (Fig. 1b). The inner
study site comprises the Reserva Bi6sfera de San Fran-
cisco in the vicinity of the ECSF research station
(Estacién Cientifica de San Francisco, latitude:
3°58'18"S, longitude: 79°4'45" W, altitude: 1860 m
a.s.l.) and the valley of the Rio San Francisco (Fig. 1c).

The dataset used in this study includes 452 NOAA-
AVHRR scenes (NOAA 12, 14, 15, 16, 17; 1 km? Local
Area Coverage [LAC] data) acquired during 2002 and
2004 at a High Resolution Picture Transmission
(HRPT) receiving station. The station is operated in the
framework of the Marburg Satellite Station (Bendix et
al. 2003b) at the headquarters of the Ecuadorian
weather service INAMHI in Quito. Sixty-two percent
of the data comprises daylight images, including the
solar bands (AVHRR 1 and 2) required for optical and
microphysical cloud property retrieval (e.g. cloud opti-
cal depth, LWP). Thirty-eight percent is night imagery
providing infra-red spectral bands (AVHRR 3 to 5)
only. Standard preprocessing of the data includes cali-
bration and geocorrection to the UTM map projection
(e.g. Bachmann & Bendix 1992, Bendix & Bachmann
1993). Preprocessed data are stored in the research
group data base (Gottlicher & Bendix 2004). Cloud
classification (day and night) for every image is per-
formed by means of a specific cloud detection scheme.
The procedure is described in Bendix et al. (2004). The
implementation of the scheme includes the calculation
of cloud-top height using an approach modified after
Saunders (1988). The method for obtaining LWP is
described in Stephens et al. (1984) and Bendix (1995).
It should be stressed that only a subset of the NOAA
data set (371 images) could be used for processing
because the scheme makes use of NOAA channel 1
(0.58-0.68 nm), which is available during daytime only
and because the accuracy of the calculation signifi-
cantly decreases at higher solar zenith angles (>80°,
Bendix 1995), thus excluding images close to sunrise or



Bendix et al.: Cloudiness in Ecuador 135

- 0°

I 20

Pacific

Ocean

2 st
=4 Radar,

Fig. 1. Study area. (a) Ecuador and adjacent areas (for profile lines 1 and 2 see Figs. 4, 9 & 12), (b) wider study area of the special
research group FOR402, (c) central study area of the special research group FOR402 in the vicinity of the ECSF (Estacion
Cientifica de San Francisco) station building and the valley of the Rio San Francisco

sunset from the calculation. The original parameteriza-
tion scheme by Stephens (1978), which is the basis of
the retrieval method, is based on radiative transfer cal-
culations for different water clouds. As a result, the cal-
culated LWP for ice clouds refers to a water cloud with
an equal spectral albedo. Consequently, this restriction
of the scheme must lead to a slightly distorted estimate
of the real amount of condensate in ice clouds. Maps of
cloud frequency have been derived by the aggregation
of all binary cloud masks (0 = pixel free of clouds , 1 =

pixel cloud-covered) for the relevant period (day,
night, year, season) for each pixel. The resulting map is
then divided by the number of images used and multi-
plied by 100 in order to derive relative frequencies.
NCEP reanalysis wind data (www.cdc.noaa.gov/ncep_
reanalysis) are used to illustrate the interaction of
atmospheric flow, topography and cloud formation.
The seasonal wind fields for the surface and the
850 hPa levels (see Fig. 2) are calculated by averaging
the monthly means from 1968-1996.
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Fig. 2. Seasonal cloud frequencies for Ecuador and adjacent areas. Seasonal wind fields for surface and 850 hPa levels are
calculated from NCEP reanalysis data

3. RESULTS
3.1. Cloud frequency

Fig. 2 illustrates the seasonal frequency of cloudiness
as derived from the entire data set. For most parts of
the study area, the highest cloud frequency is obtained
in austral summer December/January/February (DJF).
This time of the year is the main rainy season in most of

Ecuador (Bendix & Lauer 1992) which explains the
increased cloud frequency. High cloud amounts are
detected for the coastal plain of Ecuador and the south-
ern part of the Amazon region. Lower frequencies
occur in the inter-Andean basins, which show a patchy
structure of cloudiness due to topographical effects as
described by Bendix & Rafigpoor (2001) and Sklenar &
Leegaard (2003). Reduced frequencies are also found
over coastal waters, especially those off the north-
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are generally lower. However, the Pacific
area off the coast of northern and central
Ecuador reveals a significant increase in
cloudiness, while the coastal waters off
northern Peru exhibit a weak decrease. The
area of minimum cloudiness now extends
from the coastal waters of northern Peru to
the Sechura desert and the highlands of
southern Ecuador to the basin of Catamayo.
Additionally, the patchiness in the inter-
Andean basins is more pronounced, with a
distinct minimum in the area of Quito and in
the valley of the Rio Guayllabamba north of
the capital. The cloud bands along the east-
ern Andean slopes are well established in
this season, coinciding with the main rainy
season in altitudes between ~1000 and
3500 m a.s.l. This is a unique regime for
Ecuador (see Bendix & Lauer 1992 for an
explanation of the dynamics of this regime).

Fig. 3 presents a comparison between
cloudiness in austral summer and winter. The
map is based on the difference of cloud fre-
quencies (p) during austral winter (JJA) and
austral summer (DJF), and clearly illustrates

Fig. 3. Comparison of cloud frequency (p) between austral winter
(June/July/August, JJA) and summer (December/January/February, DJF)

Peruvian coast (Sechura desert), as well as over the
northern part of the Amazon. Bands of high cloud fre-
quency running parallel to the Andean chain on the
western and eastern Andean slopes (more pronounced
on the latter) are a striking spatial feature. The eastern
band is also detected in satellite-based rainfall maps
and marked as the Andes-occurring System (AOS) (de
Angelis et al. 2004a).

Generally, the high cloud frequencies are the result
of barrage effects on the windward side of the Andes.
Moist Amazon airmasses are lifted to condensation
with the well-developed easterlies (see Fig. 2 for wind
field) throughout the year. Even a smooth stable ascent
of air masses regularly leads to condensation and cloud
formation in this area (see Kirshbaum & Durran 2004
for stable ascent hypothesis) and produces relatively
shallow orographic cap clouds.

The less pronounced western cloud band forms as a
result of a combined sea/upslope breeze system during
the day. This circulation system is characterised by
moist westerly winds in the lower part of the tropo-
sphere (e.g. Bendix 2000) which cause cloud formation
on the western Andean slopes.

In contrast, cloud frequencies in austral winter
June/July/August (JJA), the major dry season in the
coastal plains and the western and central highlands,

the increased frequencies in the region of the
AOS and the marine part of the study
area. The austral autumn March/April/May
(MAM) is characterised by a reduced cloud
frequency in the coastal waters and a reduction of
topographical effects in the inter-Andean basins. The
cloud bands are less distinct. The spatial pattern in
austral spring September/October/November (SON)
resembles the winter situation but the topographical
effects in the highlands are significantly reduced —
most likely as an effect of the onset of the secondary
rainy season. The increase of marine cloud frequency
south of >6°S latitude is of interest. Cloudiness
increases over the cold coastal waters (cold upwelling)
particularly, as a result of a rising frequency of coastal
fog and low stratus in this season (Bendix & Lauer
1992, Cereceda et al. 2002).

Fig. 4 shows cloud frequency along 2 altitudinal
transects over the Andes in north-central (Quito) and
southern (Loja) Ecuador for both day (08:00 to 22:00 h
local time [LT]) and night (22:00 to 08:00 h LT). Note-
worthy are the topographical effects produced by the
mountain chains which shelter valleys and basins from
cloud formation on the windward side. This leads to a
clear reduction of cloudiness in the inter-Andean basin,
which divides the mountain ridges of the west and east
Cordillera (see Fig. 4, Quito profile). However, a lee
effect is also visible on a smaller scale. One example is
the coastal cordillera in the Quito profile causing a
slight reduction of cloudiness especially during day-
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Fig. 4. Cloud frequency profiles for day and night (altitudinal transects as indicated in Fig. 1). LT: local time

light in the lee of the low level westerlies (sea-breeze).
The lower pre-Cordillera chains in the southern Ecua-
dorian Amazon (Loja profile, e.g. at 360 km), where
cloudiness is reduced on the western lee side with
reference to the well developed easterlies, are another
example. The windward sides, on the other hand,
generally show an increase in cloud frequency.

Fig. 4 also illustrates the difference of cloudiness be-
tween day (08:00 to 22:00 h LT) and night (22:00 to
08:00 h LT). Nocturnal cloudiness is increased at the
eastern Andean slopes and the Amazon foothills in both
profiles, and this agrees quite well with the observation
of de Angelis et al. (2004a,b) that the AOS is most
strongly established during the night, due to the kata-
batic outflow from the Andes. This outflow causes cold
front dynamics (with raining clouds) when it converges

with the relatively warm Amazon air masses in this
region. The altitudinal zone between 1800 and 4000 m
a.s.l. reveals the clearest effect in both profiles, with
regional differences in cloud frequency for highland
areas. While the eastern part of the inter-Andean basin
in central Ecuador (Quito profile) is characterised by
similar cloud occurrence during day and night, the
western Cordillera chain shows a significant maximum
during the day which is mainly due to thermal breeze
effects. This feature is only weakly developed in south-
ern Ecuador (around 100 km in the Loja profile) be-
cause the western Cordillera is not well established in
this area. In particular, the smaller basins (e.g. at 140,
175 km) reveal a nocturnal cloud frequency maximum
that is most likely due to cold air drainage flow, which
frequently produces low level stratus clouds in the



Bendix et al.: Cloudiness in Ecuador 139

T
P day > p night 80°W
[p night > p day

1 100 km =R

- 0°

I 9°

- 45

The first zone comprises the stations of
Catamayo, Loja and Vilcabamba (Fig. 6). This
area west of the main Cordillera is charac-
terised by a maximum of cloud frequency
from January to April, and a secondary maxi-
mum centred around October/November
(ON). Minimum cloud frequency is observed
from May to July. This seasonal behaviour is
in general agreement with the occurrence of
the rainy seasons in the highlands of Ecuador,
which is mainly linked to the annual course of
solar irradiance (Bendix & Lauer 1992). How-
ever, regional modifications in average cloud
frequency can be observed. Relatively low
values occur in the basin of Catamayo with
generally drier conditions as indicated by an
increase of drought-tolerant xeric plants
(Richter 2003). This is due to a greater dis-
tance to the Pacific and Amazonian moisture
pools and distinct lee effects. The same cloud
regime with increased frequencies is ob-
served for the stations Vilcabamba and Loja,
which are still in the lee of the main Cor-
dillera and hence sheltered from the well
developed trades especially in JJA (cf. aver-

Fig. 5. Comparison of cloud frequency (p) between day and night

morning hours (Lauer et al. 2003). The coastal plain
is also characterised by a clear nocturnal peak of
cloudiness.

The spatial distribution of the diurnal course of
cloudiness is presented in Fig. 5. The map is based on
the difference of the annual average cloud frequency
for all available daytime images (p day) and all avail-
able nighttime images (p night). Nocturnal maxima in
the Amazon, the coastal plain and the Pacific area can
be observed (as already confirmed in the profiles). As
expected from the dynamics of the AOS, the nocturnal
maximum in the Amazon partly changes to a maxi-
mum during daylight towards the Andean mountains.
The situation for the highlands seems to be more com-
plex. The maximum cloudiness during the day can be
generally observed for the western Cordillera and
partly for the highlands and the eastern Cordillera
(especially in the northern/central part of Ecuador),
but some isolated nocturnal maxima also occur in these
areas, especially in the greater inter-Andean basins,
e.g. at Ibarra in the north, and in the central basin from
Machachi to Riobamba.

Cloud values of the central study area in southern
Ecuador reveal the complexity of cloud occurrence at
the local scale (Fig. 6). Three major zones of different
seasonal courses can be distinguished for the central
study area.

age windfield in Fig. 2), while closer to the
Amazonian moisture pool. In some cases,
cloud frequency increases with height (Fig. 6,
Vilcabamba <70%, Loja >70%), mainly due to a
decrease in the sheltering effect and an increase in
cloud formation caused by heating effects in the basins
and resulting convection on the bordering slopes, trig-
gered by the up-slope breeze system (Weischet 1969).

The transition zone between the cloud regimes west
and east of the main Cordillera is marked by the sta-
tion pixels of El Tiro and Cajanuma (Fig. 6). The typi-
cal dry season in austral winter (JJA) disappears while
a third peak of cloud frequency in June/July (JJ)
occurs. This change is already apparent at the pixel of
the station El Tiro (Fig. 6), defining the mountain pass
separating the eastern Andean slopes from the basin of
Loja, and is clearly established for the station Caja-
numa on the crest of the main Codillera.

The third regime is specific to the Amazon-exposed
part of the study area and includes the pixels for the
meteorological stations ECSF, Zamora, TS1 and Cerro
del Consuelo (Fig. 6). Cloud frequency is high
throughout the year, especially for the higher terrain
(TS 1, Cerro). This is mainly due to continuous barrage
effects of the well-developed trades (cf. Fig. 2 for the
wind field) which favours condensation and cloud for-
mation at the windward sides of the Cordillera ridges.
Additionally, the thermal up-slope breeze system gen-
erally causes higher cloud frequencies at the bordering
slopes of valleys and basins. The lower stations (ECSF,
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Zamora), on the other hand, reveal slightly reduced
frequencies and a greater variability throughout the
year, which is due to the reversal of the valley breeze
system which causes a descending branch over the
valley/basin centre with cloud clearance and/or local

lee effects.

3.2. Cloud-top height

Average cloud-top height is a good indicator of cloud
type and can help interpret the cloud frequency maps.
The seasonal top height map (Fig. 7) shows that the
western Cordillera chain is a major borderline be-
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Fig. 6. Cloud frequency (diurnal and annual course) in the central study area

tween Pacific and Amazonian cli-
matic influences. Over all seasons,
mean cloud-top height is significantly
greater east of the western Cordillera,
which points to a more convective sys-
tem in the Amazon in comparison to
the coastal plains and the Pacific part
of the study area. However, there is a
clear seasonal difference for the
coastal waters and the coastal plains of
Ecuador, due to a change in cloud
formation mechanisms.

The greatest top height values are
found during the second part of the
main rainy season (Fig. 7, MAM),
which, together with the greater spatial
patchiness, points to higher convective
activity. Where sea surface temperature
increases, deep convective clouds with
high top-heights dominate, increasing
the average top height, but resulting in
patchy top-height patterns. Lowest
average top height values (<3 km) are
most frequently found during the
coastal dry season in austral winter
(Fig. 7, JJA). Cold water upwelling re-
lated to the Humboldt current is intensi-
fied especially off the coast of southern
Ecuador. When the SE-Pacific anticy-
clone is at its northernmost position this
leads to stable conditions of the bound-
ary layer, thus favouring the formation
of low stratus cover over the coastal
waters and in the coastal plains.

Greatest average top heights are
observed during MAM and SON in the
Amazonian parts of Peru and Colom-
bia with values of over 8 km. The
greatest top height at the eastern
Andean slopes of Ecuador occurs out-
side austral winter. During JJA, aver-
age cloud height is generally lower
over the whole of Ecuador.

Of interest is also the diurnal change
of average cloud-top height, illus-
trated in Fig. 8. On average, there is
no difference for the Pacific area, but
there are significant changes for
the Amazon area of Ecuador. While
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Fig. 7. Seasonal average of cloud-top height for Ecuador and adjacent areas

greater top heights occur over the Amazon and parts of
the eastern Andean slopes as well as the inter-Andean
basins (e.g. Quito) during the day, average top height
decreases during the night (22:00 to 08:00 h LT).
Details of diurnal cloud-top height dynamics for the
zonal transects for central and southern Ecuador are
shown in Fig. 9. Average top heights are generally
greater during the day over the Amazonian part of
central and southern Ecuador. The increased variabil-
ity for this region—which is also generally known for
its more continental diurnal course of precipitation (de
Angelis et al. 2004b)—points to a more convective
regime during the day. In contrast, the area of the AOS
at the eastern Andean slopes is characterised by rela-
tively low variability in average cloud-top height. This
means that the formation of cloudiness is little influ-

enced by the diurnal cycle of radiation, but is influ-
enced by dynamic effects on windward slopes.

The conditions in inter-Andean basins (Fig. 9, Quito
profile) resemble those of the Amazon area. Cloud-top
height in this mountainous area is significantly greater
during daylight and clearly reduced at night. This indi-
cates a diurnal change in cloud formation processes.
Solar heating and thermal breeze systems cause the
formation of convective clouds during daylight. The
resulting cumuliform clouds generally have greater
cloud top heights. During night, cold air drainage flow
from the bordering slopes of the inter-Andean basins
leads to a stable stratification in the basins. The dew
point temperature is reached by continuous cooling in
the early morning hours, resulting in the formation of
ground fog and low level stratus with low cloud tops
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(Lauer et al. 2003). However, variability is significantly
enhanced over this area and the adjacent western
Cordillera chain. While variability is generally en-
hanced in the inter-Andean basin at Quito day and
night, the western Cordillera chain shows an increase

8:00-22:00 h LT

in variability for the evening/night period only. This is
most likely due to thermally-driven convective systems
which can last until the early evening hours during the
main rainy season, in comparison to lower cloud decks
during the dry season.

22:00-8:00 h LT

Top height (km})
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Fig. 8. Cloud-top height during day and night. LT: local time
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Fig. 9. Zonal profiles of average cloud-top height during day and night (altitudinal transects as indicated in Fig. 1). LT: local time
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The seasonal structure in the central study area con-
firms the close relation between rainfall zonation,
topography and average top height (Fig. 10). The 2
rainy seasons (JFM, ON) show the greatest average
top heights at all station pixels in combination with an
enhanced standard deviation. The lower average top
height of the cloud and rain maximum which normally

occurs during JJ (Bendix & Lauer 1992; see also Fig. 6)
at the eastern Andean slopes (Zamora), the ECSF area
(ECSF, TS1, Cerro) and the crest area of the main
Cordillera (Cajanuma) means that enhanced cloudi-
ness and rainfall is generally related to lower cap
clouds, partly with embedded shallow convection, and
characterised by a relatively low variance in height.

8 3.3. Cloud optical depth and LWP
Catamayo 1230 m a.s.l. ECSF primary met station 1952 m a.s.l.

6 ; s q < ] Cloud optical depth is the columnar
\/ A R value of extinction, and LWP is the
44 g columnar value of liquid water content
(LWC) from cloud base to cloud top.
2 1 Hence, both are also a function of
cloud geometrical thickness (e.g.
0- - Reudenbach & Bendix 1998). Fig. 11
8 Loja 2160 m a.s.| TS1 met station 2674 m a.s.l. presents maps of the annual average
6 — [] . optical depth and LWP derived from
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all available NOAA daylight images
with sufficient illumination (see ‘Sec-
tion 2").

Cloud optical depth and LWP are
significantly enhanced in the Amazon
area. This is most likely an effect of the

greater vertical extension of mainly

Vilcabamba 1560 m a.s.l.
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Cerro del Consuelo 3200 m a.s.l.

convective clouds. In contrast, the low
average values of optical depth and
LWP over the Pacific area and the
W coastal plains illustrate that cloudiness
is frequently characterised by a lower
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stratus layer with a restricted vertical
extension. Even if LWP is low, clouds

may, nevertheless, have a high LWC,
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especially in marine environments.
Over the Andes a patchy structure of
T moderate optical depth and LWP val-
A ues can be observed where some
basins (e.g. east of Quito) reveal rela-
tively low values, indicating a high
probability of shallow stratus layers
due to continental fog/low stratus for-
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al. 2003; see also 'Section 3.2").

- Fig. 12 illustrates the seasonal varia-
tion of cloud optical depth (1) and LWP
A for southern Ecuador. A clear differ-
ence can be observed for the coastal
areas. Values are high for the main/
terminal phase of the rainy season
(MAM), mainly due to a greater verti-

dn12345¢67 89101112
Month

Fig. 10. Average cloud-top height and standard deviation (SD) (diurnal and

annual course) in the central study area

cal extent of the dominating convec-
tive clouds. In contrast, low values can
be observed during austral winter
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Fig. 11. Annual average optical depth and liquid water path (LWP) for the entire study area

(JJA), characterised by the dominance of low and rela-
tively shallow stratiform clouds in this region. The val-
ues change at the western escarpment of the Andes
(around 100 km of the profile) where average optical
depth and LWP are enhanced in austral winter (JJA).
This could be an indication for an enhanced up-slope
breeze system causing higher intensities of high-
reaching convective clouds. The highest values are
generally found in the Amazon area and the lowest in
the inter-Andean basin area for both seasons. How-
ever, at the eastern slopes of the Andes a clear differ-
ence exists between the windward sides with high val-
ues of cloud optical depth and LWP, and lee sides with
low values during MAM. The spatial variability is sig-
nificantly reduced during austral winter (JJA). A gen-
eral increase in cloud optical depth and LWP towards
the Amazon is characteristic in this area.

4. SUMMARY AND CONCLUSIONS

The present study reveals features of cloud occur-
rence in Ecuador on several scales. Seasonal cloud fre-
quency is generally linked to the seasonality of rainfall.
However, external factors like cold water upwelling off
the coast of Ecuador/northern Peru and the complex
topography of the Andes with its dynamic effects on
the windward and lee sides of the mountains can sig-
nificantly modify (increase/decrease) cloud frequency.
The comparison of day and night frequencies in partic-
ular shows that in some areas cloud cover is more a
result of larger-scale stream-flow effects (e.g. a bar-
rage effect of the easterlies at the eastern Andean
slopes in the area of the AOS), while smaller-scale sys-

tems such as thermal breezes mainly influence the
course of cloudiness in other regions (e.g. western
Cordillera). The results from the central study area are
of special importance for ecologists. The valley of the
Rio San Francisco and adjacent areas has distinct con-
ditions, with high cloudiness throughout the year and
an increase of cloud frequency with terrain height.
This is likely to have ecological implications (such as
for plant phenology; see ‘Section 1') that are distinct
from those of the area west of the main watershed.

Cloud-top height values reveal a clear division
between the area with Pacific influence, bordered by
the western Cordillera chain, and the eastern part of
the study area. Average cloud-top height generally
increases from west to east, which points to more strat-
iform cloud dynamics in the Pacific area and the
coastal plains, and more convection with higher vari-
ability in the Amazon region. However, regional differ-
ences have to be considered. Low variability in cloud-
top height over the year, for instance at the eastern
Andean slopes (in the area of the AOS), points to cloud
formation under more stable conditions due to barrage
effects of the easterlies. This results predominately in
cap clouds, possibly with embedded shallow convec-
tive structures. For the central study area the differ-
ence between cloudiness levels during the main rainy
seasons (JFM, ON) and for JJ is essential. While
greater cloud-top heights during the rainy seasons
point to more convective activity, winter is clearly
characterised by lower top heights with decreased
variability. This underlines a more stratiform character
of cloudiness in JJ.

Cloud optical depth and LWP, which partly depend
on cloud geometrical thickness, are higher over the
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Fig. 12. Seasonal average of optical depth (1) and liquid water path (LWP) in southern Ecuador (altitudinal transects as indicated
in Fig. 1). MAM: March/April/May; JJA: June/July/August

Amazon area than in the Pacific region. This is mainly
a result of convective activity over the Amazon, i.e.
more moisture is transformed into a liquid state in the
atmospheric water cycle over this area. In comparison
to the coastal plains and the offshore area of southern
and central Ecuador, convective activity over the Ama-
zon is high throughout the year. This is mainly due to
the influence of the SE-Pacific anticyclone and the cold
water upwelling of the Humboldt current on the Pacific
area of Ecuador in austral winter. This leads to a more
stable stratification of the lower troposphere, and

favours shallow boundary-layer stratus clouds with a
reduced geometrical/optical thickness as well as lower
LWP values.

Cloud occurrence and cloud properties are not
entirely linked to rainfall dynamics, but the patterns of
cloudiness reflect spatio-temporal precipitation anom-
alies where the rainfall regime is mostly convective, or
where orographic rainfall is formed in cap clouds of
moderate thickness at the windward sides of the
Andes. In areas with a high contribution of low strati-
form clouds under stable boundary layer conditions
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(e.g. nocturnal fog/low stratus layers in the inter-
Andean basins or coastal fog/stratus), cloud and rain-
fall patterns can be significantly decoupled.

Although a 3 yr data set is normally not sufficient to
form a cloud climatology, the results give a good
overview of cloudiness in the Tropics of Ecuador,
aided by the similarity of the tropical climate between
years. However, future studies should use a compre-
hensive data set of GOES imagery, especially for
investigations of the diurnal cycle of cloudiness over
Ecuador. On the local scale of the central study area,
digital photography can be used to investigate the
diurnal and seasonal cycle of cloud formation and dis-
sipation with terrain altitude. A study based on a 4 yr
data set from a conventional weather observation
camera (conventional webcam) with a 5 min temporal
resolution, located at the ECSF research station, is
currently in progress.
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