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Summary: The thermal structure of a megadiverse mountain ecosystem in southern Ecuador is examined on the basis of
temperature measurements inside the natural mountain forest and at open-sites along an altitudinal gradient from 1600 to
3200 m. The main methodological aim of the current study is to develop an air temperature regionalization tool to provide
spatial datasets on average monthly mean, minimum and maximum temperature by using observation data. The maps, based
on data of the period 1999-2007, are needed by ecological projects working on various plots where no climate station data
are available. The temperature maps are generated by combining a straightforward detrending technique with a Digital Ele-
vation Model and a satellite-based land cover classification which also provides the relative forest cover per pixel. The topical
aim of the study is to investigate the thermal structure of both manifestations of our ecosystem (pastures and natural vege-
tation) with special considerations to the ecosystem temperature regulation service by converting natural forest into pasture.
The results reveal a clear thermal differentiation over the year, partly triggered by the change of synoptic weather situation
but also by land cover effects. Thermal amplitudes are particularly low during the main rainy season when cloudiness and air
humidity are high, but markedly pronounced in the relative dry season when daily irradiance and outgoing nocturnal radia-
tion cause distinct differences between the land cover units. Particularly the lower pasture areas gained by slash and burn of
the natural forest exhibit the most extreme thermal conditions while the atmosphere inside the mountain forest is slightly
cooler due to the regulating effects of the dense vegetation. Thus, clearing the forest clearly reduces the thermal regulation
function (regulating ecosystem services) of the ecosystem which might become problematic under future global warming,

Zusammenfassung: Basierend auf Messdaten im Wald und auf offenen Flichen wird die thermische Struktur eines me-
gadiversen Bergwaldokosystems in Stiden Ecuadors entlang eine Hohengradienten von 1600 bis 3200 m untersucht. Das
methodische Ziel der vorliegenden Arbeit ist die Entwicklung einer Regionalisierungsmethode fiir Lufttemperatur um fla-
chendeckende Karten der mittleren monatlichen Minimum-, Mittel- und Maximumtemperatur bereitzustellen. Die Karten
basieren auf Stationsdaten des Zeitraums 1999 bis 2007 und werden von 6kologischen Projekten benétigt, auf deren Un-
tersuchungsplots keine meteorologischen Messdaten verfligbar sind. Die Ableitung erfolgt mit einer einfachen Detrending
Technik unter Hinzunahme eines Digitalen Gelindemodells sowie einer aus Satellitenbildern abgeleiteten Landnutzungs-
klassifikation, die die relative Waldbedeckung pro Pixel beinhaltet. Es zeigen sich klare thermische Strukturen, die einerseits
vom klimatischen Jahresgang, aber auch durch Unterschiede im Landbedeckungstyp hervorgerufen werden. Die thermische
Amplitude entlang des Hohengradienten ist aufgrund hoher Bewdlkung und Luftfeuchte kleiner in der relativen Regenzeit
und besonders ausgeprigt in der relativen Trockenzeit, wenn die Strahlungsflisse ungehindert einwirken kénnen und die
Unterschiede der Landnutzungsklassen klar hervortreten. Insbesondere die durch das Abbrennen des Naturwaldes im unte-
ren Talbereich erzeugten Weideflachen zeigen die héchsten thermischen Extreme. Demgegeniiber ist die Luft im Wald auf-
grund der vielfiltigen Regulations- und Schutzmdglichkeiten des dichten Kronenraums generell etwas kithler. Im Ergebnis
bedeutet die Zerstérung von Bergregenwald eine Degradation der thermischen Regulationsfunktion des Gesamtokosystems
(regulierende 6kosystemare Dienstleistungen), was besonders im Hinblick auf den globalen Klimawandel problematisch
erscheint.

Keywords: South Ecuador, ait temperature, thermal structure, regionalization, forest and open land

1 Introduction 2100 suggest that global warming is the dominat-
ing parameter affecting species composition in high

Globally biodiversity is threatened by land use mountain ecosystems (e.g. SALA et al. 2000; THUILLER
changes including remote fertilization (especially ~2007). This may also hold for the Andes of southern
nitrogen), and by the local effects of global climate Ecuador which belongs to the five hottest hotspots
change. Projections of biodiversity development by of biodiversity, not only from the abundance of
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vascular (BARTHLOTT et al. 2007) and cryptogamic
plants (GRADSTEIN 2008). In the Ecuadorian Andes,
a general warming trend is already observed in tem-
perature data of the last decades and also indicated
by the retreat of the ice caps of the Ecuadorian vol-
canoes (BEnDIX 2004; VUILLE et al. 2008; BENDIX
et al. 2009). Particularly for ecothermic organisms,
global warming and the rise of thermal altitudinal
belts in high mountains could mean an area range
shift with hitherto unknown consequences for spe-
cies composition (e.g. COLWELL et al. 2008; BENDIX et
al. 2009a). To test the present-day relation between
organism groups and air temperature which is fre-
quently the basis to estimate reactions of biodiversity
on temperature changes by using so called envelope
models (e.g. THOMAS et al. 2004), reliable spatio-
temporal information on air temperature must be
available. However, climate data in mountain envi-
ronments and particularly from tropical high moun-
tains are hard to find (e.g. Barry 1992, 2008) and
currently area-wide available global data fields which
are frequently used in ecology, as e.g. the WorldClim
database of HipmaNs et al. (2005), reveal great uncer-
tainties in regions like the tropical Andes of Ecuador
(e.g. SKLENAR et al. 2008). On the other hand, nu-
merical models could also provide spatial fields of air
temperature but the achievable accuracy at a model
grid cell on the regional scale mainly depends on the
selected cumulus parameterization scheme because
of the strong coupling of cloud and rain formation
and the radiation/thermal environment (LYNN et al.
2009).

A further challenge with regard to the plot-
based studies of ecological research groups is the
demand for very high resolution information on
air temperature which is currently not provided by
global circulation or mesoscale atmospheric models.
Particularly in areas with complex terrain such as the
Andes of Ecuador, model results have greater uncer-
tainties because the topography is often not properly
considered by the resolution of the model grid (e.g.
UrruTia and VUILLE 2009). Even if the spatial reso-
lution of model results could be boosted by statistical
downscaling techniques (PAPE et al. 2009), the adap-
tation of the technique to produce high resolution
temperature maps would require respective transfer
functions for every pixel and thus, a spatial tempera-
ture field as an input (see e.g. WILBY et al. 2002).

One solution for the scaling problem could be
the development and application of GIS-based en-
ergy balance models which have been proven to sim-
ulate air temperature with RMS accuracies of <1°C
(e.g. LorrLEr and Pape 2004). A further challenge in

providing temperature data to ecologists is the varia-
bility of the landscape because great areas of tropical
mountain forests are currently converted to pasture
land by slash and burn activities (for Ecuador refer to
HarTiG and Beck 2003) and thus, climate data must
equally describe the thermal environment of differ-
ent land cover units. By international standard, rou-
tine meteorological observations are normally availa-
ble for open land (grass) where the thermal environ-
ment in adjacent forests can clearly differ (BENDIX
and RariQpoor 2001). If temperature observations
are available, geostatistical interpolation techniques
are generally powerful tools to provide the required
high-resolution temperature maps (PApE et al. 2009).
The availability of a digital elevation model and de-
rived topographic variables like slope, aspect, alti-
tude and geographical position could be integrated
to improve the validity of climate maps (WANG et
al. 2006; DAry et al. 2008). Overall, the most com-
monly used approach in meteorology for tempera-
ture regionalization is the kriging technique and its
derivates (co-kriging, universal kriging, kriging with
external drift KED) (e.g. BEnDIX and BenDIx 1998;
VICENTE-SERRANO et al. 2003). GoovakerTts (2000)
points out that no significant differences among the
kriging derivates can be found. At the same time,
kriging with detrended raw data offers more flex-
ibility then kriging with external drift (HupsoN and
WACKERNAGEL 1994), particularly when local trends
such as the dependency between temperature and
terrain elevation must be considered (HoLpAwAY
1996). However, interpolation techniques are only
successful if an appropriate dense coverage of cli-
mate stations in an area is given.

The present study is conducted in the framework
of a multidisciplinary ecological research unit work-
ing in the Rio San Francisco valley of the eastern
Andes of South Ecuador. Here, the ecologists re-
quire air temperature data to interpret their findings
on e.g. species composition inside and outside the
forest. However, air temperature is only observed at
open-sites on a regular basis at meteorological sta-
tions, which are usually not located at the observa-
tion plots of the ecological groups.

The methodological aim of the study is to de-
velop spatial temperature maps where the ecologists
can extract average air temperatures for their obser-
vation plot, no matter if it is inside or outside the for-
est. We hypothesize that it is possible to derive high
resolution temperature maps representing the ther-
mal environment in- and outside the forest by com-
bining long-term station data at open-sites, short-
term temperature measurements inside the forest, a
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satellite data based land cover classification encom-
passing information of relative forest cover per pixel,
and a straightforward detrending technique.

The topical aim is to investigate the change of
the thermal environment that occurs by converting
natural forest into pasture, which can have severe
impacts on e.g. species composition (see e.g. for bry-
ophyts NOskE et al. 2008). We hypothesize that the
thermal regulation function, one major ecosystem
service, will be degraded by converting the natural
forest to pasture land.

Moreover the calculated maps are the basis for
the downscaling of future projections on air temper-
ature derived from mesoscale model runs.

2 Study area and data

The area of the current study which is situ-
ated around the ECSF research station (Hstacion
Cientifica de San Francisco, lat. 3°58°18” S, long.
79°4°45” W, alt. 1843 m a.s.l.) covers a part (~25 km?)
of the Rio San Francisco valley, deeply incised in the
eastern cordillera of the South Ecuadorian Andes
(Fig. 1). Elevations range from ~1600 m a.s.l. at the
valley bottom to ~3200 m a.s.l. at the highest point,
the Cerro del Consuelo. The natural vegetation is an
evergreen forest covering the slopes from the val-
ley bottom up to the tree line (~2700 m a.s.l.). With
regard to the topographic position, the forest can
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Fig. 1: Digital elevation model of the study area with meteorological stations and Hobo-Logger sites
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be classified into evergreen lower montane forests
(up to 2100-2200 m a.s.l.) and upper montane for-
ests (2200-2700 m a.s.l.). Above ~2700 m a.s.l, a
shrub-dominated sub-paramo prevails (HOMEIER et
al. 2008). The reader may refer to Beck et al. (2008)
for more detailed information on the study area. The
climate of the area is perhumid with a marked el-
evational gradient in air temperature, cloudiness and
rainfall (for details refer to BENDIX et al. 2006a,b and
2008a,b,c). The basis data layer of the current study
is a Digital Elevation Model (DEM) with a resolution
of 10 x 10 m? per pixel (Fig. 1), which was originally
derived from stereo aerial photos by aero-triangula-
tion (JORDAN et al. 2005).

For each pixel, land cover and the relative frac-
tion of natural forest is derived from Landsat ETM+
satellite data (Fig. 2). Image processing encompasses
topographic and atmospheric correction and the
application of a soft classification algorithm using
probability guided spectral unmixing (GOTTLICHER
et al. 2009). The vegetation distribution map as well
as the relative forest cover map is re-sampled to the
resolution of the DEM (10 x 10 m?) using bilinear
interpolation.

The left image in figure 2 illustrates that the for-
est of the south-facing slopes north of the Rio San
Francisco has been cleared to gain pasture land, par-
ticularly in the lower parts of the valley where open
land now dominates. Unfortunately, this important
provisioning service for the local population (pas-
ture use; see KNOKE et al. 2009) has been degraded
to a great extent due to the invasion of an aggres-
sive weed, the southern bracken fern, which has led
to the abandonment of many active pastures (see
HarTIG and Beck 2003). In the higher parts of the
north-facing slopes, the natural forest changes into
sub-paramo vegetation. The photos A-C below fig-
ure 2 demonstrate the three main land cover units:
Forest, pasture and sub-paramo.

The right image in figure 2 illustrates the re-
sults of a soft land cover classification, represent-
ing the relative cover of forest in a 10 by 10 m? grid
cell (GOTTLICHER et al. 2009). Reductions of relative
cover in the forest at the north-facing slopes are gen-
erally due to natural landslides and the reduction of
forest density in the transition zone towards the sub-
paramo belt.

Climate observations were gathered in an opera-
tional network of five automatic climate stations at
open-sites on the northern and southern slopes, and
seven Hobo-Loggers (Onset Corp., USA) inside the
forest on the southern slope (Fig. 1). Three automat-
ic stations (ECSF: 1950 m a.s.l., TS1: 2669 m a.s.l,

Cerro: 2933 m a.s.l.) have been operating since 1999
along an altitudinal gradient at the southern slope of
the San Francisco valley. Two additional automatic
stations were established on the northern slope of
the valley (lower bracken in 2005: 1957 m a.s.l., up-
per bracken in 2007: 2113 m a.s.l). The automatic
stations measure the air temperature 2 m above
ground as according to international standards. The
near surface temperature at open-sites, which might
also be important for organisms living close to the
ground, generally shows higher amplitudes, but the
daily course is also related to the air temperature.
The seven Hobo-Loggers inside the natural forest of
the north-facing slopes were operated from 2002 to
2005 along an altitudinal gradient from 1960 m a.s.L.
to 2450 m a.s.l. Hobo-Loggers include sensors to
measure air temperature and relative humidity. They
were also mounted 2 m above the forest ground to
maintain the same altitude as outside the forest to
warrant comparability. However, due to the homog-
enous climate in the below canopy atmosphere, the
observation height inside the forest is not as impot-
tant as outside the forest due to the canopy shelter
effect.

3 Method

Based on the information gained by the analysis
of the observation data, the calculation of the spatial
air temperature maps in 10 x 10 m? grid resolution
is conducted by using a straightforward detrending
technique.

The first step is the determination of average
monthly lapse rates for all open-sites: the pasture
area, the mountain forest and the shrub-dominated
sub-paramo. The lapse rate is used to calculate the
open-site air temperature with the following regres-
sion function:

Tyipm=1-z+1b M

where Ty, is the average monthly air tempera-
ture [°C], T" the slope (= the lapse rate), & the inter-
cept of regression (the base level temperature) and 3
the altitude [m].

To consider the different locations of open-sites
(pastures, forest and sub-paramo) properly, monthly
maps are produced by applying three different lapse
rates and base level temperatures (Tab. 1). In the
lower part of the north-facing slopes (mountain for-
est) the lapse rate for open-sites between ECSF and
TS1 is used (1999-2007). For the upper parts, mainly
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Table 1: Monthly average lapse rates (I') and base temperatures (b) at 0 m a.s.l. for mean, minimum and maximum air
temperatures of the land use units.

Inside
ECSF-TS1 TS1-Cerro Pasture Forest
Mean T b r b T b r b
Jan -0.533 25.970 -0.640 28.837 -0.586 25.089 -0.302 21.604
Feb -0.513 25.001 -0.611 30.163 -0.671 31.854 -0.371 22.469
Mar -0.513 24.057 -0.698 37.183 -0.985 35.861 -0.431 22771
Apr -0.461 24.464 -0.773 32.720 -0.819 32.415 -0.443 22.678
May -0.505 25.077 -0.696 30.109 -0.883 33.177 -0.461 23.272
Jun -0.559 25.553 -0.530 24.760 -0.882 32.745 -0.378 22.286
Jul -0.596 25.355 -0.392 22.247 -0.919 32.859 -0.304 21.489
Aug -0.573 25.601 -0.644 27.211 -0.738 29.676 -0.282 20.726
Sep -0.550 25.800 -0.698 32.469 -0.503 25.613 -0.350 22.446
Oct -0.533 26.217 -0.698 30.348 -0.545 27.020 -0.312 21.645
Nov -0.498 25.085 -0.726 34.286 -0.713 31.052 -0.337 21.887
Dec -0.479 25.821 -0.733 30.762 -0.526 27.824 -0.363 22.488
Year -0.526 25.970 -0.653 28.837 -0.731 30.432 -0.361 21.847
Max a b a b a b a b
Jan -0.667 34.509 -0.952 40.604 -0.125 22.770 0.216 12.739
Feb -0.460 29.959 -0.826 37.811 -0.243 24.816 0.339 11.832
Mar -0.686 34.832 -0.950 40.213 -0.440 30.566 0.218 13.192
Apr -0.695 34.668 -0.831 37.367 -0.318 27.624 0.133 14.824
May -0.726 34.784 -0.916 38.854 -0.869 37.545 0.354 11.441
Jun -0.492 28.894 -0.797 35.418 -0.399 27.311 0.068 16.031
Jul -0.546 29.814 -0.802 35.134 -0.349 24.809 -0.112 18.816
Aug -0.607 31.523 -0.858 36.621 -0.999 39.480 -0.138 18.917
Sep -0.996 40.663 -1.052 42.034 -0.309 26.125 -0.169 20.286
Oct 1471 45.406 -1.158 44.978 0.120 19.220 0.074 16.486
Nov -1.239 47.457 -1.193 46.560 -0.367 29.582 0.405 10.657
Dec -1.047 42.490 -1.065 42.828 0.264 17.559 0.387 10.327
Year -0.788 36.250 -0.950 39.868 -0.336 27.284 0.257 12.739
Min a b a b a b a b
Jan -0.371 19.265 -0.359 19.038 -0.638 26.044 -0.520 24.277
Feb -0.363 19.422 -0.380 19.851 -0.871 30.437 -0.469 22.322
Mar -0.300 18.071 -0.359 19.445 -0.803 29.005 -0.495 23.522
Apr -0.327 18.576 -0.362 19.499 -0.865 30.084 -0.510 23.943
May -0.319 18.469 -0.372 19.645 -0.976 32.393 -0.502 23.841
Jun -0.328 18.284 -0.367 19.205 -0.841 28.987 -0.510 23.844
Jul -0.291 17.033 -0.339 18.267 -0.876 29.681 -0.535 23.393
Aug -0.249 15.983 -0.329 17.919 -0.621 24.114 -0.534 23.120
Sep -0.334 17.871 -0.352 18.362 -0.559 23.402 -0.535 22.956
Oct -0.355 18.616 -0.359 18.906 -0.766 27.937 -0.492 22.485
Nov -0.425 19.898 -0.338 18.077 -0.597 24.698 -0.494 23.238
Dec -0.430 20.646 -0.385 19.834 -0.806 28.866 -0.454 22.097
Year -0.338 18.443 -0.358 19.001 -0.768 27971 -0.526 24.277
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covered by sub-paramo vegetation, the lapse rate be-
tween TS1 and Cerro is applied. To derive a lapse
rate for inside-forest plots and the pastures on the
south-facing slopes, long-term open-site lapse rates
are compared with the short-term lapse rates in the
forest and on the pastures. Thus, the monthly rela-
tion of these short-term lapse rates to the long-term
rates is determined (see figure 4). Then, the long-
term open-site lapse rates are weighted with this
relation so that comparable long-term lapse rates
(representative for 1999-2007) are available also for
inside-forest-sites and the pasture area which pre-
supposes that relative differences between the land
cover units are stationary over time. The next step
is detrending to calculate the base level temperature
of open-sites for the three land cover units (pasture,
forest and sub-paramo) where the base level (A4,,,) is
setto 0 ma.s.L.

Ty, = T- (T - (Apw— Asarion) @

where T [°C] is the average monthly base level
2 m air temperature of the land use unit, T'[°C] the
average monthly air temperature of the land use unit
(1999-2007), I' the monthly lapse rate of the land use
unit [Km"], 4, the detrending level [here 0 m a.s.1]
and Ay, the altitude of the climate station [m a.s.l.].

The resulting base temperatures are merged with
the DEM by inverting equation (2) and integrating
the DEM. This step re-establishes the observed ver-
tical distribution of air temperature for every grid/
raster point. The inverted form of equation (2) can
be written as:

Ty = Tow + (I (AP = Ape)) (3)

where T, is the resulting monthly average air
temperature [°C] at a grid cell position (x,y), Tp, the
calculated detrended air temperature of the land
units [°C], I' the monthly lapse rate of the land use
units [K m™], A”#Y, ) the altitude of the DEM grid
cell at position (x,y) [m a.s.l.] and Ap,, the detrending
level [here O m a.s.l].

The next step is to merge the three open-site
air temperatures (pasture, forest, sub-paramo) with
respect to the land cover classification. The respec-
tive temperatures are assigned to grid cells covered
by pasture, forest and sub-paramo. The result is an
open-site air temperature map representing all land
cover classes.

Additionally, the lapse rate inside the for-
est stands is derived and regionalized in the same
manner.

Finally, the real air temperature with regard of
the relative forest cover per pixel is calculated by
combining the open-site air temperature map with
the inside-forest air temperature map. For every grid
cell, the real air temperature is calculated as follows:

TLC (,9) = (TFm‘e.rt : F Prrz) + (ﬂ)])m : (7 - F Pm) (4)

where TL.C,,,is the land cover typ-weighted air
temperature at position (x,y) [°C], T}, the calculated
forest air temperature at position (x,y) [°C], Fp, the
relative proportion of forest (0-1) of a pixel at posi-
tion (x,y) and Ty, the open land air temperature at
position (x,y) [°C].

To produce also land cover type-weighted maps
of average monthly minimum and maximum air
temperatures, equations 1-4 are solved for monthly
lapse rates and base temperatures of both thermal
extremes (Tab. 1).

4 Thermal structure along the altitudinal gra-
dient

The basis for temperature data regionalization
using detrending is the analysis of the temperature
lapse rate with terrain altitude, and its modification
due to changes in land cover. Figure 3 shows the
lapse rate for open-sites of the north-facing slopes.

The average monthly lapse rate for open-sites
between ECSF and TS1 of the north-facing slopes
generally reveals close to moist adiabatic conditions
in the lower-mid altitudes (annual average lapse
rate: -0.52 K/100 m), mainly due to high cloudiness
and rainfall all year round (BENDIX et al. 2006a,b).
At the same time, the lapse rate in the sub-paramo
region (TS1 to Cerro) shows a general tendency to-
ward more dry adiabatic conditions, particularly
in austral summer (annual average lapse rate: -0.70
K/100 m). Overall, the increased lapse rates at
greater altitudes are due to the lower air tempera-
ture and reduced air density, causing lower vapor
pressure. It is striking that the annual course of
lapse rate development for both altitudinal belts is
reversed in most months. The lapse rate in the up-
per part of the valley shows marked oscillation over
the year and exceeds that of the lower parts particu-
larly in austral winter (JJA). This can be explained
by the humidity conditions in the valley. In the
main rainy season of austral winter (June—August)
cloud/fog frequency and thus air humidity is partic-
ularly high in the Cerro region which is frequently
wrapped in cap clouds (BENDIX et al. 2008¢), espe-
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Fig. 3: Average monthly lapse rate at open-sites for the lower-
mid and upper part of the north-facing slopes (1999-2007).
For location of the stations refer to figure 1

cially pronounced in June/July when the lapse rate
in the highest parts clearly exceeds -0.6 K/100 m.
At the same time, this period is characterized by a
reduction of the lapse rate in the lower parts, which
coincides with a slight decrease in fog frequency
close to the valley bottom (BeNDIX et al. 2008¢). In
the relative dry season (September—May), cloudi-
ness, fog frequency and thus, atmospheric moisture
are clearly reduced in the Cerro region, leading to
more dry adiabatic lapse rate conditions. At the
same time, a reduced stratus frequency in the lower
valley is slightly increased due to unhampered noc-
turnal radiation (BENDIX et al. 2008¢), leading to
more moist adiabatic conditions. In summary, the
lapse rate along the altitudinal gradient is not only a
function of terrain altitude, but clearly linked to the
atmospheric moisture dynamics.

The comparison of pasture and inside-forest
lapse rates, indicated by the relative fraction in figure
4, shows that the atmosphere inside the mountain
forest is characterized by more pronounced moist
adiabatic conditions all year round. Particularly
in July/August when the open-site lapse rate is re-
duced (Fig. 3), the gradient to the inside-forest lapse
rate is increased, marked by a reduction of the rela-
tive fraction to ~0.5. The overall lower lapse rate
all year round (relative fraction <1) means that adi-
abatic cooling with altitude is dampened inside the
forest in comparison to open-sites. Assuming forest
cover up to 3000 m a.s.1., a stationary lapse rate dif-
ference would result in a stronger cooling for open-
sites from the valley bottom to the mountain top of
about 2.4 K (1600-3000 m a.s.L.).

The contrary holds for the wide open areas of
the pasture region on the south-facing slopes. Here,
the lapse rate generally exceeds that of the north-
facing slopes outside and inside the forest and thus,
the lapse rate fraction is mostly >1.

Fig. 4: Relative monthly lapse rate fraction of pasture and
inside-forest with regard to the monthly lapse rate between
ECSF-TS1 for the available time periods; 1 means the same
lapse rate as for ECSF-TS1, <1 a lower (toward moist adiaba-
tic) and >1 a higher (toward dry adiabatic) lapse rate

The general reason for the difference between
outside- and inside-forest-sites is the diverging atmos-
pheric moisture condition. Figure 5 shows that aver-
age relative humidity inside the forest (p12) is always
close to saturation compared to the open-sites (ECSF)
where average humidity frequently falls below 90%,
especially in the first half year. The shelter effect of
the canopy against evaporative losses and the transpi-
ration of the ample vegetation are the main reasons
for the high humidity which prevents the establish-
ment of more dry adiabatic lapse rates in the forest due
to more frequent condensational heating, It is also de-
picted that humidity oscillations in the course of the
year are clearly dampened inside the forest.

Of interest are not only lapse rate differences be-
tween open-sites and the below canopy atmosphere,
but also the average monthly temperature differences
which might be the result of a more direct/indirect
exchange of daily ingoing and nocturnal outgoing ra-
diation fluxes inside/outside the forest. Figute 6 illus-
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Fig. 5: Comparison of average monthly air humidity for an
open-site (ECSF) and the Hobo-Logger site (p12) with a
corresponding altitude, available years 2002—2003
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trates that the forest is cooler in almost all months of
the years 2002—-2003. Only under specific conditions,
the forest can be warmer than the open-site as indi-
cated for January to April.

The reason might be a different course of cloudi-
ness and thus irradiance. Figure 7 presents two typi-
cal days with (i) complete overcast and (ii) high solar
irradiance.

0.8
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Fig. 6: Monthly air temperature difference and standard de-
viation between ECSF (open site) and the average reduced
monthly temperature (reduction to ECSF met altitude of
1960 m a.s.l.) of inside-forest observations (7 plots; lapse
rate for reduction is taken from figure 4), 2002-2003; sd =
standard deviation

On cloudy days where radiation hardly exceeds
200 W m™, the forest-site is warmer almost all the
time with a daily average of ~0.6°C. The opposite
holds for sunny days where peak radiation exceeds
1000 W m?2. Here, the forest is still warmer dur-
ing the night, but clearly cooler during hours of
high irradiance >200 W m™?, which seems to be a
threshold for a switch between positive and nega-
tive differences. This threshold is clearly exceeded
on most days (see BENDIX et al. 2008a), which means
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that the forest is generally colder on a daily average.
This situation is illustrated for a sunny day where the
forest is 0.3°C colder over the day than the adjacent
open-site. Markedly, the thermal difference is mainly
caused by daily irradiance. During night, the canopy
shelters the inside-forest atmosphere from nocturnal
radiation losses and mitigates the influence of cold
air drainage flow due to forest roughness during all
weather situations. During daylight however, cast
shadow of the canopy and evaporative cooling are
most likely factors which reduce heating rates in-
side the forest in comparison to the open-sites on
the sunny day. On extremely overcast days, outgoing
longwave radiation losses are more important in the
radiation balance for the temperature development,
which are reduced inside the forest due to the shel-
ter effect of the canopy, thus causing slightly higher
temperatures.

5 Spatial representation of air temperature in
the San Francisco valley

Maps of averaged annual minimum, mean and
maximum air temperature are presented in figure
8 and are representative for the observation period
1999-2007. The average air temperature ranges from
19.4 °C at the valley bottom to 9.4 °C at the upper
parts. The lower parts of the north-facing slopes
where great parts are covered by pastures are slightly
warmer than the forest sites on the opposite side of
the valley at the same altitudinal level. Particularly
for the average annual minimum air temperature,
the difference between the areas with different land
cover types is clearly visible. As expected for the
temperature minimum mostly occurring at the end
of the night, the forest at corresponding altitudes
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Fig. 7: Air temperature difference for an open-site (ECSF) and the Hobo-Logger site with a corresponding altitude (p12) and
solar irradiance (Q) at (left) a typical cloudy (2 Jan 2003) and (right) sunny day (23 Jan 2003)
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Fig. 8: Average annual 2 m minimum (TMin), mean (TMe-
an) and maximum (TMax) air temperature in the study area

is warmer than the surrounding open-sites on both
slopes. There is also a clear thermal difference be-
tween the open-sites. The lower pasture areas of the
south-facing slopes are nearly as cold as the higher
parts (sub-paramo) on the north-facing slopes. This
is due to nocturnal cold air drainage flow particu-
larly affecting the lower pastures while the higher
parts of the north-facing slopes are more frequently
protected against strong radiative cooling by the fre-
quently occurring cap clouds, additionally providing
condensation heating. Altogether, the average an-
nual minimum air temperature ranges from ~15°C
at the valley bottom to a minimum of ~5.8 °C at the
lower pasture areas. The average annual maximum
temperature ranges from ~206.2 °C at the valley bot-
tom to ~10.8 °C in the upper parts. It is cleatly vis-
ible that the areas which are exposed unsheltered to
incoming solar radiation reach significantly higher
maximum air temperatures than the below-canopy
atmosphere in the forest. Particularly, the lower-level
pasture-sites are affected by an exceptionally high
temperature maximum in the respective altitudinal.
This means that the average diurnal temperature am-
plitude is greatest on the lower pasture areas of the
south-facing slopes while the lowest gradient occurs
inside the natural forest of the north-facing slopes.

In the monthly average air temperature, the
thermal differences between the three land cover
units are generally maintained (see: supplement).
However, the gradients slightly differ in the course
of the year. Particularly in the main rainy season
(June—August) when only little irradiance is available
at the higher parts of the study area, lowest average
temperatures occur in the study area while highest
temperatures over the whole altitudinal gradient are
reached in the relative dry season at the end of the
year (November—December).

Of ecological interest is the average monthly
minimum temperature which exhibits clear differ-
ences between the main rainy and relative dry sea-
sons (see: supplement). In the first half of the year
and particularly in the main rainy season, lowest
minimum temperatures are obtained for the forest
but the cooling of the pastures remains moderate.
This changes toward the relative dry season at the
end of the year (September—December) where the
pastures clearly reveal the lowest temperatures be-
cause less cloudiness in this period enhance outgo-
ing radiation at night (BENDIX et al. 2009b), trigger-
ing radiative cooling of unprotected open-sites, and
the development of katabatic flows which particu-
larly affect the open-sites at lower altitudes close to
the valley bottom.
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The monthly course of the thermal structure in
the study area can be well demonstrated by inspecting
the average monthly maximum air temperature (see:
supplement). Overall, the lowest maximum tempera-
tures occur during the main rainy season when cloud
frequency is high and concurrently the sun has its
lowest elevation angle. During this time, the maxi-
mum air temperature values range between ~10°C at
the sub-paramo and ~23°C at the lowest parts of the
valley bottom. While the maximum thermal ampli-
tude along the altitudinal gradient is generally lower
in this period (especially June-August), it is mark-
edly high in the relative dry season at the end of the
year (November—December). The highest maximum
temperatures are calculated for austral summer with
values between 11.4°C at the sub-paramo and 29.1°C
at the lowest part of the valley bottom. With regard
to the three land cover units, the open land areas
generally show a more pronounced daily heating
than the below-forest atmosphere all year long. The
maximum temperature in the natural forest is clearly
influenced by the percentage of forest cover in the
pixel because this determines cast shadow effects
on the below-canopy atmosphere. With regard to
open-sites, the sub-paramo vegetation at the moun-
tain ridge is colder due to its greater terrain altitude
and the higher cloud frequency, damping solar irra-
diance even in the relative dry season. At the same
time, the pasture-sites in the lower parts of the valley
exhibit the highest heating rates, particularly in the
relative dry season at the end of the year. In the main
rainy season, the maximum temperature gradients
between pasture and forest nearly disappear due to
the high cloud frequency and the corresponding low
daily irradiance.

6 Discussion and conclusion

The combination of land cover classification
and detrending technique has proven to be a fea-
sible method for calculating air temperature maps
with a high spatial resolution of 10 x 10 m? for the
study area, the Rio San Francisco valley in the east-
ern Andes of southern Ecuador. One novel feature
is to use different lapse rates as the basis of detrend-
ing, depending on land cover conditions and relative
forest cover distribution. In other studies, detrended
interpolation techniques have been used with a con-
stant lapse rate for larger areas (DoDsON and MARKS
1997; KurtzMAN and KabmoN 1999). However, the
application of a common vertical temperature gradi-
ent for the whole study area cannot depict the com-

plex conditions occurring in tropical mountains with
a strong influence of cloud cover and the interaction
of topographical features, land cover type and solar
radiation. If applied to our study area, a unified lapse
rate brought large deviations from a plausible tem-
perature range for the extreme elevations. Air tem-
peratures up to 37 °C were calculated for the lowest
parts (data not shown) which have never been ob-
served in reality. Obviously, the employment of dif-
ferent gradients for the various types of land cover
and topographic locations is necessary to depict the
real thermal structure. PApE et al (2009) proposed
the integration of additional topographic variables
in their geostastistical approach. However, they had
more climate stations available and their domain is
much larger. Also the dense vegetation with high
rates of evapotranspiration, its variations in rough-
ness and the different albedos in this study are
probably more important factors than topographic
characteristics.

The main goal was to give realistic estimates
for the ecologists working in the field, because not-
mally only data from the nearest climate station is
used. The integration of further variables controlling
the climate is intended for future extensions of the
regionalization.

Some of the topographic effects are visible in the
resulting maps. For example, minimum temperature
shows clear evidence of cold air drainage. Influences
of the cloudiness can be seen in the minimum maps
because it limits outgoing radiation during the night,
while at daytime it lowers maximum temperatures by
reducing incoming solar radiation.

The most important feature of the maps is the
capability to show the differences caused by land
cover type. The differences are not that pronounced
for the mean temperature, reaching 1 °C to 1.5 °C.
This is in the same range MORECROFT et al. (1998)
found for woodland in the UK (0.6 °C to 0.9 °C).
During sunny conditions the difference can be up
to 3 °C. The highest deviation of maximum average
temperature of 14.8 °C between pasture and forest
is impressive and shows that forest stands are capa-
ble of maintaining much more homogencous cli-
mate conditions, thus protecting sensitive organisms
against climate extremes.

This extreme difference of maximum tempera-
ture was calculated for austral summer (NDJ), when
solar radiation is pandering the south-facing slopes
(pastures).

Although the dampening effect of dense forests
has been shown by several studies (e.g. GRIMMOND
et al. 2000; KORNER and PaurseN 2004; BADER et
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al 2000) this knowledge has hardly been used to
produce temperature maps for ecological studies.
Several processes interact, to enable this protec-
tive function: the canopy shelters the inside-forest
atmosphere against high irradiance and nocturnal
radiation losses. Evapo-transpirative cooling during
day and condensation warming during night retain
humidity in the forest always close to saturation and
thus help to dampen temperature extremes. The
high moisture content in the below-canopy atmos-
phere causes a reduction of the lapse rate and thus, a
slower cooling with altitude. At last, the dense vege-
tation of the forest decelerates warm and cold advec-
tion (e.g. cold air drainage flow) due to the roughness
of the ample biomass. All these balancing effects
are absent for the lower level pastures and the high
level sub-paramo area. Consequently, the conversion
from natural forest to pasture degrades the thermal
regulation function (supporting ecosystem services)
of the ecosystem. The high thermal amplitudes also
explain why reforestation of abandoned pastures
with saplings of indigenous tree species sometimes
show better results under the shelter of exotic tree
plantations that protect the saplings from the climat-
ic extremes of the open-pasture-sites (WEBER et al.
2008). With regard to the annual course of weather
in the study area, the clear difference between the
rainy and the relative dry seasons is obvious. A high
degree of cloudiness and rainfall throughout the day
and the relatively low incoming and outgoing radia-
tion fluxes obliterate the differences of air tempera-
ture between open land and inside-forest-sites, a
situation typical for the rainy season in austral win-
ter (JJA). On the other hand, pronounced radiative
fluxes during the relative dry season clearly promote
the strong thermal gradients between the different
land cover types.

In the Paramo in Papallacta (close to the capital
Quito) BENDIX and RAFIQPOOR (2001) found that soil
temperature at -0.5 m is not constant during the year,
because of the correlation between soil heat flux und
air temperatures. If a strong gradient occurs between
soil and atmosphere, a transfer of energy sets on.
During the day this transfer is positive (orientated
downward into the soil) and during the night nega-
tive (orientated upward to the soil surface and the
atmosphere). This can be true for the different land
cover parts in the study area, too. KORNER (1998)
points out that root growth (-0.1 m) starts at soil
temperatures over 3 °C but does not reach sufficient
intensity at temperatures less than 6 °C. Therefore
root growth may be diminished during the night at
the sub-paramo and the pasture areas at the south-

facing slopes. Air temperature also controls the el-
evational limits of vegetation and plants distribution
(TaNG and Fanc 2006). Hence, the low minimum
air temperatures over the pastures can complicate re-
forestation and plant growth, especially during aus-
tral summer (NDJ) when the lowest air temperatures
are calculated over the pastures areas. This initial
study of regionalization has focused on longer-term
averaged high resolution maps of air temperature,
particularly useful for ecological applications. The
methods will be enhanced to derive hourly maps, by
using remote sensing data such as rain radar images
(e.g. RoLLENBECK and BeNDIX 2000) and satellite
data products.
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Average monthly 2 m minimum (TMin), mean (TMean) and maximum (TMax) air temperatures in the study area
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