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Abstract. This paper is concerned with climate change in the region of the Canary Islands and the
potential implications for the laurel forests of Tenerife. Frequent orographic cloud formation during
the dry season is of vital importance to the altitudinal distribution of the laurel forests, because
it maintains a semi-humid environment in the otherwise semi-arid climate of the Canary Islands.
The distinctive environmental conditions in conjunction with the location of the Canary Islands on
the Northern poleward edge of the Hadley Circulation make these ecosystems potentially highly
sensitive to regional changes in climatic conditions. To explore this sensitivity, we first quantify
observed trends in humidity and temperature across an altitudinal transect at the base of the Anaga
peninsular, and second, analyse the results of three GCM experiments (CGCM1, ECHAM4 and
CSIRO) to develop alternative climate change scenarios, and third, use these data to assess likely
shifts in the elevational distribution of the laurel forest climate envelope. We report a significant
increase in relative humidity and decreases in the diurnal temperature range on Tenerife at altitudes
below the trade wind inversion within the last 30 years during the dry season, which suggests an
increased occurrence of low-level clouds. There is also partial evidence for a drying trend across the
trade wind inversion, which may be linked to an increased subsidence. Overall, the models suggest a
downward shift of the area climatically suitable for laurel forests, which may be driven by changes in
temperature and moisture supply in the region as well as by larger-scale changes in the atmospheric
circulation. Our findings contrast with previously published findings for a tropical montane cloud
region, which predict an upward shift of the cloud base. This suggests, following the assumptions
inherent in the models applied, that the ecological consequences of climate change for cloud forests
may be linked to their relative location in the Hadley Circulation.

1. Introduction

The role of humans in inducing climate change has been asserted in four successive
reports of the Intergovernmental Panel on Climate Change (IPCC, 1990, 1992,
1996, 2001). While the resultant warming is expected to be greatest in the Northern
Hemisphere high latitude continental regions, marked changes are also anticipated
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in regions located sensitively with respect to transitions between different parts of
the planetary circulation.

The Canary Islands (27°37' to 29°27" N; 13°20’ to 18°20’ W) off the hyper-arid
coast of Northwest Africa, are positioned astride the subtropical high-pressure belt,
at the poleward limits of the Hadley Cell (Fernandopulle, 1976). Situated as they
are in the eastern subtropical north Atlantic, their seasonal climate is largely driven
by the location of the Azores anticyclone. Whereas Fuerteventura and Lanzarote,
the easternmost islands of the Canaries, exhibit a desert-like climate and vegeta-
tion, the western islands of Gran Canaria, Tenerife, El Hierro, La Gomera and La
Palma experience a Mediterranean-type climate of hot, dry summers and wet, warm
winters. The mountains on these islands act as a topographical barrier to low-level,
moist trade winds, creating a toposequence of contrasting climatic conditions. The
result is a striking altitudinal zonation of vegetation, strongly differentiated be-
tween the windward and leeward sides of the islands (Fernandez-Palacios and de
Nicholas, 1995).

The altitudinal zonation is particularly marked on Tenerife, the largest and high-
est of the Canary Islands (Carlquist, 1974; Hollermann, 1981; Fernandez-Palacios
and de Nicholds, 1995). Due to the position of this roughly triangular-shaped island
relative to the direction of the trades and the North Atlantic weather systems, two
distinct slope types can be identified: a windward N slope and the leeward SE-SW
slope. In general, altitude and exposure represent the major determinants of the
observed altitudinal vegetation patterns, since temperature, moisture supply and
radiation are connected to these variables (Fernandez-Palacios and de Nicholas,
1995).

The laurel forest belt is altitudinally closely associated with the zone of oro-
graphic cloud formation, hence these ecosystems are also known as cloud forests.
Tradewinds blowing over the ocean surface are forced to ascend as they encounter
the formidable topographic barrier of the 3718 m high volcano Pico del Teide and
the Anaga mountain range (maximum elevation: 1024 m). Orographically induced
adiabatic cooling leads to the daily development of a cloud belt, locally referred
to as ‘mar des nubes’ (sea of clouds), on the windward slope of the island during
the otherwise dry summer months (e.g., Kimmer, 1974; de Nicholds et al., 1989;
Ferndndez-Palacios and de Nicholds, 1995). The upper limit of the cloud layer
is determined by the thermodynamic stability in the form of a well-developed
tradewind inversion. The dry season cloud cover is of vital importance to the
laurel forests, because it creates a semi-humid environment, which allows these
ecosystems to persist in the otherwise semi-arid climate of the Canary Islands
(Lopez-Gémez and Lopez-Gémez, 1979; Hollermann, 1981). This potentially
makes these ecosystems particularly sensitive to climatic changes that influence
the elevation and frequency of formation of the cloud belt.

Recent research by Still et al. (1999) and Pounds et al. (1999) suggests that
climate change may pose a significant threat to tropical montane cloud forests
(TMCEFs), the tropical counterpart of the sub-tropical cloud forests. As horizontal



FUTURE CLIMATE CHANGE OF THE SUBTROPICAL NORTH ATLANTIC 105

precipitation — the deposition of water droplets onto vegetation and soil surfaces
through direct contact with clouds — often represents a crucial or the only water
input for cloud forests during the dry season, it is of significant ecological impor-
tance to their biology. Still et al. (1999) used relative humidity (RH) as a proxy
for cloud formation, and compared a 2 x CO, equilibrium scenario with a control
simulation of present conditions derived from simulation runs of the GENESIS
version-2 global climate model (Thompson and Pollard, 1997). They interpreted
their findings as supporting an upward shift of the dry season cloud base. Their
argument is further strengthened by the analysis of long-term climatic and demo-
graphic species data, which suggests that the decline in anuran populations in the
cloud forests may be linked to reduction in the mist frequency since the mid-1970s
(Pounds et al., 1999). Such a shift in the cloud base would threaten the existence,
in their present form, of some of these biodiverse mountain ecosystems (Still et al.,
1999).

The impact of climate change on cloud forest ecosystems may also be com-
pounded by regional climatic forcing resulting from land-use change (Lawton et
al., 2001). Model outputs suggest that deforestation can decrease the atmospheric
moisture transfer to the mountain slopes, shifting the lifting condensation level and
thus the cloud base upwards. Lawton et al. (2001) conclude that the effects will
be dependent on location, such that near-coastal cloud forests are unlikely to be
greatly affected, not initially having a substantial area of forest down slope and
windward of them. This situation likely applies also to the laurel forests of Mac-
aronesia (the Azores, Madeira and Canary and Cape Verde Islands), and especially
to the drier islands like Tenerife, where the coastal zones are not wooded.

The present study represents the first attempt to model the potential conse-
quences of climate change for the vertical distribution of clouds and thus for
the vegetation zonation within Macaronesia; specifically focused on the laurel
forests of Tenerife. We examine observed temperature and humidity data for a
transect across the Anaga peninsular of Tenerife to establish temporal trends in
these two key climatic variables. Then we compare these observed trends with pro-
jected trends in climatic parameters derived from three GCMs (CGCM1, CSIRO,
ECHAMA4) run in climate change mode (in each case using the IS92a emissions
scenario) in the subtropical North Atlantic. We focus on the laurel forests, which
occupy a climatically distinct envelope, and which represent biologically distinct
and important ecosystems. Our analyses are limited to the dry season months of
June, July and August (JJA), when persistent cloud cover is of vital importance to
the laurel forests.

2. Study Area: Climate and Biological Importance of Laurel Forests

The laurel forests found on the mountainous islands of Macaronesia represent the
remaining relicts of a Neogene oak-laurel community, which was well developed
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in the circum-Mediterranean region about 20 million years ago (e.g., Bramwell,
1976; Hollermann, 1981; Morales et al., 1996). The climate of the Neogene was
characterized by summer precipitation (Hollerman, 1981), which is in strong con-
trast to the dry season experienced at present on the Canary Islands and further
illustrates the moisture requirements of the ecosystem during summer. As a re-
sult of increases in aridity and sinking temperatures since the Neogene, laurel
forests became confined to coastal and mountainous areas with sufficient moisture
(Hollerman, 1981). The islands of Macaronesia provided the necessary environ-
mental conditions for the survival of the subtropical laurel forests since the climatic
oscillations of the Pleistocene were buffered in part by the oceanic environment
(Bramwell and Bramwell, 1974; Hollermann, 1981). Thus, the laurel forest found
in Macaronesia represents the remaining fragment of a formerly widely distrib-
uted Tethyan-Tertiary flora, which is in a delicate balance with present climatic
conditions.

Following their colonization in the late Tertiary, the distinctive environmental
conditions created through the persistent cloud cover allowed these ecosystems to
survive on these islands by creating a distinct semi-humid climate in a region where
normally a semi-arid climate persists. On Tenerife, the surviving cloud forests are
predominantly distributed in the North on the windward slopes of the Anaga moun-
tain range, the windward slopes extending towards Teno (NW corner of the island)
and towards the Las Cafiadas plateau and Mt Teide, and to a lesser extent in the
mountainous areas around Teno in the Southwest of the island.

The laurel forests communities located on top of the Anaga range of Tenerife
receive frequent and considerable water input through clouds flowing over moun-
tain ridges (Kdmmer, 1974). Although in comparison with most tropical montane
cloud forest ecosystems (Still et al., 1999), horizontal precipitation represents a
relatively small source of total additional water input to laurel forests, it is thought
to be of considerable importance during the dry season (Kdmmer, 1974). Holler-
mann (1981) suggests that the reduction of the incoming solar radiation in fact
plays a much more important ecological role. In conjunction with the high relative
humidity (mean annual RH values have been estimated as 75-81% for laurel forests
of Tenerife by Hollermann (1981); and 87-89% for Tenerife’s Anaga laurel forest
by Eguchi et al. (1999)), it leads to a reduction in evaporation and in the diurnal
temperature range. In general, the trade wind inversion is located around 1500 m
a.s.l., and clouds develop between 750 m and 1500 m (Huetz de Lemps, 1969). The
cloud belt is most persistent during the dry summer months when the tradewind
inversion, due to the dominating influence of the Azores anticyclone, is more sta-
ble than in winter (Fernandopulle, 1976). In summer, the lower humid layer is
shallowest, confining the upper limit of the clouds most frequently to elevations
between 1000 m and 1500 m (Kdmmer, 1974).

The laurel forests are of outstanding biological and hydrological value to the
Canary Islands. The Canarian flora is comprised of approximately 2000 species,
500 of which are endemics (Bramwell, 1990). A substantial proportion of the
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endemic species, including many palacoendemics, are found in the cloud forest
belt (Bramwell, 1976). Of the forty most characteristic plant species found in the
cloud forest belt, 75% are Canarian or Macaronesian endemics. All the dominant
trees of the laurel forests at species or subspecies level are unique to the islands
of Macaronesia (Bramwell, 1990). In addition, the laurel forest provides habitat
for much of the Canarian endemic avifauna (Ballacado, 1976; Hollermann, 1978).
Laurel forests also play an important role in watershed protection and erosion
control (Melville, 1979; Hollermann, 1981). Hollermann (1981) points out that
the region of the cloud forest belt represents the main region of water surplus,
and that the laurel forest is essential for the infiltration and conservation of water,
which would otherwise be lost due to run-off in winter or evaporation in summer.
These ecosystem services provided directly or indirectly by cloud forests are of
considerable socioeconomic importance in the context of an island group char-
acterized by growing demands for water from agriculture and tourism (Melville,
1979; Bramwell, 1990; Ferndndez-Palacios and Martin Esquivel, 2001).

As in tropical montane cloud forests, it can be anticipated that changes in the
distribution of the cloud belt as a result of climate change could have a signifi-
cant impact on the ecology of the laurel zone, with further consequences for the
hydrology of the region.

3. Data and Methodology

Climatic data were obtained from the Centro Meteoroldgico Territorial de Ca-
narias Occidentales, Canary Islands, Spain, for a series of stations on an altitudinal
transect across the windward and leeward slopes in the northwest of Tenerife.
These include Santa Cruz de Tenerife at sea level on the leeward side (36 m a.s.l.,
28°27'18” N, 16°14'56” W); Puerto de la Cruz (120 m, 28°24'06” N, 16°31'30” W),
Valle Guerra Isamar (295 m, 28°30'14” N, 16°22/30” W) and Tacaronte (327 m,
28°29'11” N, 16°24'33” W) on the windward side, and La Laguna (Aeropuerto
Norte) located on a saddle between the leeward and windward sides of the is-
land (617 m, 28°28'10” N, 16°19'04” W). Long-term data were available for Izafia
above the tradewind inversion (2367 m, 28°17'55” N, 16°29'25” W). Based on daily
records for temperature, relative humidity and the diurnal temperature range, the
JJA seasonal averages were calculated and examined for trends. The findings were
then compared with simulations of the future climate for the region.

Simulated changes in future climates were obtained from three climate model
experiments (CGCM1, ECHAM4 and the CSIRO models) run in transient mode
using gaseous composition changes from the ISP92a greenhouse gas emissions
scenario (Leggett et al., 1992). The scenario projects a doubling of CO, concen-
trations and a corresponding warming of the global average temperature by about
2°C by the end of the 21st century with respect to 1990 levels, hereafter referred
to as present conditions.
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CGCML is the first version of the Canadian Global Coupled Model of the Cana-
dian Centre for Climate Modelling and Analysis (Flato et al., 2000). CGCMI1 has a
resolution of T32 (approximately 3.7° longitude and 3.7° latitude) with 10 vertical
levels in the atmosphere and about 1.8° longitude and 1.8° latitude in the ocean
model (for further details see: 1992; Flato et al., 2000). Data from 1000, 850 and
500 hPa pressure levels were available for analysis.

ECHAM4 represents the fourth-generation atmospheric general circulation
model developed by the Max Planck Institute for Meteorology (Roeckner et al.,
1996). We used an ECHAM4 model run with spectral resolution of T42, which
corresponds with a latitude/longitude resolution of about 2.8°. The atmospheric
model is resolved into 19 layers and is coupled to an ocean general circulation
model (OPYC, Oberhuber, 1993). The pressure levels analyzed were 1000, 900,
850, 700, 600 and 500 hPa.

The CSIRO coupled model was developed by the Commonwealth Scientific and
Research Organization, Australia, and has been described by Gordon and O’Farrel
(1997). The resolution of the atmospheric model is set at 3.2° latitude by 5.6° lon-
gitude and the atmosphere is represented as nine vertical levels. Climatic variables
could be obtained at the following pressure levels: 982.19, 919.9, 807.3, 661.9 and
500 hPa. The pressure of 982.19 hPa was taken as being indicative of near surface
trends comparable to the 1000 hPa pressure levels of CGCM1 and ECHAM4. The
ocean model is a grid point model, which consists of 21 layers and is based on the
GFDL ocean model of Bryan (1969) and Cox (1984).

Climate models are the only plausible means of estimating future climates.
For studies concerned with mesoscale climate features, such as topographically-
generated stratiform cloud in the trade winds (of concern in this paper), resolution
and therefore the scale at which physical process are represented in the models
becomes problematic. Such cloud formation occurs at scales much finer than the
resolution of the GCMs. A computationally expensive way to deal with this prob-
lem is to run local area models at resolutions capable of resolving the processes of
interest (e.g., Parry and Carter, 1998; Lawton et al., 2001). Another approach is to
parameterize the process of interest: for instance, cloud cover may be estimated by
using relative humidity as a proxy (e.g., Parry and Carter, 1998; Still et al., 1999).
In this study we adopt the latter approach.

Temperature and specific humidity data were extracted from each of the GCMs
for the grid box corresponding most closely with the location of the islands. The
average lifting condensation level (LCL; the average altitude of cloud formation)
for the JJA dry season was estimated from the dew point depression. The mean JJA
LCL values estimated for 2061-2090 were compared to the 1961-1990 value; the
latter period being generally recognized as the standard present climatic baseline.
As microclimatic effects cannot be taken into account, we are concerned mainly
with relative shifts in the cloud layer and the ecological implications of this. In
addition, time trends in relative humidity were compared with values at higher
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altitudes in each model, since the decrease in relative humidity across the tradewind
inversion can serve as a measure of inversion intensity (Hastenrath, 1991).

Trends in the time series were determined by linear regression analysis. Since
the simulation length and the data available from the model runs vary, trends were
analyzed for general comparison from 1960 to 2099, which serves as the reference
period (as it represents the maximum data length available from the CSIRO ex-
periment). Furthermore, the statistical analyses were extended to the longer, entire
data records available for CGCM1 (1900 to 2100) and ECHAM4 (1860 to 2099).
Differences between the 30-year means in the climate simulations were tested for
their significance using the two-tailed Student’s t-test for independent samples
(McGuffie and Henderson-Sellers, 1997). Trends and changes were considered
statistically significant where p < 0.05. This test establishes probability of the
difference in the means of two samples having occurred by chance.

4. Results

The JJA observed mean temperature data for Tenerife show a significant warming
trend over the last thirty years. There has been a 0.16 °C/decade warming trend
(p = 0.029) from 1950 to 1999 at Izafia (2367 m a.s.l., Figure 1a), within which
the 1970 to 1999 period saw a rise of 0.45 °C/decade. The JJA mean at the mid-
elevation station of Aeropuerto de Los Rodeos Norte at La Laguna (650 m a.s.l.,
windward slope) shows a significant increase from 1972 to 1999 (p = 0.005; Fig-
ure 1b). While no significant change in temperature occurred at Santa Cruz (36 m
a.s.l.) for the entire continuous recording period from 1925 to 1999, a warming
trend can be detected during the last 30 (p = 0.003) and 40 years (p = 0.03)
(Figure 1c). These findings suggest that a shift to a new temperature regime has
taken place during the last few decades.

The only continuous record we have for relative humidity below the tradewind
inversion was for Santa Cruz (Figure 2). These data show a significant upward trend
for the last 30 years (p = 0.006) as well as for the entire measurement period from
1931 to 1999 (p < 0.001), for which there is an increase of JJA average relative
humidity of about 1.1% per decade. No significant trend in relative humidity can
be detected above the tradewind inversion at Izafia during the past 30 years or for
the entire period of observations from 1950 to 1999.

An increase in low level cloud cover and moisture in the atmosphere would
result in more solar radiation being reflected to space during the day while trapping
more thermal infrared radiation emitted from the surface during the night. This sce-
nario is supported by the analysis of the diurnal temperature range (Figures 3a,b).
For all five locations situated below the altitude of the tradewind inversion, a sig-
nificant decrease in the diurnal temperature range can be observed (p < 0.005),
while the relative humidity data from Santa Cruz suggest a significant increase in
relative humidity (p < 0.05). The decrease in diurnal temperature range is most
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(a) JJA Average Temperature, Izana (2367 m a.s.l)
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Figure 1. JJA seasonal temperature averages shown for (a) Izana, (b) La Laguna (Aeoropuerto Norte)
and (c) Santa Cruz. A significant warming trend of 0.16 °C per decade can be detected for Izana
(2367 m a.s.l.) from 1950-1999 (p = 0.029; dashed trend-line), from 1970 onwards a decadal
warming trend of about 0.45 °C is observed (p = 0.005, dash-dotted trend-line). At mid-elevations,
within the recordings for La Laguna (617 m), a warming trend of 0.60 °C can be detected from
1972-1999 (dashed trend-line). No significant rise in temperature can be found near sea-level at Santa
Cruz (36 m) for the entire continuous recording period from 1925 to 1999 (dashed trend-line), but
significant warming occurred during the last 30 and 40 years with p = 0.030 and 0.003, respectively
(dash-dotted and dotted trend-lines).
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JJA Relative Humidity, Santa Cruz (36 m a.s.l)
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Figure 2. The JJA seasonal average of relative humidity at Santa Cruz shows an increase in relative
humidity from 1931 to 1999 (p < 0.001).

pronounced on the windward slope of the island, where orographic cloud formation
predominantly occurs during the dry season (Figure 3b). In contrast, at Izafia, above
the tradewind inversion, where the incidence of cloud during the dry season is
negligible, a significant increase in the diurnal temperature range is found for the
same time period from 1974 to 1997 (p = 0.005), and no trend for the entire record
from 1950 to 1999 can be detected (Figure 3c). In this context, it is interesting to
point out that the diurnal temperature range of Santa Cruz (36 m a.s.l., leeward
side) decreases from 1974 to 1997 (p < 0.01) as well as for the entire recording
period from 1925 to 1999 (p < 0.001) (Figure 3a). The decrease in the diurnal
temperature range of Santa Cruz from 1974 to 1997 was less pronounced than
for the low altitude location on the windward side of the island (Figure 3b). The
limited data are thus indicative of a long-term decrease in the diurnal temperature
range during the dry season due to increased moisture and cloud cover below the
tradewind inversion while at higher altitudes the range in diurnal temperatures may
have increased.

Each of the GCM simulations returns a warming trend for the region of the Ca-
nary Islands for the JJA dry season, reflecting the findings in the observational data
records. The warming trend is highly significant at the 0.001 level at all available
pressure levels for the reference period from 1960 to 2099 and for the entire data
set of each of the CGCM1 and ECHAM4 runs. The differences in temperature be-
tween the 2061-2090 and the 1961-1990 averages generally increase with altitude
(Figure 4a). While the results obtained from ECHAM4, CGCM1 and CSIRO agree
in the sign of the signal, they differ in its magnitude. CGCM1 shows the strongest
change in temperature. The change is smallest in the CSIRO results, which also
shows the lowest increase in temperature above 800 hPa.

Specific humidity represents the ratio of the mass of water vapor to the mass
of moist air; i.e., it is an absolute measure of the amount of water available at
a given level of the atmosphere. The GCM simulations each project an increase
(p < 0.001) in specific humidity between the current climatic baseline and the
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(a) JJA Diurnal Temperature Range, Santa Cruz (36 m a.s.l)
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Figure 3. JJA diurnal temperature ranges over time. The data records for (a) Santa Cruz near sea-level
from 1925-1999 (dash-dotted trend-line), and on the windward slope of the island for (b) Puerto de la
Cruz from 1980-1997 (dash-dotted trend-line), Valle Guerra Isamar and Tacaronte from 1974-1997
(double dot-dash and dotted trend-lines) all show a significant decrease in the diurnal tempera-
ture range with time below the tradewind inversion (p < 0.05). Above the tradewind inversion
a significant increase in the diurnal temperature range can be observed from 1974-1997 (dashed
trend-line), while no significant trend is detected for the entire recording period from 1950-1999
(dotted trend-line).
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(a) JJA Average Temperature Changes, GCM Projections
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Figure 4. Differences in (a) the JJA average temperature and (b) specific humidity of the 30 year
mean from 2061-2090 with respect to the 1961-1990 baseline obtained from ECHAM4 (diamonds),
CSIRO (circles) and CGCM1 (triangles) at various pressure levels.
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2061 to 2090 average at all vertical levels analysed (Figure 4b). CGCM1 exhibits
the highest absolute change in specific humidity at the surface level and at 500 hPa.
At the surface, the increase in specific humidity is approximately 50% higher than
in ECHAM4 and is more than double the value for CSIRO (if its simulated value for
specific humidity at 982.19 hPa is linearly extrapolated to 1000 hPa). The change
in specific humidity at 850 hPa is more pronounced in ECHAM4 than in CGCM1.

Since relative humidity is a non-linear function of specific humidity and temper-
ature (e.g., Jacobson, 1999), changes will be influenced by the relative magnitude
of change of these two variables under the IS92a scenario. CGCM1 and ECHAM4
differ in their absolute relative humidity values but both indicate an increase at
surface level between 1961-1990 and 2061-2090 (p < 0.001; Figure 5). No sig-
nificant change in relative humidity was detected for the record length available
for analysis in the CSIRO simulation. It was shown above that the CSIRO model
produced the smallest relative increases in temperature and specific humidity, i.e.,
the changes in temperature appear to be counterbalanced by the changes in the
moisture content of the atmosphere.

As orographic cloud formation occurs on the windward slopes, an increase
in relative humidity implies that a greater amount of moisture is available for
condensation. As cloud formation generally occurs when local values of relative
humidity exceed 100%, the results of the ECHAM4 and CGCM1 runs suggest that
in a warmer world the cloud base would shift downward. An indicative shift in
the JJA seasonal cloud base height is obtained by subtracting the 2061-2090 mean
from the 1961-1990 mean of the lifting condensation level after they have both
been calculated from the dew point depression (Figure 6). As our results are based
on grid-box averages and do not take microclimatic factors into account, it may
be more realistic to focus on relative shifts in altitude rather than absolute values.
However, since the calculations are based on estimates of the atmospheric mois-
ture content in the region, these average values may still be indicative of climatic
changes in respect of those the parts of the Canary Islands where cloud formation
plays an important ecological role during the dry season. The most pronounced
downward shift in the lifting condensation level is observed in the CGCM1 simu-
lation, with an average depression of about 58 m in altitude (p = 0.001). ECHAM4
also indicates a downward shift of 20 m (p < 0.05). CSIRO, in contrast, shows a
slight upward shift, which, however, remains within the variability simulated in the
model and is not statistically significant.

With increasing altitude, the positive trend in relative humidity appears to
weaken (Figure 7). In particular, CGCM1 shows a reversal of the trend at 850 hPa
and 500 hPa (p < 0.001, Figures 7a,b). Thus, in contrast to the simulated trends
in relative humidity at the surface, the model suggests a drying trend at higher
elevations in the atmosphere. These findings are partly supported by ECHAMA4.
While a positive trend in relative humidity is observed at the surface and at 900 hPa
(p < 0.001), no trend is found at 850 hPa. No significant trend can be found at 600
and 500 hPa for the reference period from 1960-2099. However, when the entire
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(a) JJA Relative Humidity at Sea Surface Level (1900-2100), CGCM1
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Figure 5. JJA average relative humidity over time at surface level showing the values obtained from
(a) the CGCMI run from 1900-2100 and (b) ECHAM4 from 1860-2099 under historic and 1S92a
greenhouse gas radiative forcing. Both models show a significant upward shift in average relative
humidity from the 1961-1990 to the 2061-2090 mean (p < 0.01).
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Changes in Lifting Condensation Level, GCM Projections
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Figure 6. Differences in the lifting condensation level between the 30-year means of 2061-2090 and
1961-1990 during the dry season as suggested by the model simulations of CGCM1, CSIRO and
ECHAM4 under the 1S92a scenario.

model run of 240 years is considered, a significant drying trend is found at 600 hPa
(p < 0.025; Figure 7¢). The results of the CSIRO run display no significant change
in relative humidity at 982.9, 919.8, 807.3 or 500.0 hPa. At 661.9 hPa a significant
increase in relative humidity is observed (p < 0.05).

5. Discussion and Conclusions

Two of the three GCM simulations suggest that, under the IS92a scenario, a down-
ward shift of the average cloud base level is likely by 2100 for the region of the
Canary Islands during the dry season as compared with the present. These findings
are supported by observed data from Tenerife which show significant increases in
relative humidity and reduced diurnal temperature ranges over the last few decades
below the trade wind inversion: these data imply an increased occurrence of low
level clouds.

This suggests that the climatically suitable range for cloud forests is likely to
be extended downwards in a warmer world, since the limiting effects of thermal
and hydric stress would be reduced at these elevations during the dry season. Such
a downward shift would increase the potential area climatically suitable for cloud
forest. However, a downward shift of cloud forest patches may not necessarily
follow. In addition to magnitude and rate of changes in climatic conditions, soil
characteristics are important and, crucially, competing land-use practices have to
be taken into account (Ferndndez-Palacios and Martin Esquivel, 2001).

The upper cloud forest border on Tenerife coincides roughly with the average
altitude of the tradewind inversion. There is partial support in the model simu-
lations — showing significant decreases in relative humidity from the present to
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the end of the 21st century — that a warming of the atmosphere could lead to
a drying trend at and above the tradewind inversion in the region of the Canary
Islands. Given the location of the islands at the poleward limb of the Hadley Cir-
culation, these findings may suggest a strengthened subsidence of dry, warm air
and a lowering of the tradewind inversion, which determines the limit of the cloud
tops. The significant increase in the diurnal temperature range observed within the
last 30 years above the tradewind inversion at Izafia supports this drying trend. In
addition, the simulations project that the warming trend in temperature over the
21st century increases with altitude. Consequently, the upper cloud forest border
would be more frequently exposed to higher temperatures and intense radiation
as it would be swathed by clouds less often during the dry season. The reduced
incidence of clouds at these elevations would not only threaten the upper limit of
the cloud forest belt, but could have considerable consequences as these regions
represent the few areas of the island with a positive water balance throughout
the year (Hollermann, 1981). Hence, the future location of clouds on the Canary
Islands and therefore the potential climate space for the laurel forests may not only
be influenced by changes to the regional temperature profile and moisture supply,
but also by larger-scale changes in the atmospheric circulation.

As cloud forests are characterized by a large number of endemic species, fulfill
important ecosystem services such as watershed protection, and are closely linked
to climatic parameters, monitoring changes in climatic conditions and species com-
position in cloud forest locations may reveal important insights into fingerprints of
climate change. Pronounced changes in climatic conditions are likely to affect the
species composition of laurel forest communities. A study of dominant species
along an altitudinal transect in the Anaga mountain range suggests that Laurus
azorica, Octoea foetens and Prunus lusitanica are ‘climax’ canopy trees in fertile
and humid valley habitat (Ohsawa et al., 1999). Myrica faya and Erica arborea
characterise cloud forest patches characterized by more intense light due to natural
and human induced disturbance (Fernandez-Palacios and Arévalo, 1998). Shrubby
heath communities, comprised largely of Erica platycodon and Teline canariens,
appear to dominate in nutrient and moisture limited areas, windswept mountain
ridges, as well as regions where the initial laurel forest community has been dis-
turbed (Hollermann, 1981; Ohsawa et al., 1999). Given these characteristics a
drying trend at the upper cloud forest border would favor the heath community.
In central parts of Tenerife, on slopes extending to the Las Cafiadas plateau and Mt
Teide, the endemic pine, Pinus canariensis, may also be favored at the upper cloud
forest slopes, since it is occupies the zone above the laurel forest, and is thus less
strongly associated with the distribution of clouds (Hollermann, 1978).

The hypothesis of an increased subsidence and an associated downward shift of
the tradewind inversion is based upon limited observational data and the results de-
rived from the CGCM1 simulation, partly supported by the ECHAM4 simulation.
Establishing a long-term monitoring network along altitudinal transects measuring
relative humidity, horizontal precipitation, radiation intensity and wind direction
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Figure 7a, b.
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(¢ JJA Relative Humidity at 600 hPa (1860-2099), ECHAM4
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Figure 7. Simulated JJA seasonal averages of relative humidity at elevations near and above the
tradewind inversion. Significant decreases (p < 0.001) in relative humidity at (a) 500 hPa and
(b) 850 hPa are shown for CGCM1 for the reference time period common to all three model runs
from 1960-2099 (full trend-line). A drying trend (p < 0.025) can be detected at 600 hPa in the
ECHAM4 simulation when the entire model run from 1860-2099 is considered (dashed trend-line).

would help to test this hypothesis in the field. If the hypothesis were to hold, a
decrease in relative humidity with time for upper cloud forest locations in the
region of 1000—1500 m a.s.l. during the dry season could be expected. Furthermore,
a reduction in horizontal precipitation would be experienced, particularly at cloud
forest sites situated on the windswept mountain crests of the Anaga range, where
the deposition of water droplets through direct contact of clouds with vegetation is
considerable under present conditions (Kimmer, 1974). Study of the thermic inver-
sion would aid the testing of this hypothesis. Examining changes in the dominant
wind direction might further help to reveal changes in the atmospheric circulation
that affect the moisture supply to the island.

The conclusions drawn from the analysis of the transient GCM simulations for
the cloud formation in the region of the Canary Islands and the resulting impli-
cations for the cloud forests are opposite of the findings of Still et al. (1999) for
tropical montane cloud forest locations, where an upward shift of the cloud base is
suggested. The different findings may be explained by the different methodological
approach taken in the study. Still et al. (1999) arrive at the relative shift in the cloud
base by examining where a target relative humidity at the altitude of the cloud
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forest site under current climatic conditions (control) is reproduced in a 2 x CO,
world. In our analysis we take a different approach. We also recognize that the
topography of the Canary Islands is not resolved in the GCM grid boxes. However,
the values of temperature, absolute and relative humidity give us an indication of
changes in the moisture supply to the islands and associated implications for cloud
formation. By comparing surface relative humidity and LCL levels under current
(1960-1990) and future (2060-2090) climatic conditions we gain an insight into
the direction of change. The findings of the model simulations were compared
with data on temperature, diurnal temperature range and relative humidity. As the
direction of change in two of the three models is in agreement with the observed
trend, we conclude that a downward shift or no change of the cloud base is more
likely than an upward shift. It is interesting to note that the divergent findings of
the two studies based on climate simulations are both supported by the analysis of
observational data. While the contrasting projections may be rooted in the different
methodogical approach taken, it may also be possible that the observed trends are
pointing to different regional effects of climate change on the distribution of the
cloud base height in tropical and subtropical cloud forest locations and may be
linked to their relative location in the Hadley Circulation.

In general, some ambiguity remains and the results have to be treated with
caution, because microclimatic factors are not taken into account in the model
simulations. Our results provide largely qualitatively insights into the likely di-
rection of change of climatic parameters relevant to the ecology of cloud forests. It
would be beneficial to develop a limited area model for a better representation of
mesoscale climatic features. This would allow us to explore in more detail how
the impact of climate change in subtropical and tropical cloud forest locations
may differ. In conjunction with a GIS based platform, insights into the potential
implications of climate change for the spatial distribution of laurel forests and
consequences for conservation strategies could be obtained.
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