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Policy Brief 
Main findings 
(a) We distinguish climatically defined ‘cloud affected forests’ from ecologically 
defined ‘cloud forests’. 
(b) There are more cloud-affected forests than previously thought.  A satellite 
cloud climatology coupled with a meteorological model and high-resolution 
forest cover data indicates some 1.83Mkm2 of strongly cloud-affected forest – 
equivalent to cloud forest. That is 12% of all tropical forests.  Cloud forests 
occur in low evaporation and high precipitation environments. 
(c) This forest cover is, however, highly heterogeneous and fragmented with 
very few areas of continuous full forest cover and 55 % of the original cover of 
these forests have been lost, some 8% greater than the loss of lowland forests 
(d) Cloud forest loss is highly variable between countries with some of the NE 
African countries having lost almost all of their cloud forest 
(e) The lowland and montane forest loss has caused increases in flows but 
the magnitude of the increase is highly spatially variable.  In general, forest 
loss in the lowlands leads to much greater increases in flows than forest loss 
in the (cloudy) uplands. 
(f) The impact of climate change on montane and lowland forest water 
balances is likely to be much greater than all land use change to date.  The 
most important climate change will be changes in rainfall, though these are 
also most difficult to project. 
(g) Cloud forest protection is generally good but large areas of the remaining 
cloud forest in some countries is still unprotected 
 
Policy implications 
(a) On the basis of their location in high precipitation and low evaporation 
environments, cloud forest environments are important sources of water to 
downstream communities throughout the tropics.  Land use change increases 
flows less in these environments than in the lowlands since forests consume 
less water in these environments.  Their hydrological benefits over other land 
uses are thus likely greater than those of lowland forests. 
(b) A number of priority areas have been identified where very little of the 
original cloud forest remains.  These areas are likely very important 
biologically and require research and protection. 
(c) It is likely that past land use change throughout the tropics has led to large 
increases in flows for most tropical rivers, especially those whose catchments 
have extensive areas in the lowlands.  If river geometry has not fully adjusted 
to this change then greater propensity towards flooding may result. 
(d) The hydrological impact of climate change (especially changes in rainfall 
distribution) will be highly significant in the tropics and needs further 
investigation and consideration in the policy domain. 
(e) Some suggestions for conservation priorities are given. 
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Dissemination 
 
The key maps, data and results of this project are disseminated through 
this technical report and policy brief and through the innovative Google 

Earth project available at: 
 

http://www.ambiotek.com/cloudforests/cloudforest.kml 
 

Google EarthTM is a cutting-edge web-based geospatial information 
system which brings some of the functionality of Geographical 

Information Systems to the non-specialist.  It is thus entirely appropriate 
for the distribution of research results where location and spatial 

variation are a critical component. 
 

To access the project: 
 

(a) Download and install Google Earth (free software) from : 
http://earth.google.com/download-earth.html 

(b) Click http://www.ambiotek.com/cloudforests/cloudforest.kml 
(c) Zoom in, tilt and explore the tropics or your region of interest 
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Executive Summary 
 
The purpose of ZF0216 is to create an online map-centred database (with a 
1km grain1) of: the tropics-wide extent of tropical montane cloud forests 
(TMCFs); the water production of tropical mountain regions, especially TMCFs 
;  the dependence of downstream populations on this water production; and 
the likely impacts of current and future land use and climate change in these 
areas. The purpose is to indicate the hotspots of dependence on mountain 
(and particularly cloud forest) water as well as the hotspots of land use and 
climate change threat to this dependence. 
 
The research activities involve the collation, harmonisation, quality control and 
integration of existing global datasets and satellite remote sensing data and 
the GIS (Geographical Information Systems) and computer modelling -based 
analysis of large and complex datasets.  We aim to produce the best possible 
spatial assessment of the tropics-wide distribution of cloud forest, to 
characterise these cloud forests in terms of actual threat from land use change 
(using available remote sensing data), to characterise the past and future 
climate change around these forests using available satellite and ground 
based climatologies for the last 50 years and 50-yr climate change projections 
of at least two GCMs (General Circulation Models of the atmosphere).  Finally 
we aim to produce maps of the cloud forest remaining (resources), cloud 
forest loss through land use change and water resource implications, scaled 
by nation to serve as a basis for the prioritisation of management and 
conservation efforts. 
 
Any international development initiative must take into account the availability 
of sufficient volumes of clean, temporally reliable water resources since these 
are fundamental to maintaining human health, agriculture, industrial activity 
and transport networks.  Though tropical mountains occupy a relatively small 
proportion of the tropical land mass, they likely occur in areas of very high 
rainfall and low evaporation and are probably extremely wet compared with 
much of the tropics.  Tropical mountains are, moreover, dominated by lateral 
fluxes of water that drain to the (drier) lowlands making tropical mountains 
important suppliers of water to tropical lowlands.  Even where those lowlands 
are themselves wet, such as is the case for much of lowland South America, 
the effects of the seasonality of lowland rainfall may be offset by the constancy 
of montane water inputs (as shown for tropical continental South America by 
Mulligan, 2003).  The montane areas may thus be seasonally important in the 
maintenance of lowland flows even if they are not annually important sources 
of water in volumetric terms compared with the much more extensive 
lowlands.  This research provides an overview of the water resources of the 
montane tropics and of the potential impact of land use and climate change 
upon those resources and thus on the populations that currently receive them.  
Thus, the project sets the tropics-wide context for other – spatially restricted - 
intensive hydrological monitoring and modelling studies, within the FLOWS 
cluster for example, by providing a broad overview of water-important tropical 
mountains and those which are - or which will be - threatened by human 

                                                 
1 also sometimes called spatial resolution 
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activity, in terms of their ability to maintain the necessary flows to populations 
downstream.  Providing such a tropics-wide assessment allows single country 
or site studies to be seen within the broader context of tropical montane and 
Tropical Montane Cloud Forest (TMCF) hydrology across a range of 
biophysical environments and human population pressures. 
 
Background 
The availability of sufficient quantity and quality of water can be a constraint to 
development even in very hydrologically wet environments such as the Latin 
American lowlands that receive high inputs of rainfall.  First, the constraint 
could be imposed by an inconstancy of supply (seasonally, inter-annually or 
cyclically) since the tropical lowlands are subject to high rainfall variability over 
all of these periods.  Secondly, the constraint could be through sufficient water 
being available but provided too rapidly for capture or use (e.g. high stormflow 
volumes and low or declining baseflows).  Finally the constraint can be 
imposed by the availability of sufficient quantity of water but not sufficient 
quality i.e. with a high sediment load making it unsuitable for certain activities 
(eg. hydropower generation) or more prone to harbouring disease vectors. 
 
Previous global-scale analyses of water resources are rare and no studies 
known to the authors have looked at the hydrological contribution of tropical 
mountains in general and tropical montane cloud forests in particular at a 
tropics-wide scale and with reference to impacts of climate change and land 
use/cover change (LUCC).  The only really global scale analysis which has a 
focus on water resources and their use is that of SHI/UNESCO (1998) and is 
compiled at the national grain with a global extent, based on country-level 
records.  A wide variety of studies have looked at the issue of climate (Bonell, 
1998) and land use change (Bruijnzeel, 1990; 2000) in tropical montane cloud 
forests but these have been overwhelmingly single-site studies or reviews of 
multiple single-site studies to generate a tropics-wide overview.  Whilst being 
of great use in better understanding the range and extent of potential impacts, 
such site-based studies do not provide an overview of the water productive 
capacity of cloud forests spatially nor a spatial integration of the potential 
impact of climate and land use change.  The present study, having a grain of 
1km and a tropics-wide extent as well as being data based and analytical, 
rather than review based, will provide much more spatial detail on the 
hydrological regimes of tropical mountains and tropical montane cloud forests 
and potential human impacts and will allow (a) better extrapolation across the 
tropics from the more sophisticated and detailed site scale studies and (b) 
better identification of productive areas and spatial prioritisation of water 
productivity protection at national and regional scales across the tropics. 
 
The demand for this project was identified in discussion with the Forestry 
Research programme of the UK Department of International Development 
(DfID-FRP) alongside their detailed site scale studies in cloud forests Costa 
Rica (R7991).  This research aims to place those studies within the wider 
context of hydro-meteorological and landscape variability across the tropics. 
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Project Purpose 
 
The purpose of the project is to create an online map-centred database (with a 
1km grain) of: the tropics-wide extent of cloud forests; of the water production 
of tropical mountain regions; of the dependence of downstream populations 
on this water production; and of the likely impacts of current and future land 
use and climate change in these areas. We will -in the end - indicate the 
hotspots of dependence on mountain (and particularly cloud forest) water and 
hotspots of the land use and climate change threat to this dependence. 
 
This work addresses the identified constraint to development which is 
provided by deleterious human impacts on high quality water resource 
production in the tropics by providing a tropics-wide context for previous and 
ongoing detailed site-scale studies and by providing a freely accessible data-
bank of areas prioritised by their water production and the threat to 
populations of changes to this water production through anthropic land use 
and climate change, across the tropics.  The results will contribute towards a 
policy-brief and the ongoing Tropical Montane Cloud Forest Initiative led by 
UNEP-WCMC (World Conservation Monitoring Centre of the United Nations 
Environment Programme).  Some important tropics-wide datasets produced 
by this project will be made available at the Consortium for Spatial Information 
(CSI) hosted by CGNet and mirrored at King’s College London. 
 
Project Location 
 
This research looks only at tropical montane cloud forests.  Thus the study 
area incorporates only the tropics 23.5ºN to 23.5ºS.  However, since, in the 
southern hemisphere a number of cloud forests can be found southwards of 
23.5ºS, the study area is extended to 35ºS.  All territorial areas discussed in 
the text refer to the areas of those countries within these bounds, not the 
entire areas of those countries. 
 
Research Activities 
 
The order of activities can be summarised as follows: 

(1) Produce a 1km tropics-wide map for the distribution of TMCFs 
according to the best available spatial data. 

(2) Characterise the cloud forests in terms of actual threat from land use 
change based on spatially varying rates over the past. 

(3) Characterise climate change around cloud forests based on historic 
datasets covering the last 50 years. 

(4) Characterise climate change based on the climate scenaria of at least 
two GCM (general circulation models). 

(5) Apply simple hydrological balance modelling to the best available 
datasets in order to characterise the magnitude and direction of water 
resource and water resource change resulting from this land use and 
climate change historically and over the next 50 years.  Water resource 
changes will be analysed with reference to the size of downstream 
populations affected in each region 
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(6) Produce final maps of cloud forest (resources), cloud forest loss and 
hydrological change indicating the role of protected areas, scaled by 
nation in order that the remaining cloud forest resources can be clearly 
seen and that the nations in which cloud forest 
management/conservation efforts should be prioritised are also clear to 
decision makers at the global, national and regional scales.   

 
Detailed methodologies and results of each are outlined in the following pages 
and the corresponding results presented. 
 
 
Activity 1. Collect the data and do the analysis to produce a 1km 
resolution tropics-wide map of the distribution of cloud forests 
according to satellite-derived forest and ground level cloud presence 
and make these available to decision makers via a website. 
 
There are no validated assessments of the global distribution of cloud forests.  
The best available dataset is a file of 567 points that have been called cloud 
forests in the literature and by scientists in the field.  This dataset was 
compiled by UNEP-WCMC by Aldrich et al. (1997) and was also funded in 
part by the DfID FRP through project ZF0045.  Though this database provides 
a useful overview of the distribution of cloud forests it tells us little about their 
extent since each site is represented by a single point, that may represent a 
small forest of a few hundred hectares or a large expanse of forest.  Cloud 
forests are also, of course, a continuum of forest types dependent upon the 
intensity of the climate in which they are found and no data on forest 
environment is available in this database.   
 
The UNEP-WCMC database contains no information on the severity of the 
cloud forest condition found at each of these sites, thereby assuming they 
are –effectively – homogeneous.  Beyond these point data, cloud forests 
have been mapped, on the basis of altitudinal limits and forest cover.  Though 
cloud forests do not usually occur in lowland areas, they do occupy a rather 
broad distribution of altitudes depending on other factors than altitude.  Thus, 
altitudinal limits may not be the best approach to mapping their extent 
accurately.  All existing maps for the distribution of cloud forest are 
generated by imposing these altitudinal limits for example all forest above 
1400m in Costa Rica (Julio Calvo pers. comm.) and the cloud forest 
assessments of Bubb et al. (2004) and Bubb and Das (2005) in which 
national and regional altitudinal limits are specified and all forest within 
those limits is classified as cloud forest.  Such assessments estimate the 
total cover of cloud forest to be of the order of 215 000 km2 (0.26% of the 
earths land surface, 0.5% of the tropical land surface and 1.4 % of the total 
area of the world’s tropical forests). 43% of these cloud forests can be found 
in Asia, 41 % in the Americas and 16% in Africa according to Bubb and Das 
(2005).  Though the UNEP-WCMC point dataset can be used to test that 
cloud forests occur in roughly the same areas, there is no observed dataset 
available upon which to test the modelled assessment of cloud forest extent.  
Previous work by the author has highlighted the wide range of climatic 
conditions and landscape situations (altitude, distance to sea, mountain 
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size) in which these UNEP-WCMC cloud forests are found (Jarvis and 
Mulligan, 2005) making the setting of simple altitudinal or climatic limits 
rather difficult and oversimplistic.  
 
Defining cloud forests 
 
Cloud forests are defined not according to altitude but as “forests affected by 
frequent and/or persistent ground level cloud" (Grubb, 1977).  The cloud 
significantly affects the energy, light and temperature regimes and imports 
potentially large amounts of water as rainfall and horizontal precipitation.  
Thus the presence of ground-level cloud produces a very different 
environment to that in which we find other types of montane (and lowland) 
rainforest.  Since there is a positive relationship between the presence of 
ground level cloud (fog) and altitude, then cloud forests tend to occur within 
the range of altitudes between the lifting condensation level for upwelling air 
and the high altitude temperature minima at which tree-like vegetation is 
replaced by grassland and paramo.  Because sea level temperature and 
saturated adiabatic lapse rates are highly spatially variable across the tropics, 
the altitudinal bands at which ground level cloud occurs are also likely to be 
highly variable.  Mesoscale climate dynamics will also ensure that there is not 
a simple relationship between altitude and cloud frequency.  A simple example 
is shown in Figure 1, which represents an assessment of cloud frequency 
based on four years (400 images) of MODIS cloud mask data for Costa Rica 
and on ground surface conditions suitable for water vapour condensation 
(based on the FIESTA fog delivery model methodology see DfID FRP R771, 
Mulligan and Burke 2005b).  The diamonds represent cloud frequency as a % 
of all observations whereas the crosses represent the spatial variation in cloud 
frequency within an altitudinal band.   
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Figure 1.  Ground level cloud frequency versus altitude for Costa Rica.  
Means for 100m altitudinal bands for the whole country. 
Diamonds=cloud frequency, crosses = coefficient of variation of 
frequency. 
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Clearly there are areas of the country that are covered by cloud (fog) from 
300masl2 upwards but there is a clear peak of 68.6% of observations cloudy  
between 1250m to 1350m from which point ground level cloud cover is 
consistently high (>60%).  The relationship of cloud frequency to altitude is 
linear from the lowlands through to 1000m, beyond which there is a fairly 
persistent ground level cloud bank.  This supports the notion that cloud forest 
should occur in Costa Rica at altitudes above approx. 1400 masl and above.  
There is, however, a great deal of spatial variation in cloud frequency 
throughout the country within these altitudinal bands.  The spatial variability is 
greatest between 500 and 1000 metres altitude (associated with diurnal 
variation in the lifting condensation level and spatial variation in sea level 
temperature, humidity and pressure) and decreases with altitude thereafter. 
1400 masl is the lowest altitude at which cloud cover is both high on average 
and with low spatial variation.  Costa Rica is likely to be a case in which 
altitude and cloud forest presence are more strongly related than for most 
countries since it occupies a very narrow isthmus, is dominated by the NE 
trade winds which bring high humidity air which rises orographically up the 
Atlantic slopes.  So an altitudinal limit for cloud forest may work well in Costa 
Rica.  Mountains in continental settings with more complex climate dynamics 
may not be so well behaved! 
 
The clear structural and physiological differences between cloud forest and its 
lowland counterpart are well documented (Bruijnzeel and Veneklaas, 1998, 
Letts and Mulligan, 2005) and there are many suggested environmental 
controls which lead to these differences. The cloud-frequency definition that I 
use here is clearly a very hydrological definition of cloud forest and ignores 
other factors such as the altitudinal temperature decline.  However, since this 
altitudinal temperature change occurs also outside of areas in which we find 
cloud forests it is perhaps safe to say that it does not have a direct controlling 
influence in the generation of cloud forest except its influence on the 
production of cloud through determination of the lifting condensation level for 
water vapour).  Many other types of montane forest experience similar 
environmental conditions (temperature, soils, UVB3 radiation….) to those we 
find cloud forests exposed to except for the presence of cloud. Thus cloud 
forests are uniquely separated from other montane forests only on the basis of 
the frequency and persistence of atmospheric and ground level cloud that they 
are exposed to.  Moreover, since we are interested here in water resources a 
climatological definition of cloud forest is more appropriate than a botanical 
one, for example. 
 
Recognising the importance of ground level cloud cover to montane 
environments and thus to cloud forests means that we must move away from 
the traditional altitudinal definitions to ones based on the frequency and 
persistence ground level cloud cover.  Though this does correlate with altitude, 
we will see that the correlation is often not as simple as was earlier shown to 
be the case for Costa Rica. 

                                                 
2 metres above sea level 
3 ultra-violet B 
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Thus we map cloud forests on the basis of the following. 

(a) The frequency of satellite-observed cloud cover as determined from the 
HIRS (High Resolution Infrared Radiation Sounder) sensor recording 
on the NOAA4 fleet of satellites (Jin et al., 1996) since 1979 and 
assembled into a satellite cloud climatology by (Wylie et al., 2004) 

(b) The frequency of ground level condensing conditions by modelling the 
lifting condensation level (LCL) on the basis of 1km gridded monthly 
climate data for temperature and diurnal temperature range 
(WORLDCLIM, Hijmans et al., 2004), relative humidity (New et al. 
2000) and sea level pressure (Basnett and Parker, 1997) combined 
with the GTOPO30 digital elevation model (DEM) (USGS, 2005) for the 
assessment of where the calculated LCL occurs at ground (tree) level. 

(c) The presence of a forest vegetation cover as assessed independently 
from GLC_2K5 land cover data and MODIS6 Vegetation Continuous 
Fields (VCF, Hansen et al., 2003) 

 
The frequency of cloud 
The HIRS dataset (Jin et al., 1996; Wylie et al., 2004), a 22 year (1979-2001) 
satellite cloud climatology from the NOAA satellites , has been analysed here 
to define long term mean cloud frequency and persistence (represented as the 
coefficient of variation of monthly frequency) across the tropics on an 
interpolated 1km grid (the data are originally at a spatial resolution of 1 
degree).  This is then coupled with a tropics-wide assessment of the average 
climatic lifting condensation level for each 1km cell (taking account of 
seasonal and diurnal variations in temperature and seasonal variations in 
humidity and sea level pressure, to produce a 1km grain assessment of 
ground or vegetation-level cloud frequency.  Figure 2 shows the global 
distribution of satellite-observed atmospheric cloud frequencies (%) in 
comparison with the distribution of UNEP-WCMC cloud forest sites (black 
dots).  Clearly the cloud forests cluster in the areas of most frequently 
observed atmospheric cloud (the whitest) areas (>70,80,90% frequency).  A 
statistical comparison of the coincidence of the observed cloud forest with 
observed cloud cover indicates that all UNEP-WCMC cloud forest sites occur 
in areas of cloud frequency >50% but not all areas with cloud frequencies 
>50% are occupied by known cloud forests.  100% of the UNEP-WCMC sites 
occur at observed cloud frequencies >50%, 78% at cloud frequencies>80% 
and 32% at cloud frequencies >95%.  It is important to mention here that cloud 
cover is likely to have major impacts on the functioning of the forests systems 
beneath them (and a number of other less important impacts, see Bruijnzeel 
and Veneklaas, 1998, Letts and Mulligan, 2005). 

                                                 
4 National Oceanic & Atmospheric Administration 
5 Global Land Cover 2000 database. European Commission, Joint Research Centre, 2003, 
http://www.gvm.jrc.it/glc2000 
6 Moderate Resolution Imaging Spectroradiometer 
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Figure 2 Cloud frequencies and cloud forest presence. 
 
The major impacts are (a) reduction in incoming solar radiation and thus 
evaporative demand and temperature and (b) increased rainfall and horizontal 
precipitation.  Reduced radiation (evaporation) and increased rainfall can 
occur whether the cloud are at ground (vegetation) level or not and thus 
produce very wet environments compared with those in which we find other 
types of forest.  These effects are usually much more efficient where the cloud 
is frequently at ground (vegetation) level thereby providing inputs of horizontal 
precipitation to produce extremely wet (high inputs, low evaporation) 
environments.  Thus we should (and do) see some association between 
observed atmospheric cloud and the presence of cloud forests but should see 
a stronger association of cloud forests to the presence of ground level cloud 
than atmospheric cloud.   
 
The frequency of ground level cloud 
 
The propensity for ground level condensation was determined by calculating 
the lifting condensation level (LCL) for each 1km cell throughout the tropics for 
four representative periods of the diurnal cycle for each month using 1km 
gridded monthly data for mean sea level pressure, temperature and humidity.  
The climate data are mean climatologies for the last 30-40 years. 
 
The process involves the following steps: 

(a) Calculate the absolute humidity, 
(b) Calculate the  dew point, 
(c) Calculate the lifting condensation level (altitude at which dewpoint is 

reached), 
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(d) Convert to LCL to metres and assign all altitudes above local LCL to 
have ground level fog, 

(e) Sum across the 48 timesteps representing the diurnal and seasonal 
cycle. 

 
The results are shown in Figure 3 and indicate large areas with frequent 
ground level condensing conditions at altitude, especially in South and Central 
America but also in Africa (though with lower frequencies).  Much less 
extensive areas of ground level condensing conditions occur in South East 
Asia, probably because of the less extensive mountain presence.  
 
 

 
 
Figure 3 Modelled frequency of ground level condensing conditions 
(%) 
Looking in more detail at Latin America (Figure 4) it is clear that the majority of 
UNEP-WCMC cloud forests are found within these zones of high frequency of 
ground level cloud condensing conditions, which are clearly associated with 
altitude. 
 

 
 
 
Figure 4  Cloud forest locations (green dots) compared with frequency 
of ground level condensing conditions for Latin America (%) 
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Relationships with altitude 
 
Before going much further in the characterisation of cloud cover we will 
analyse to what extent altitude is a reliable (and simpler) predictor of cloud 
forest conditions.  By analysing the relationship between satellite observed 
atmospheric cloud cover and modelled frequency of ground level 
condensing conditions for a large random sample of tropical land areas and 
separately for those areas in which we find cloud forest in the UNEP-WCMC 
database, it is possible to understand more of the potential relationship 
between cloud forest presence and altitude.  Figure 5 (a, top left) indicates 
that altitude is not a good surrogate for observed satellite cloud frequency 
when viewed across the whole tropics.  Although the minimum observed 
cloud frequency does increase linearly with altitude (areas close to sea-level 
having cloud frequencies around 30% in the tropics), sites at a particular 
altitude can show a range of cloud frequencies from the observed minimum 
up to 100% depending on other (climatic) factors.  However at altitudes 
greater than 1400 masl, cloud frequencies are generally greater than 65% 
and above 5000m, cloud frequency is generally greater than 80%. 
 
Modelled frequency of ground level condensing conditions (Figure 5b, 
bottom left) show a clear increase with altitude from sea level to around 
1400 metres though with a considerable range in the altitude at which a 
particular frequency of condensing conditions is achieved (according to local 
conditions of humidity, temperature, diurnal temperature range and 
atmospheric pressure).  The level at which condensing conditions are 
persistent varies from around 700m upwards depending on location, 
indicating that the cloud frequency : altitude relationship  varies considerably 
across the tropics.  Figure 5c (bottom right) shows the satellite observed 
cloud cover for 1km cells in which we find UNEP-WCMC cloud forests.  
These are essentially a subset of Figure 5a and cover most of the range of 
altitudes that we find in the tropics. Very few known cloudforests have cloud 
frequencies less than 60% or occur at altitudes <700 masl.  Thus altitude is 
not a good discriminant of cloud forest occurrence because they seem to 
occur across all altitudes >700masl, yet there will be many areas  >700masl 
in the tropics that are not cloud forest.   
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Figure 5  Observed cloud frequency versus altitude for the tropics. 
(top left)  modelled frequency  of LCL at ground level versus altitude 
for the tropics (bottom left) and observed cloud frequency for tropical 
montane cloud forest cells (bottom right). 
 
The presence of forest vegetation cover 
Cloud forests can only exist where there is forest (as opposed to human land 
uses). This is assessed in the first instance from the GLC_2K data.  GLC_2K 
is a 1km global land cover classification based on a series of satellite imagery 
around the year 2000.  The data is reclassified from land cover class data into 
forest/non-forest taking classes 1-12, 17 and 18 (see appendix 1).  This 
includes the main forest classes but also forest-tree and forest-shrub mosaics.  
Since we are working with low, stunted, montane forests in highly fragmented 
and heterogeneous environments, it is important to include these classes in 
order to have the most accurate assessment of forest cover.  Also since we 
are concerned with forest fragmentation as well as full-scale deforestation, 
forest-shrub mosaics must be taken into account in the analysis.  The 
classification of a cell as forest in GLC_2K assumes that the entire cell is 
forest.  In a second iteration the same exercise is carried out with the (2000-
2001) MODIS 500m Vegetation Continuous fields data.  With these data trees 
are measured as a fractional cover for each cell, providing much more spatial 
detail and accuracy.  Though continuous fields are clearly a better choice, we 
will continue to present both classified data (GLC_2K) and continuous fields 
so as to highlight the important differences between them. 
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Exposure to fog and rainfall 
 
It is also likely that the degree of topographic exposure to cloud and rainfall 
bearing winds will determine the wetness of local conditions and thus the 
propensity for the development of cloud forest (especially in regions of 
marginal ground-level cloud coverage e.g. highly exposed oceanic islands and 
isthmuses where the local topography may not be significant enough to 
generate ground level condensing conditions and thus local cloud production 
but nevertheless forests may be highly exposed to passing cloud and rain 
bearing winds generated offshore.  Similarly areas of marginal cloud 
frequency but particularly high rainfall receipts may also produce cloud forests 
where they may not otherwise exist on the basis of cloud frequency alone.  
Some analyses of the significance of exposure was carried out for the mid 
term report for this project (Mulligan and Burke, 2005a) and found to be 
inconclusive.  Exposure is calculated by first estimating the dominant wind 
direction from global mean pressure fields (with winds passing along the 
pressure gradient but deflected by 45º to the left to account for the Coriolis 
force.  These geostrophic winds are compared with the calculated slope 
aspect for the GTOPO30 DEM and areas which face towards the winds (+/- 
90º from the dominant wind direction) are counted as exposed and all others 
sheltered.  This is a rather simple measure of exposure since it does not 
account for obstruction by windward peaks nor for wind funnelling around 
topography.  Nevertheless it is a useful crude estimate at the spatial resolution 
used here.  Much better methods are available for higher resolution data (see 
Mulligan and Burke, 2005b). There are no global wind direction climatologies 
for land.  A number of satellite systems are able to monitor wind fields over 
sea (from analysis of waves) but none can do so over land.  There are climate 
model generated windfields but those in the public domain are spatially very 
coarse.  Using windfields generated from pressure fields is thus the best 
option for understanding wind directionality. 
 
In terms of the relationship between cloud forest occurrence and rainfall, there 
certainly does seem to be a relationship between cloud forest presence and 
the presence of either local or upwind areas of high rainfall (see Figure 6 by 
way of example).  Since rainfall is likely to be significantly underestimated in 
some exposed areas of the tropics (Mulligan and Burke, 2005b) because of 
wind losses around conventional gauges we might expect rainfall values in 
windward tropical mountains to be significantly higher than apparent in the 
standard data.  Correcting the global rainfall datasets for topographic effects is 
possible but outside of the scope of this analysis. 
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Figure 6 Annual total rainfall from the WORLDCLIM dataset compared 
with the distribution of UNEP-WCMC cloud forest sites (SE Asia) 
 
Defining cloud forests according to cloud 
 
A number of iterations combining forest cover, observed cloud frequencies 
and modelled ground level condensing conditions were carried out to define 
the global distribution of cloud forests.  Each iteration produced a map of cloud 
forest distributions that was then verified visually in relation to other global 
assessments and to the author’s knowledge of cloud forest distributions in 
regions of Latin America and SE Asia in particular.  Validation against the 
UNEP-WCMC cloud forest locations was carried out for the significant 
iterations, which are listed in Table 1.  In this first set of iterations, the GLC_2K 
data are used to represent forest cover.  In each case the algorithm used is 
given along with the percentage of UNEP-WCMC sites that were predicted 
correctly as cloud forest sites by the model and the tropical montane cloud 
forest area (in km2 and as a proportion of all tropical forests) resulting.  Since 
no datasets exist for the absence of cloud forests we rely solely on the 
validation using presence records.  The disadvantage of this approach is that 
the greater the area that a model defines as cloud forest, the greater will be its 
potential hit-rate of UNEP-WCMC sites and thus the better the validation will 
appear.  Thus the best model is that which covers the greatest proportion of 
UNEP-WCMC sites with the least global extent of forests.  This seems the 
most appropriate approach to validation and is valid since the UNEP-WCMC 
sites are not used to parameterise the model of cloud forest distribution. 
 
Model iterations and validation 
 
All of the datasets used in this work have associated errors and uncertainties 
both in their absolute values, in the smoothing or lack of representation of grid 
and sub-grid variation and in the accuracy and precision of their spatial 
referencing.  Thus it is important to take these into account in the validation 

 
______________________________________________________________________________________________ 
  
           16   

 



process.  This has been achieved by assigning a margin of error to the 
validation process.  Where a model predicts the absence of a cloud forest but 
a UNEP-WCMC record indicates that, in fact, one is present then a further 
validation takes place.  In this validation the distance from UNEP-WCMC 
forest sites to the nearest modelled cloud forest is calculated and we calculate 
the number of UNEP-WCMC sites with no local forest predicted but which 
have a modelled cloud forest within 5km. We assume that the ‘model’ failure 
on those occasions is more likely a result of data errors than model failure and 
thus exclude those records from the analysis (to give the figure in brackets in 
column 3 of table 1).   
 
The global extents of cloud forest for some of these models (e.g. Test 0) are 
clearly impossible and such models are rejected outright.  For the others a 
performance index is calculated as the percentage hit-rate (correctly predicted 
UNEP-WCMC sites) per million km2 of forest.  The greater the performance 
index and hit rate the better the model. The best performing model using 
GLC_2K seems to be test 8, which correctly predicts 79% of the UNEP-
WCMC sites and predicts cloud forest within 5km of 93% of the sites whilst 
maintaining a tropics-wide area of potential cloud forest of 5.12 Mkm2.or some 
13.6% of all of the forests in the tropics (according to GLC_2K). Test 4 also 
performs well and correctly predicts 62% of UNEP-WCMC sites directly and 
predicts cloud forest within 5km of 77% of sites and produces a total cloud 
forest area of 3.74 Mkm2 (around 10% of the total tropical forest area).  Test 4 
is a much more physically meaningful model (cloud forest occurs only where 
both observed cloud and the propensity for ground level condensation are 
greater than 70%).  Test 5a is a combination of test 4 with the condition that 
cloud forest sites must also be exposed to the dominant wind direction.  This 
reduces significantly the area of cloud forest but also reduces the hit rate to an 
unacceptable level for ‘direct hits’ though some 52.5 % of sites fall within a 
5km radius of modelled cloud forest using this algorithm. 

Test 
name 

Model (all models are for 
glc_2k area only) 

% of UNEP-
WCMC 

correctly 
predicted 

Global 
cloudforest 

area 
(Million 

Km2) 

Performance 
Index 

% of total 
forest in 
tropics 

(GLC_2K
) 

Test 0 satcloud7>70 75%(87) 24.505297 3.06(3.55) 65.04 
Test 1 satcloud8>70 and altitude 

>500 
67%(84) 

8.648826 0.08(0.10) 
22.96 

Test 4 min(satcloud,fogfreq)>70 62%(77) 3.74275 16.57(20.57) 9.93 
Test 4a min(satcloud,fogfreq)>80 45%(53) 2.175237 20.69(24.37) 5.77 
Test 4c min(satcloud,fogfreq)>75 51%(62) 2.691891 18.95(23.03) 7.14 
Test 5a min(satcloud,fogfreq)>70 

and windward exposed 
27%(52.5) 1.744565 15.48(30.09) 4.63 

Test 8 Mean(satcloud,fogfreq)>70 79%(93) 5.121758 15.42(18.16) 13.59 
Test 9 mean(satcloud,fogfreq)>80 60% (75) 3.767616 15.93(19.91) 10.00 
Test 10 mean(satcloud,fogfreq)>90 44%(51) 1.973593 22.29(25.84) 5.24 
Test 11 mean(satcloud,fogfreq)>95 25%(27) 1.045144 23.92(25.83) 2.77 
Test 12 (satcloud*fogfreq)>70 56%(69) 3.060708 18.30(22.54) 8.12 

 
Table 1 List of tests for defining cloud forests based on ground cloud 
frequency with validation results. 
                                                 
7 satcloud = satellite observed atmospheric cloud frequency, fogfreq=% of time with ground level 
condensing conditions 
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Some 79% of the UNEP-WCMC cloud forests occur in areas defined as cloud 
forest by test_8.   At the 1km scale there is clearly representational and 
positional error in both modelling and validation databases.  Of the 21% of 
UNEP-WCMC cloud forests that were not determined as cloud forests by the 
model some 84 sites (15%) fall within a 5km radius of areas defined as cloud 
forest in the model.  Since these errors are likely to be the result of positional 
inaccuracy we could conclude that 93% of observed sites are predicted (to 
within 5km) by the model.  Clearly this is not a perfect validation since it 
involves only presence data so we have no test of errors of commission 
(predicting that there is cloud forest when there is not) only of omission 
(predicting an area is not cloud forest when it is).  Unfortunately, no suitable 
datasets of cloud forest absence are available. 
 
Comparison with previous assessments 
 
Comparing with the coverage figures produced by Bubb et al. (2004) and 
Bubb and Das (2005) test_8 is an order of magnitude higher.  This may be an 
artefact of the coarse nature of the forest cover (GLC_2K) and cloud cover 
data and is unlikely to be the result of the coarse nature of the DEM (because 
the same 1km DEM was used by Bubb et al. (2004) and Bubb and Das 
(2005).  No doubt if a higher resolution DEM were to be used the figures 
obtained here would change slightly but the major effect is likely to be the 
crudeness of the forest cover and cloud cover estimates (interpolated at 1km 
from 1 degree grids).  Higher resolution vegetation continuous fields are 
available from MODIS and used later in this report to derive an improved 
model and were also used by Bubb and Das (2005).  Higher resolution (500m) 
cloud cover data are available from MODIS MOD359 (See Mulligan and 
Burke, 2005b) but for a shorter period (6 years compared with 22) and at 
considerable greater computational expense than the HIRS data, putting them 
outside the scope of this work.  The difference between the two cloud cover 
climatologies is clear from Figure 7, which shows that the HIRS data tends to 
overestimate cloud cover compared with MODIS.   In order to test the effect of 
using higher resolution cloud cover data and DEM we perform the same 
calculations for cloud cover and modelled fog frequency for an area of Costa 
Rica using the SRTM (Shuttle Radar Topography Mission) 90m DEM10 and a 
500m cloud climatology developed from six years of MODIS data in project 
DfID FRP R771 (Mulligan and Burke, 2005b).  By comparing the cloud forest 
distributions that result from using algorithm test_8 at the two resolutions we 
can understand potential revisions to the estimates given here that might 
result from investing considerably more analysis and computing effort to work 
at higher spatial resolutions for the whole tropics.   

                                                 
9The MODIS Cloud Mask product   http://modis-atmos.gsfc.nasa.gov/MOD35_L2/ 
10 The Shuttle Radar Topography Mission (SRTM)  http://www2.jpl.nasa.gov/srtm/ 
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Figure 7 Comparison of HIRS global and MODIS MOD35 local cloud 
cover estimates for Costa Rica. 
 
Figure 8a shows the difference in cloud forest distributions for test_8 applied 
with 1km and 90m resolution DEM and cloud cover datasets.  There is clearly 
very little difference between the two since the determining factor in test_8 is 
usually elevation (LCL) rather than cloud cover, thus the differences are 
largely due to small elevational differences between the 90m SRTM and the 
1km GTOPO30.  The 90m version of test_8 for Costa Rica produced a cloud 
forest extent which is some 82.7% that estimated with the 1km model.  Figure 
8b shows the difference between the two cloud forests maps for test_4.  
Test_4 is much more dependent upon the cloud cover values, thus the very 
different pattern of cloud cover which is present from the high resolution 
MODIS data compared with the HIRS data produces some significant 
differences with resolution.  The 90m model estimates only 39.3% the cloud 
forest cover of the 1km model for test_4. 

 
Figure 8 Areas differing in cloud forest classification between 1km and 
90m model simulations for (a) test 8 and (b) test 4. The dark colours 
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represent areas classified as cloud forest in the 90m runs but not 
cloud forest in the 1km runs. 
 
Figure 9 shows the modelled distribution of cloud forest for Costa Rica at both 
resolutions and with test_4 and test_8.  The most accurate in terms of 
representing the (well) known cloud forests of Costa Rica (from the UNEP-
WCMC coverage) is the 90m test_8, which successfully located 100% of the 
forests.  The 1km test 4 and test 8 are equivalent since they miss only two 
cloud forests on an isolated hill in the far north of the country.  The worst 
performing model (38%) is the 90m application of test_4 which misses many 
of the Pacific cloud forests which are probably sustained by ground level cloud 
spilling over from the Atlantic slopes (and is thus not well measured by the 
MODIS sensor).   
 

 
Figure 9 Modelled cloud forest for Costa Rica. 
 
Figure 10 shows the results of test_5a applied at 1km. In test_5a , test_4 is 
applied and only those cells which are positive for test_4 and which face the 
dominant wind direction are allocated to cloud forest.  It is visually very similar 
to the 90m test_4 application and so probably better represents cloud impact 
even at a 1km scale.  Test 5_a correctly predicts 69% of the 13 Costa Rican 
sites, missing two in the north and two on the Atlantic slopes though it does 
not perform so well at the global scale. 
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Figure 10 Application of test 5a to Costa Rica. 
 
So, test_8 performs well and is rather insensitive to the spatial resolution of 
inputs and thus seems the most suitable for application here. 
 
Persistent Errors 
 
Figure 11 shows the sites that are consistently modelled incorrectly by all of 
the models applied across the tropics.  The red crosses represent sites that 
are cloud forest in the UNEP-WCMC database, are modelled as not cloud 
forest but have modelled cloud forest within 5km.  The green dots are 
cloudforests that are modelled as not cloud forest and where there is no 
cloudforest present within 5km.  The models tend to fail in highly 
heterogeneous areas such as the central and eastern cordillera of the Andes 
in Colombia or in small island arcs such as the Caribbean.  The Pacific slopes 
of Honduras, Nicaragua and El Salvador also have a number of persistent 
errors as does southern Mexico and central Ecuador.  Kenya, Tanzania and 
Ethopia have forests that are persistently misclassified.  There are isolated 
errors in SE Asia.  The persistently misclassified sites that are also greater 
than 5km from a modelled cloud forest  are listed in Table 2, below.  These 
forests may be misclassified because what makes them a cloudforest is not 
part of the models used here (e.g. intense wind driven rain or fog) or because 
they are errors in the UNEP-WCMC database or because they represent 
errors or limitations of the various gridded datasets. 
 

Gabela Forest AGO 
Serranía de Macuira COL 
Trois Pitons DMA 
Morne Macaque DMA 
Trois Pitons DMA 
Morne Diablotins DMA 
Machalilla ECU 
Soufrière GLP 
Mount St Catherine GRD 
Volcán Tolimán GTM 
Mount Elgon KEN 
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Mount Nyiro KEN 
Nevis Peak KNA 
Mount Liamuiga KNA 
Olivée's Mount KNA 
Mount Gimie LCA 
Volcán San Martín MEX 
Sierra de Santa Martha MEX 
La Sepultura MEX 
Tlanchinol MEX 
Mount Pelée MTQ 
Gunung Belumut MYS 
Gunung Mulu MYS 
Jos Plateau NGA 
El Yunque PRI 
Pico de Este PRI 
Hawai'I USA 
Henri Pittier VEN 
Cerro El Copey VEN 

Table 2 Persistently misclassified cloud forest sites more than 5km from 
the nearest modelled cloud forest.  
 

 
Figure 11 Persistently misclassified cloud forest sites.  Red crosses = 
misclassified but within 5km of modelled cloud forest.  Green dots = 
misclassified but greater than 5km from the nearest cloud forest. 
 
 
Outcome : 
 
Cloud forests cannot be defined using a simple altitudinal cutoff.  They 
represent a continuum depending on the ground level persistence of cloud 
cover.  Thus mapping cloud forests is a difficult process, especially at the 
global scale and with coarse resolution cloud cover data.  The best model 
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seems to be one in which the mean of observed cloud cover frequency and 
the frequency of ground level condensation is greater than 70% (test_8) 
although a model in which both observed cloud cover and ground level 
condensation must be greater than 70% (test_4) is also suitable.  If one 
counts windward slopes only then the cloud forest coverage is significantly 
reduced and fragmented whilst maintaining accuracy (69%) in countries like 
Costa Rica where exposure is important but not elsewhere since 50% of the 
UNEP-WCMC cloud forest sites globally occur on slopes sheltered from the 
dominant wind direction according to this analysis. Both of these models 
produce cloud forest extents that are close to an order of magnitude greater 
than previous estimates.  Much of the overestimation is likely to result from the 
coarse forest cover classification  and the coarse cloud climatology used.  It is 
not possible to refine the cloud climatology within the resources available for 
this project but we can work with an improved land cover database.   
 
Thus we move forward with test_8 as the best model but bear in mind that a 
higher resolution modelling effort would probably reduce the overall extent of 
forest produced by this model. If Costa Rica is representative of other areas 
then we can reduce the modelled coverage to 82.7% of its value to account 
for losses due to resolution effects.  This still leaves an estimated 4.23 Mkm2 
of cloud forest (i.e. forest significantly affected by ground level cloud) in the 
tropics (11.24% of the total tropical forest area) and more than eleven times 
the 381166 km2 (2.5% of tropical forests) estimated by Bubb et al., 2004,  
twenty times the value of the most recent estimate of Bubb and Das (2005) 
(215 000 km2, 1.4% of tropical forests) and 8.5 times the value proposed by 
Bockor (500,000 km2) (1979).   
 
Vegetation Continuous Fields 
 
The MODIS VCF (2001) data used by Bubb and Das (2005) with a 40% 
threshold for forest produces less forest cover than the GLC_2K used 
here.(65% of the GLC_2K forest cover value for Costa Rica for example) so 
we will later also use the MODIS VCF.   One of the difficulties with MODIS 
VCF data is the choice of the appropriate threshold for representing forest and 
the resulting dependency of any analysis on that identified threshold.  Bubb 
and Das (2005) use 40% tree cover, the FAO use a minimum of 10% tree 
cover greater than 5 hectares to define forest : 
 
“Land spanning more than 0.5 hectares with trees higher than 5 meters and a 
canopy cover of more than 10 percent, or trees able to reach these thresholds 
in situ. It does not include land that is predominantly under agricultural or 
urban land use.”11

 
The GLC_2K data are coarse data and non-continuous so that if a 1km cell is 
classed as forest one has to assume that its cover is 100% forest.  The 
MODIS VCF data have the advantage that one can either determine a 
threshold forest cover for the existence of forest in a cell (as Bubb and Das, 
2005) or use the continuous fields to calculate forest areas based on cell 

                                                 
11 http://www.fao.org/documents/show_cdr.asp?url_file=//docrep/007/ae156e/AE156E03.htm 
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fractional coverages.  Figure 12 is an analysis of the dependence of forest 
cover on the threshold tree cover % used to define it.  The analysis was 
carried out twice, once for the full tropical window and again for only the area 
classed as cloudy enough to be cloud forest according to test_8. 
 
Many authors (e.g. Bubb and Das, 2005) use a value of 40%, though as we 
saw, the FAO consider the figure to be 10%.  Either way there are large 
differences in measured forest cover if one uses a threshold value anywhere 
in the range 0-90%.  The sensitivity to threshold is particularly strong in the 0-
40% range and in all cases the area of forest cover obtained is very high: from 
0.3 to 45 million km2.for all tropical forests to 0.02 to 6.34 million km2 for 
modelled cloud forests.  The results may also be dependent on the analysis 
cellsize  (in this case 1km though the native VCF data has a 500m grain).  At 
the 40% threshold counting whole cells as is usually done rather than 
fractional covers gives a total tropical forest of 15.99 Mkm2 of which 2.35 
Mkm2 (14.7%) can be classed as cloud forest. This sensitivity to threshold 
indicates the potential inaccuracies with this method. 
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Figure 12 The change in area classified as forest with a change in the 
threshold % tree cover for all tropical forests and for tropical montane 
cloud forests. 
 
Thus in the following analysis we move away from an arbitrary definition of 
forest cover and calculate forest areas according to the continuous fields 
principal as per-cell fractional tree cover.  In this way any tree can count as 
forest, even if cover is sparse, but they count only as far as the actual area 
that they cover.  This is entirely appropriate for forest classified from the 
perspective of water balance calculations (hydrological forest) but may be less 
appropriate from an ecological point of view. 
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If one uses the same threshold approach (Figure 13) to define forest but 
counts the forest only as those fractions of the forested cells occupied by trees 
(rather than the whole cells) then there is a lower sensitivity to the forest 
threshold (especially in the range 0-60%) and significant changes in forest 
cover are only experienced for thresholds 70-90%).  Moreover the forest cover 
estimates are much lower (at the 40% threshold 11.16 Mkm2 for all forests and 
1.6 Mkm2 (around 14.4%) for tropical montane cloud forests).  This approach 
much more precisely accounts for the highly fragmented nature of most 
forests as a result of natural processes (treefall, landslide, river networks) and 
through human-land use practices and produces forest areas some 30% 
lower for all tropical forests and 32% lower for cloud forests than using the 
conventional approach. 
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Figure 13 The change in area classified as forest with a change in the 
threshold % tree cover for all tropical forests and for tropical montane 
cloud forests using fractional forest covers. 
 
 
A simple comparison of the total tropical forest cover estimations from the 
various techniques shows very large differences between them (Table 3).  
There are very large differences between the cell-classification based 
methods (GLC_2K) and the various MODIS VCF thresholds.  But the various-
threshold fractional methods (in which only the forested parts of cells are 
accounted for) are much lower and much closer together.  I argue that the 
fractional methods with a 10% tree cover threshold for forest (to exclude non 
forest areas according to FAO criteria) is the most appropriate for this 
analysis.  This method is also relatively insensitive to the cellsize of the 
analysis.  The non fractional method comes in above the FAO forest 
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resources assessment (2000)12 assessment (the global forest cover ‘best 
estimate’) of 15.7 Mkm2 whereas the fractional method comes in below this 
value. 
 

Calculation method Km2 of tropical forest 
from glc_2k (1km) 37 675 473 
from MODIS VCF_40% 15 997 816 
from MODIS_VCF_90% 285 132 
from modis_VCF fractional 0% 15 636 946 
from MODIS_VCF fractional 10% 15 153 384 
from MODIS_VCF fractional 40% 11 160 099 
from MODIS_VCF fractional 90% 266 444 
FAO Forest Resources assessment 
‘pan tropical’ 

15 710 000 

 
Table 3  Estimates of total tropical forest cover by different methods. 
 
Table 4 shows the results of experiments to model cloud forest distribution 
based on the MODIS VCF data.  Table 5 shows the TMCF areas resulting 
from different parameterisations of forest cover.  Test8_vcf40 represents the 
Bubb and Das (2004) forest cover method with 40% tree cover defining the 
presence of forest.  This produces some 2.8 million km2 of cloud forest when 
coupled with the cloud presence data for test_8.  This represents only 7.4% of 
the GLC_2K classified tropical forests but some 17.5% of total tropical forests 
calculated according to the same method (MODIS 40% threshold).  The 
model performs poorly under validation though a large number of the 
validation sites are within 5km of cloud forests identified using this model.  
Test8_vcf40_500m shows the impact of using the maximum resolution 
MODIS data (500m) which results in small-scale decreases in forest cover of 
the order of a few percent (as more cells fall below the 40% threshold at 
smaller scales).  The effect is rather small and we must continue with the 1km 
data because of computational constraints.  The final test 
(Test8_vcf10_1km_fractional) uses a 10% threshold for forest cover but 
accumulates forest area not as whole cells but as the actual fraction of cells 
forested.  This produces a total cloud forest area of 2.21 Mkm2 which 
represents 14.2% of all tropical forests calculated using the same technique 
(MODIS fractional >10%) but as little as 5.9% of the (inflated) GLC_2K tropical 
forests.  Applying the correction derived for Costa Rica to account for higher 
resolution cloud and DEM effects (x 0.827) gives 1.83 Mkm2 (12%) of TMCF 
globally.  This is some 8.5 times the area proposed by Bubb and Das (2005) 
and five times the area proposed by Bubb et al. (2004).  If we use the 
continuous fields method to assess total tropical forest cover we get a slightly 
lower value (2 213 292 km2) than that based on the threshold approach of 
40% (2 355 062 km2) and this means that cloud forests represent 14.2% of 
tropical forests calculated using this method (compared with the 2.5% of Bubb 
et al, 2004 and 1.4% of Bubb and Das, 2005).  So, our absolute area of cloud 
forest is much higher than previous estimates and proportion of all tropical 
forests that are cloud forests is also higher.  
 

                                                 
12 http://www.fao.org/documents/show_cdr.asp?url_file=/DOCREP/004/Y1997E/y1997e06.htm 
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Test name 

% of 
UNEP-
WCMC 

correctly 
predicte

d 

Global 
cloudfor
est area 
(Million 

Km2) 

Performance 
Index 

% of total 
forest in 
tropics 

(GLC_2K) 

% of total 
forest in 
tropics 

(MODIS_4
0 %) 

% of total 
forest in 
tropics 

(MODIS_9
0%) 

% of total 
forest in 
tropics 

(MODIS_f
ractional 

>10%) 
Test 8_vcf40 54%(76) 2.80 19.25 7.4 17.5 NA NA 

Test8_vcf40_500m NA 2.35 NA 6.3 14.7 NA NA 
Test8_vcf10_1km

_fractional 71%(81) 2.21 32.17 5.9 13.8 NA 14.2 

 
Table 4 Experiments with various characterisations using MODIS VCF 
data. 
 

Calculation method Km2 of TMCF 
from glc_2k (1km)  
from MODIS VCF_40% 2 355 062 
from MODIS_VCF_90% 27 909 
from modis_VCF fractional 0% 2 276 296 
from MODIS_VCF fractional 10% 2 213 292 
from MODIS_VCF fractional 40% 1 601 670 
from MODIS_VCF fractional 90% 26 204 

Table 5 Estimates of total tropical montane cloud forest cover by 
different methods. 

 
71% of the known UNEP-WCMC cloud forest sites are correctly predicted 
using this model, rising to 81% when one considers modelled forests 
occurring within 5km of a known but misclassified UNEP-WCMC cloud forest 
sites (i.e. within the spatial error bounds of the various datasets).  Looking into 
the distribution of UNEP-WCMC sites that are not predicted as cloud forests 
by the model (and are more than 5km from a modelled cloud forest (Figure 
14) we see that the mal-predicted sites are either on small island chains such 
as the smallest of the Caribbean islands, or isolated islands (Reunion, 
Galapagos), in coastal locations throughout Venezuela, western Panama and 
Ecuador, or a few sites on the eastern flanks of the Andes in Bolivia and 
isolated areas of Mexico. In Africa a few sites in West Africa (Nigeria, 
Cameroon, Angola Sierra Leone and Gabon) are not predicted.  In South-east 
Asia a few sites through Malaysia are not predicted as are a number of 
coastal sites on Borneo, Sumatra, Sulawesi, the northern Philippines and 
Northern Australia.  These are again dominantly coastal sites. 
 
The reasons for these errors may include: 

(a) error in the UNEP-WCMC sites database especially for cloud forests 
recorded in the early literature and now deforested (possibly the case 
for some of the west African sites), 

(b) positional error and lack of data for small islands affecting the coastal 
sites and small island sites in particular, 

(c) the presence of cloud forests for reasons other than frequent and 
persistent ground level cloud (e.g. extremely high rainfall or wind 
exposure).  In fact it is more likely that high exposure or high rainfall 
reduces the frequency of cloud necessary to produce a cloud forest.  
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This may be true for some of the west African forests (high rainfall) 
and the coastal SE Asian and South American forests (exposure to 
rain and cloud bearing winds).  The eastern Bolivian anomalies may 
be associated with extremely high rainfall cells (>4000mm). 

 
 

 
 
Figure 14 Persistently misclassified UNEP WCMC cloud forests which 
are also more than 5km from the nearest modelled cloud forests. 
 
In summary this combination of satellite measured cloud frequency, modelled 
ground level condensing conditions and high resolution continuous fields tree 
cover data provides a good model of the distribution of cloud forests which has 
a high validation accuracy (71-81%) in a small area of forest (and thus the 
highest model performance index).  The mis-predicted sites are all rather 
anomalous (isolated small islands, coastal sites etc) and thus there are clear 
reasons for their mis-prediction.  We thus go forward with this model as the 
most appropriate model for cloud forest distributions. 
 
Figure 15 shows the distribution of cloud forests according to this model 
alongside the distribution of observed UNEP-WCMC cloud forest sites (red 
dots).  Note that there are very few areas in which we model cloud forest but 
no observed sites exist only a very small patch in central Brazil, some areas in 
Southern Cameroon, Congo, Zimbabwe, south Africa, Lesotho and southern 
Democratic Republic of Congo.  In south east Asia we also find cloud forests 
in Taiwan, northern Laos  and southern China bordering Laos, Vietnam and 
Burma though none or very few cloud forests are recorded in the UNEP-
WCMC database as existing there. 
 
The global distribution of cloud forests 
Overall the geographic distributions of cloud forests produced here (Figure 
15) are similar to those of Bubb et al. (2004).  These distributions are more 
extensive but many areas have low fractional covers (i.e. are highly 
fragmented).  If we were to consider intact forest only (say >90%) cover 
then the spatial distribution would be much more restricted. Our distributions 
are particularly more extensive in Africa and in mainland SE Asia (southern 
China, Vietnam, Laos etc) but always in areas where there are some known 
cloud forest sites and it may be that the UNEP-WCMC database needs 
further work in these countries.  Confidence in these results is given by their 
good performance under validation. 
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Figure 15  The distribution of tropical montane cloud forests in detail 
with UNEP-WCMC sites overlaid in red.  The darker the green the greater 
the fractional cover of forest within the 1km pixel. 
 
 
These results are summarised by country in Table 6.  There are some 
surprises here.  Indonesia has the greatest area of cloud forest (as a 
combination of fractional cover and extent), followed by Democratic Republic 
of Congo, Brazil, Venezuela, Peru and Colombia confirming the importance of 
the Andean countries in global cloud forest resources.  As a proportion of 
national (tropical) territory Taiwan has the greatest area of cloud forests 
(28%), followed by Laos then a number of central African and central 
American countries. 
 
Country name Area of 

cloud 
forest 
(km2) 

Cloud 
forests 
as a % 
of 
national 
territory

Country name Area of 
cloud forest 
(km2) 

Cloud forests 
as a % of 
national 
territory 

Indonesia 251881 11.5 Taiwan 5472 27.6 
Democratic 
Republic of 

Congo 

236262 8.6 Laos 77304 27.3 
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Brazil 195357 1.9 Burundi 6916 21.6 
Venezuela 165853 15.5 Rwanda 6292 21.4 

Peru 158960 10.4 Ecuador 63323 21.3 
Colombia 152281 11.4 Papua New Guinea 107862 20.1 
Mexico 139986 12.2 Costa Rica 11389 19.0 

Tanzania 111645 10.1 Honduras 24709 18.3 
Papua New 

Guinea 
107862 20.1 Guatemala 21756 16.4 

Ethiopia 80592 6.0 Venezuela 165853 15.5 
Angola 78051 5.2 Uganda 42899 15.1 
Laos 77304 27.3 China 57518 14.1 

Madagascar 70622 9.7 Mexico 139986 12.2 
Bolivia 64900 4.9 Indonesia 251881 11.5 

Ecuador 63323 21.3 Colombia 152281 11.4 
Myanmar 
(Burma) 

60792 9.7 Peru 158960 10.4 

China 57518 14.1 Malaysia 38631 10.1 
Cameroon 43870 8.0 Tanzania 111645 10.1 

Uganda 42899 15.1 Myanmar (Burma) 60792 9.7 
Zambia 39670 4.4 Madagascar 70622 9.7 

 
Table 6 Countries with greater than 10% cloud forest cover in rank order 
of percentage cover and countries with highest cloud coverage in rank 
order of cloud forest extent (km2) 
 
Conclusions 
 
We have taken a hydrological definition of cloud forest as forest under 
frequent and or persistent exposure to ground level cloud. We have used new 
datasets on climate and land cover to derive a distribution of, and national 
statistics for, global cloud forest cover.  We have tested the distribution against 
an observed dataset of cloud forest distributions with a high level of success.  
The results show that the global extent of cloud forest cover is much greater 
than previously thought and represents some 14.2% of all tropical forests and 
cover an area of 2.21 MKm2

.  This is substantially more cloud-affected forests 
than assumed from previous, but unvalidated, estimates. 
 
Activity 2. Characterise the cloud forests in terms of actual threat from 
land use change based on spatially varying rates over the last 10 years 
 
Tropical Forest Resources 
 
Before examining forest loss of lowland and montane forest in the tropics, let’s 
take a deeper look at tropical forests resources bearing in mind the distinction 
to be made between classification and continuous fields approaches.  Figure 
16 shows tropical forest resources according to our classification of GLC_2K 
whilst Figure 17 shows tropical forest resources as continuous fields from 
MODIS VCF. 
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Figure 16 Tropical forest resources according to our classification of 
GLC_2K. 
 
GLC_2K provides a generally less geographically extensive forest than 
MODIS VCF but it is clear from MODIS VCF that only a central core of forest 
in South America, central Africa and SE Asia has forest cover in excess of 
90% and many of the forests represented as full cover in the GLC_2K 
classification are, in fact, highly fragmented with only partial cell coverage 
(frequently <50%). 
 

 
 
Figure 17 Fractional forest cover throughout the tropics according to 
MODIS VCF. 
 
Total tropical forest from GLC_2K is some 37.68 Mkm2 and from MODIS 
VCF (fractional tree cover>10%) is 15.15 Mkm2. The FAO FRA 
assessment provides an area of 15.71 Mkm2. 
 
Table 7 is a summary by country from MODIS VCF indicating that Brazil has 
the greatest forest resource with some 4.6 million km2, not all of which will be 
humid forests.  Democratic Republic of Congo has a further 1.5 million km2, 

followed by Indonesia, Peru and Colombia.  Countries with the greatest 
proportion of their territory covered by tropical forest tend to be the smaller 
countries, rather than those with the greatest forest resources. 
 
Country name Area of 

forest 
(km2) 

% of 
country 
forested 

Country name Area of 
forest (km2) 

% of 
country 
forested 

Brazil 4643802 46.4 French Guiana 74020 76.9 
Democratic 

Republic of Congo
1524230 56.8 Suriname 122925 75.3 

Indonesia 1274293 58.7 Brunei 4837 72.0 
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Peru 721530 47.8 Guyana 167932 68.9 
Colombia 703462 53.6 Equatorial Guinea 21242 68.4 
Australia 577321 6.0 Dominica 504 66.2 
Bolivia 538356 41.0 Papua New Guinea 348370 65.7 

Venezuela 527305 49.8 Gabon 193051 64.1 
Angola 389683 26.1 Malaysia 243181 64.0 
Mexico 379907 33.5 Solomon Islands 18365 64.0 

Papua New Guinea 348370 65.7 Federated States of 
Micronesia 

323 63.5 

Argentina 340768 14.9 Pacific Islands 
(Palau) 

230 62.9 

Central African 
Republic 

298294 41.0 Belize 15929 60.9 

Mozambique 269710 28.6 Sao Tome and 
Principe 

643 60.4 

India 265094 13.1 Liberia 66930 59.6 
Cameroon 261328 48.2 Laos 167487 59.4 

Myanmar (Burma) 254723 41.0 Indonesia 1274293 58.7 
Malaysia 243181 64.0 Mayotte 227 58.5 
Zambia 236172 26.5 Congo 229287 57.5 
Congo 229287 57.5 Democratic Republic 

of Congo 
1524230 56.8 

Tanzania 228682 21.9 Colombia 703462 53.6 
 
Table 7 Forest resource by country ranked by total coverage and by 
proportion of national territory covered. 
 
Tropical forest loss 
 
We will now look at tropical forest loss, starting with GLC_2K and moving on 
to MODIS VCF. For GLC_2K we had intended to compare two global 
datasets for land use in order to characterise land use change: the  1991/92 
USGS (United States Geological Survey) 1km Global Land Cover 
Classification (GLCC) and the 1km year 2000 GLC_2K.  Though neither are 
perfect datasets, they are some of the best available for global analysis of 
land cover trends in spatial detail.  Since they are based on satellite data, 
particular difficulties are experienced in tropical montane environments 
because of the persistence of cloud cover (which renders the forest invisible 
to the visible and near infra red wavelengths used by the AVHRR, SPOT 
VGT and DMSP13 satellites from which these products are generated).  
There were considerable difficulties in the comparison of the datasets 
arising from (a) different methodologies and satellites used in the 
assessments, (b) different classifications used and (c) different continental 
basemaps meaning that the two assessments do not overlay perfectly.  So, 
rather than compare two very different assessments, we used the better of 
those assessments, the GLC_2K, to compare with a global assessment of 
potential (original) forest cover generated by GFW14 through modelling the 

                                                 
13 Advanced Very High Resolution Radioneter, SPOT Vegetation Sensor and Defense 
Meteorological Satellite Programme respectively 
14 World Resources Institute, in collaboration with the World Conservation Monitoring 
Centre and the World Wildlife Fund. In: D. Bryant, et al., The Last Frontier Forests: 
Ecosystems and Economies on the Edge. (World Resources Institute: Washington, DC, 
1997). 
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climatic limits of forest from high resolution climate grids (the GFW dataset).  
So, instead of looking at forest cover change over a ten year period we look 
at total forest cover change. First we quality-controlled both datasets for 
accurate georeferencing etc.  We also amended the GFW dataset to include 
areas not classified as ‘original’ forest but which are under forest cover 
today (according to GLC_2K) to improve the consistency between the two 
datasets.  
 
By reclassifying the GLC_2K data into forest cover including cropland/forest 
mosaics (classes 1 to 12,17 and 18) and then identifying the areas that 
have the climatic potential to be forest in the modified GFW but that are no 
longer forest in GLC_2K, we obtain a global assessment of forest loss with 
a 1km resolution including areas of forest fragmentation (i.e. in which a 
forest-agriculture mosaic remains).  The resulting map is shown in Figure 18 
with yellow areas representing areas that have undergone deforestation and 
forest fragmentation: 
 

 
 
Figure 18 The global extent of deforested and forest-fragmented areas 
based on GLC_2K. 
 
Repeating the analysis but excluding classes 11,12,17 and 18 (see appendix 
1) of the GLC_2K produced a map of areas of complete forest-agriculture 
conversion (Figure 19), which is a hydrologically significantly different 
situation to forest loss in areas in which a significant forest cover remains in 
the agricultural landscape. 
 

 
 
Figure 19 The global extent of completely deforested areas from 
GLC_2K. 
 
As we have seen the use of these classified data are useful but not so precise 
and probably not so accurate as the continuous fields data.  Thus we have 
repeated the analysis for the MODIS VCF data, again compared with the 
GFW dataset.  The GFW dataset was also modified to include areas 
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represented as non-forest in GFW but with greater than 40% forest cover 
today according to VCF.    The 40% threshold was effective at excluding 
savanna areas from the analysis and was necessary since the GFW dataset is 
a classification, not a continuous fields dataset so our modification of it also 
had to be a classification. All GFW forest data including that derived from the 
MODIS VCF data is assumed to have had a 100% tree cover originally, again 
necessary because GFW is a classification not a continuous fields dataset.  
This may be an exaggeration but since the GFW data is for tropical moist 
forests, and therefore excludes savanna and dry forest areas, close to 100% 
initial cover is likely.  Combining the GFW and VCF data in this way also 
enabled us to properly represented large lakes and rivers in the GFW dataset 
(which GFW does not).  The resulting map of fractional forest loss is shown in 
Figure 20. 
 

 
 
Figure 20 Fractional forest loss for all tropical forests.  The darker 
yellows are increasing forest fractional loss, green =loss less than 
20% red = loss > 80% 
 
These assessments are similar in terms of their representation of the 
geographical distribution of forest loss.  According to MODIS VCF intense 
deforestation (>80% loss) has occurred throughout India, parts of SE Asia, 
Madagascar, NE and Western Africa, Mexico, southern Brazil, Western Peru 
and the Caribbean.  Forest fragmentation has occurred extensively through 
central America, Colombia, Ecuador and on the fringes of the Amazon and the 
central African forests as well as throughout SE Asia.  Extensive intact forest 
remains only in the Amazon, eastern Mexico, central Africa, Borneo, Celebes 
and Papua New Guinea. 
 
These three assessments give very different estimates of total tropical 
forest loss (GLC_2K fragmentation = 11.49 Mkm2 (26.6 % of the original 
cover of 43.17 Mkm2), GLC_2K total deforestation only loss = 5.79 Mkm2 
and MODIS VCF fractional loss =  14.65  Mkm2).  The best estimate is 
likely to be that from MODIS VCF which is also the highest but takes into 
account forest fragmentation best of all of the assessments. In this 
assessment 47% of the original forest cover (31. 36 Mkm2) has been lost 
to date across the tropics. 
 
Table 8 is a summary by country and indicates that Brazil is also highest in 
terms of total area of tropical forest lost at 2.5 Mkm2

 followed by India (1.3 
Mkm2) then Indonesia, Democratic Republic of Congo, Mexico, Australia, 
Madagascar and Colombia.  In terms of proportion of original forest cover lost 
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Djibouti and Eritrea are highest since they have lost almost all of their original 
forest cover.  United States represents Hawaii.  
Country original 

forest 
deforeste
d (km2) 

% of 
country 
area  
deforeste
d 

Country original 
forest 
deforested 
(km2) 

% of 
country 
area  
deforested 

Brazil 2547078 25.0 Bangladesh 54607 75.0 
India 1302713 64.0 Haiti 24187 73.6 

Indonesia 871396 39.6 Singapore 453.12 73.4 
Democratic 
Republic of 

Congo 

822008 30.1 Thailand 434987.5 70.2 

Mexico 563755 49.0 Madagascar 494108 67.6 
Australia 540373 5.6 Dominican Republic 38657 65.4 

Madagascar 494108 67.6 India 1302713 64.0 
Colombia 451953 33.9 China 261265 64.0 
Thailand 434987 70.2 Guinea-Bissau 24101 62.0 

Peru 397801 26.0 Vietnam 243837.6 61.7 
Myanmar 
(Burma) 

360491 57.5 El Salvador 15227 61.7 

Nigeria 358614 33.3 Cuba 81231 60.3 
Venezuela 303758 28.3 Sri Lanka 45694 59.2 

Bolivia 276889 20.9 Cambodia 127615 58.7 
China 261265 64.0 Sierra Leone 48982 57.5 

Vietnam 243837 61.7 Myanmar (Burma) 360491 57.5 
Ethiopia 241819 18.1 Puerto Rico 5896.69 54.7 

Mozambique 223910 23.3 Philippines 187450 54.7 
Central African 

Republic 
199462 27.4 Honduras 72395 53.6 

Cameroon 188308 34.5 Guatemala 68788 52.0 
 
Table 8  Forest loss from MODIS VCF data for all tropical forests. 
 
Cloud forest loss 
Now  that we have the context of total forest resources and forest loss we can 
look in more detail at forest loss in the areas that we have defined as cloud 
forests. 
 
According to GLC_2K 
In order to look at cloud forest loss, we must first recalculate the cloud forest 
distribution representative of the distribution of potential (or original) forest 
(Figure 21), rather than obtained from current forest cover the GLC_2K or 
MODIS VCF forest cover assessments.   
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Figure 21  The climatically potential (original) distribution of cloud forests 
before large scale human land use change (with forest cover according to 
GFW). 
 
The distribution is still very restricted because the cloud conditions that 
produce cloud forest are highly restricted.  By combining the cloud forest 
distribution assessment with the deforestation assessment (for both 
fragmentation and complete forest loss from GLC_2K), we obtain an 
assessment of the extent of deforestation of cloud forest areas.  The 
distribution of deforested and fragmented cloud forests from GLC_2K is 
shown in Figure 22, with green areas representing areas of potential forest (as 
in Figure 21) and red areas representing those cloud forest areas in which 
forest is no longer present or is fragmented. 
 

 
 
Figure 22 Land use change in the cloud forests. Green = potential 
(original) cloud forest, red= deforested or highly fragmented potential 
(original) cloud forest. 
 
The assessment according to GLC2K indicates a total cloud forest loss 
to date of 1.22 Mkm2 (19.3% of the original cover of 6. 32 Mkm2).  This is 
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less than the rate of loss of all tropical forests from GLC_2K (26.6%) but 
that may be a result of the more fragmented nature of forest loss in 
cloud forest environments (which is not accounted for well in the 
GLC_2K). 
 
A summary by country (Table 9) indicates that Ethiopia15 has lost the most 
cloud forest by area (72% of its original cover), Eritrea has lost all of its cloud 
forests (100%).  Other countries with significant losses have included 
Rwanda, Guatemala and many of the other countries of central America 
(except Costa Rica).  These results are a first step towards the prioritisation of 
cloud forest research and management actions in environments where there 
is (a) considerable change and (b) significant potential hydrological and water 
resource impact (as we will see from later analyses towards the completion of 
this project).   
 
Name Deforested cloud forest (km2) Name % of original 

national 
cloudforest 
deforested 

Ethiopia 216483 Eritrea 90 
Madagascar 169074 Haiti 86 

Mexico 145950 Ethiopia 66 
Brazil 141318 El Salvador 61 
Peru 99198 Nicaragua 58 

Colombia 76034 Guatemala 57 
Uganda 70718 Madagascar 54 
Bolivia 48576 Somalia 52 

Tanzania 46139 Honduras 48 
Guatemala 27643 New Zealand 47 
Honduras 26548 Dominican 

Republic 
46 

Kenya 24636 Uganda 43 
China 22102 Rwanda 40 

Ecuador 21430 Jamaica 33 
Venezuela 17721 Sri Lanka 33 

South Africa 14613 Congo 33 
Argentina 12747 Cuba 32 

Democratic 
Republic of 

Congo 

12236 Belize 30 

Indonesia 10721 Brazil 30 
Eritrea 9052 Mexico 29 
Congo 8881 Kenya 27 
Chile 8555 Burundi 25 

Rwanda 7054 Bolivia 25 
Nicaragua 5833 Colombia 24 
Dominican 
Republic 

5691 Peru 22 

Burundi 5645 Panama 18 
Philippines 4759 China 18 

                                                 
15 Though the UNEP WCMC database records few cloud forests in Ethiopia, WWF have worked in 
at least one in which cloud precipitation is known to be an important factor (the Awash National 
Park, http://www.worldwildlife.org/wildworld/profiles/terrestrial/at/at0112_full.html) 
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Papua New 
Guinea 

4489 Ecuador 17 

Vietnam 3695 Costa Rica 15 
Costa Rica 2969 Tanzania 14 

Malawi 2914 Chile 13 
Haiti 2661 Malawi 10 

Panama 2592 South Africa 10 
 
Table 9 Deforested and fragmented cloud forest by country ranked by 
forest area lost and by percentage of national original cloud forest lost. 
 
Clearly at the global scale deforestation of cloud forests is much less intense 
compared with the lowland forests, largely because of the difficult 
environmental conditions in which we find cloud forests (steep slopes, very 
humid, low sunlight), which makes them unsuitable for many agricultural 
activities and logistically difficult in terms of access and resource removal.  
Also contrary to the situation in the lowlands, the cloud forests of Latin 
America and the Caribbean have seen significantly greater forest loss than 
those in Africa and south east Asia.  The notable exceptions to this pattern are 
the countries of Rwanda, Tanzania, Burundi, Uganda, Kenya and Ethiopia, all 
of which have recorded cloud forests according to UNEP-WCMC and all of 
which have significant loss of forest in the environments in which cloud forests 
are found, according to this analysis. 
 
According to MODIS VCF 
 
Repeating this analysis using the MODIS VCF and GFW data produces the 
potential distribution of cloud forests that we see in Figure 23 with extensive 
coverage throughout the Andes, eastern Africa, Madagascar and eastern 
Asia. 
 

 
Figure 23 The climatically potential (original) distribution of cloud 
forests before large scale human land use change according to VCF 
modified GFW 
 
The top four countries in terms of potential cloud forest cover are Brazil, 
Mexico, Indonesia, Peru and Democratic Republic of Congo each with 0.3-0.4 
Mkm2  (Table 10). 
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Country (sorted 
by potential 
cloud forest) 

Potentia
l cloud 
forest 

% of 
national 
territory 
originally 
cloud forest

Country (sorted 
by % of national 
territory) 

Potential 
cloud forest 

% of national 
territory 
originally 
cloud forest 

Brazil 435426 4.3 Taiwan 8442 42.5 
Mexico 415997 36.2 Madagascar 310209 42.4 

Indonesia 365933 16.6 Burundi 13027 40.8 
Peru 348898 22.8 Honduras 54828 40.6 

Democratic 
Republic of 

Congo 

325898 11.9 Laos 112823 39.8 

Madagascar 310209 42.4 Uganda 111054 39.2 
Colombia 300751 22.6 Ecuador 108466 36.4 
Ethiopia 282098 21.1 Guatemala 48150 36.4 

Venezuela 219445 20.4 Mexico 415997 36.2 
Papua New 

Guinea 
162227 30.2 Costa Rica 19880 33.1 

Bolivia 151878 11.4 Rwanda 9193 31.2 
China 125061 30.6 China 125061 30.6 
Laos 112823 39.8 Papua New Guinea 162227 30.2 

Uganda 111054 39.2 Peru 348898 22.8 
Ecuador 108466 36.4 Colombia 300751 22.6 
Angola 100129 6.7 Dominican 

Republic 
12492 21.1 

Myanmar 
(Burma) 

99871 15.9 Ethiopia 282098 21.1 

South Africa 90054 5.5 Venezuela 219445 20.4 
Tanzania 88602 8.0 Indonesia 365933 16.6 
Cameroon 84334 15.4 Panama 14206 16.5 

 
Table 10 Climatically potential (original) cloud forest cover by country.   
 
Again assuming that the original forest cover according to GFW is 100% and 
comparing with the current fractional forest cover according to MODIS VCF 
gives a fractional forest loss per km2.  This assumption is slightly more risky 
for montane forests which even at potential forest cover may have <100% 
cover at a 1km scale because of high spatial variability in complex mountain 
environments.  Nevertheless the presence of a few cloud forest areas which 
remain at 100% cover today (Figure 24 a,b,c) gives some evidence that this 
assumption holds. 
 
The assessment according to MODIS VCF indicates a total cloud forest 
loss to date of 2.72 Mkm2 (55 % of the original cover of 4.9 Mkm2).  This 
is slightly higher than the loss for all tropical forests calculated from 
MODIS VCF (47%), reflecting the importance of accounting for forest 
fragmentation in upland environments. 
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Figure 24 (a) Fractional cloud forest loss according to MODIS VCF.  
The darker yellow, the greater the forest loss.  Green = still >80% 
forested, red=<20% forested. 
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(b) Fractional cloud forest loss according to MODIS VCF.  The darker 
yellow, the greater the forest loss.  Green = still >80% forested, 
red=<20% forested. 

 
(c) Fractional cloud forest loss according to MODIS VCF.  The darker 
yellow, the greater the forest loss.  Green = still >80% forested, 
red=<20% forested. 
 
Extensive cloud forest loss has occurred throughout Latin America with 
intensive losses in much of Mexico, the Colombian western and central 
Cordilleras, western Ecuador, Peru and Bolivia and the Brazilian Atlantic 
forests.  The most intact remaining Latin American cloud forests are on the 
eastern Flanks of the Andes and southern Venezuela.  Intensive cloud forest 
loss in Africa is concentrated in Madagascar, Ethiopia and Eritrea, South 
Africa, Uganda, Kenya and Tanzania.  
 
Total cloud forest loss according to MODIS VCF is some 2.72 Mkm2. 
 
Table 11 is cloud forest loss per country for MODIS VCF.  Clearly in this 
analysis Mexico has the highest loss, closely followed by Brazil, Madagascar, 
Ethiopia and Peru (all above 0.2 M km2). 
 

Name Deforested 
cloud forest 

(km2) 

Name % of original 
national cloudforest 

deforested 

Mexico 284367 Eritrea 99.8 
Brazil 264942 Chile 94.1 

Madagascar 239918 Somalia 93.8 
Ethiopia 230020 Lesotho 89.0 

Peru 200500 South Africa 83.1 
Colombia 157181 Ethiopia 81.5 

Democratic Republic of Congo 137442 Haiti 78.8 
Indonesia 114353 Swaziland 77.3 

Bolivia 90387 Madagascar 77.3 
Uganda 75850 Tanzania 77.3 

South Africa 74846 Congo 76.2 
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Tanzania 68455 Kenya 76.0 
China 67563 Malawi 75.7 
Angola 64210 Nigeria 74.6 

Venezuela 60345 Burundi 73.7 
Kenya 56069 Mozambique 72.1 

Papua New Guinea 54486 Zimbabwe 69.6 
Ecuador 52086 Rwanda 69.1 

Cameroon 40464 Zambia 68.6 
Myanmar (Burma) 39079 Mexico 68.4 

 
Table 11 Cloud forest loss by country sorted by area deforested and by 
% of original national cloud forest lost, according to MODIS VCF. 
 
Conclusions 
 
A series of land cover change assessments have shown the importance of 
using vegetation continuous fields and the magnitude of loss of all tropical 
forests and of tropical montane cloud forests globally and by country. Around 
55% of cloud forests have been lost compared with 47% for all tropical forests.  
These losses have been widespread with severe losses in a few areas.  Very 
few large areas of intact cloud forest remain, the most notable being in 
southern Venezuela, Borneo, Celebes, Papua New Guinea and in eastern 
Democratic Republic of Congo. 
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Activity 3.  Characterise climate change around cloud forests based on 
historic datasets covering the last 50 years  
 
In addition to land use change, TMCFs are particularly prone to the effects of 
climate variability and change, because of their location on steep, 
topographically controlled climatic gradients. The following analysis 
characterises past climate change around cloud forests in terms of 
temperature, precipitation and cloud cover.  Since cloud forests (and their 
hydrology) are defined by cloud cover, a change in cloud cover will have major 
impact for the ecosystem and its’ functioning.  Moreover in terms of the 
downstream hydrological impact of cloud forests, in addition to land use 
change, precipitation, temperature and cloud cover are the key hydrological 
controls.  Other variables such as wind speed are likely to change also with 
climate change but these are probably less significant hydrologically and are 
thus outside of the scope of this work. 
 
Historic changes in temperature and rainfall 
 
Monthly global precipitation and temperature data for the period 1901-1993 
from the climatology of New et al. (2000)16 were extracted and quality 
controlled.  The datasets are spatially crude (0.5 degrees) for the level of 
analysis applied here but are the best available.  The data were geo-
referenced and written to a series of maps and a mean monthly temperature 
and precipitation was calculated for the periods 1901-1946 and 1947-1993.  
These means were compared to assess any climate drift during the 20th 
Century.  The resulting maps of climate drift were coupled with the cloud forest 
distribution map to understand climate drift looking at cloud forest areas only.  
Figure 25 shows the observed change in annual average temperature 
between the first and second halves of the 20th Century.  The observed 
change is largely a very slight cooling of around 1ºC at the greatest. 
 
Figure 26 shows the results for precipitation.  Many of the cloud forest areas 
are stationary (a change of less than –5 to +5 mm/month) but a few areas 
show stronger drying (Honduras, Southern Colombia, northern Ecuador, 
Western Cameroon and some isolated areas through SE Asia). Other areas 
show increases in precipitation (parts of Mexico, southern Costa Rica and 
northern Panama, isolated areas in east Africa, western Sumatra and 
Sulawesi).  When expressed as a proportion of the mean monthly precipitation 
for each pixel, this drift is within +/- 10% of the mean everywhere except a 
small area of Mexico (+20%), the Colombia/Ecuador border (-11%), eastern 
Zimbabwe (+10-40%) and parts of Sulawesi (+60%).  It is thus unclear 
whether these patterns are real or are artefacts of the behaviour of a few 
erroneous climate stations. 
 

                                                 
16 New, M., M. Hulme, and P. D. Jones. 2000. Global Monthly Climatology for the Twentieth 
Century (New et al.). Data set. Available on-line [http://www.daac.ornl.gov] from Oak Ridge 
National Laboratory Distributed Active Archive Center, Oak Ridge, Tennessee, U.S.A. 
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Figure 25 Change in annual average temperature from the first half to 
the second half of the 20th Century (ºC). 
 

 
 
Figure 26 Change in precipitation from the first to the second half of the 
20th Century for cloud forest areas (mm/month). 
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Historic changes in cloud cover 
 
To assess changes in cloud cover in cloud forest areas we used an observed 
satellite cloud climatology from the HIRS sensor.  This is the same climatology 
used to assess cloud distributions but is used here to assess the change in 
those distributions over the 22 year period of the study.  The method used 
was to extract cloud frequency data for all grid squares that have a UNEP-
WCMC cloud forest in for each month from 1979-2001.  We then calculate the 
change in frequency of clear (no cloud) observations for each cloud forest cell 
between the periods (1979-1990) and (1991-2001). 
 
The results (Figure 27) indicate a decrease in clear days (increase in 
cloudiness) for TMCFs near the equator and an increase in clear days 
(decrease in cloudiness) at latitudes of 10-20º N and S.  In terms of 
distribution there seems to be much more significant cloud loss over cloud 
forests in South East Asia, South America shows an increase in cloud 
frequency, central America is mixed and Mexico shows overall cloud-decrease 
as do some of the heavily deforested countries of Africa.  Further work is 
required to test for potential instrumental drift over the same period and to 
compare these results with ground based observations over a longer period in 
order to confirm the outcomes stated (though at this stage the patterns in the 
ground based data appear to be similar to those from the satellite instrument). 
 
 

 
 
Figure 27 Cloud cover change in the world’s cloud forests : an early 
indicator of climate change?  Red = cloud frequency decline, blue = 
cloud frequency increase. 
 
Activity 4.  Characterise climate change based on the climate scenaria of 
at least two GCM (general circulation models)  
 
The climate changes over very long time scales.  Thus it is not surprising that 
the instrumental record provides evidence of only marginal change over the 
20-100 year period of observations.  Since tropical montane forests are likely 
to be particularly sensitive to climate change (especially in temperature but 
also precipitation) we looked also at a series of General Circulation Model 
(GCM) scenaria for the tropics.  The model results used were those from the 
ECHAM5 (Hamburg) model (DKRZ Model User Support Group, 1992) and the 
UK Hadley Centre Model (HADCM3, Cullen 1993).  Data were provided by the 
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IPCC Data Distribution Centre17.  The scenaria used were the SRES A2 CO2 
forecasts prepared for the IPCC (Intergovernmental Panel for Climate 
Change) TAR (Third Assessment Report, 2001). 
 
Data were available in the native model resolution (3.75 by 2.5 degrees for 
HADCM3 and 2.5 by 2,5 degrees for ECHAM5) as monthly values for the 
period of the simulation 100-150 years.  All data were georeferenced and 
converted to GIS map form and split into two groups (1950-2000) and (2000-
2050).  The mean value of the parameter of interest was calculated for each 
period and compared in order to provide a single map of projected change for 
that variable.  In the following analysis, in each case the global map is shown 
and then the area covered by cloud forests is extracted and viewed in 
isolation. 
 
Figure 28 shows global projected temperature change between the two 
periods indicating an overall mean global temperature increase of 3.3 ºC over 
the period with most of the warming occurring at high latitudes and over 
continental areas. 
 

 
Figure 28 HADCM3 temperature change (1950-2000 to 2000-2050) in ºC. 
 
Figure 29 shows that on average cloud forest areas are expected to see 
changes between 2 and 5 ºC according to the HADCM3 model with the most 
continental cloud-forests (in the African interior) experiencing the greatest 
temperature change, whilst the small-island cloud forests receive the least. 

                                                 
17 http://ipcc-ddc.cru.uea.ac.uk/ 

 
______________________________________________________________________________________________ 
  
           46   

 



 
 
Figure 29 HADCM3 temperature change (1950-2000 to 2000-2050) in ºC. 
in the vicinity of cloud forests. 
 
In terms of rainfall change (Figure 30) the HADCM3 model indicates an overall 
rainfall increase over the period of +16.75 mm/year with much of the world’s 
terrestrial and oceanic areas appearing stationary but some significant 
changes around the tropical rainfall belts (changes which are largely positive – 
more rainfall - over water and negative – less rainfall - over land).  These 
changes can amount to plus or minus more than 1000mm/yr and are thus 
highly significant hydrologically. 
 

 
Figure 30 HADCM3 rainfall change (1950-2000 to 2000-2050) in 
mm/year. 

 
Over cloud forest areas this translates as a loss in rainfall (of –100 to –10 000 
mm/yr) over some areas e.g. Colombia, Mexico, central Africa and a gain in 
others e.g. Peru, Madagascar the SE Asian islands (+100 to +1000 mm/yr) 
(Figure 31). 

 
 
Figure 31 HADCM3 rainfall change (1950-2000 to 2000-2050) in 
mm/month. in the vicinity of cloud forests 
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Results from the ECHAM model are similar in direction and geographical 
pattern but slightly different in magnitude to those from HADCM3.  Figure 32 
shows the overall pattern of warming (high latitude and continental). Globally, 
warming is generally lower for ECHAM than for HADCM3 (2.2ºC over the 
period). 
 

 
Figure 32  ECHAM temperature change (1950-2000 to 2000-2050) in ºC. 
  

 
 
Figure 33 ECHAM temperature change (1950-2000 to 2000-2050) in ºC. 
in the vicinity of cloud forests 
 
Figure 33 indicates that from ECHAM there is a consistent warming over cloud 
forest areas which is expected to be in the range 1.3 to 4.2 ºC over the period 
with warming greatest in the continental areas in particular for some of the 
largest remaining blocks in intact forest in Eastern Democratic Republic of 
Congo and southern Venezuela. 
 
Figure 34 shows rainfall change in mm/year from the ECHAM model.  There is 
an average global increase of rainfall over the period of 21.2 mm/year though 
values range spatially from 1000 mm/year decreases to 1500 mm/year 
increases.  The rainfall increase areas are highly concentrated over the 
tropical landmasses and oceans. 
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Figure 34 ECHAM rainfall change (1950-2000 to 2000-2050) in mm/year. 
 
According to the ECHAM model (Figure 35) almost all cloud forest areas show 
an increase in rainfall of a few hundred mm/yr with the exception of 
Madagascar, West Africa and a few of the SE Asian islands.  This is in 
contrast to the precipitation results from HADCM3. 
 

 
 
Figure 35 ECHAM rainfall change (1950-2000 to 2000-2050) in mm/year. 
in the vicinity of cloud forests. 
 
In conclusion, an examination of the outputs of the most recently available 
climate model scenaria indicate that the tropical landmasses in general may 
be subject to increased temperatures of 1-4ºC and either significant rainfall 
increases or losses depending upon precise location.  Cloud forest areas 
in particular will see lower magnitude warming (generally less than 3ºC).  
Rainfall projections over tropical mountains are uncertain with the HADCM3 
model indicating a majority rainfall decline whilst the ECHAM model indicates 
a majority rainfall increase.  Either way the rainfall changes are likely to be 
very significant and potentially much more important hydrologically than the 
projected temperature changes. 
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Activity 5 Apply simple water balance models to the datasets in order to 
characterise the magnitude and direction of water resource change 
resulting from the land use change and the climate change historically 
and over the next 50 years  
 
In order to model water balance the climate, land use and climate change 
datasets produced were coupled with a hydrological balance model applied at 
the tropics scale and which was used to calculate inputs of wind driven rainfall 
and outputs of potential evapo-transpiration to arrive at a spatial water 
balance.  The model performs the following calculations: 

(a) The land cover fractions of tree, herb and bare are calculated from the 
MODIS VCF data.  The model then cycles monthly timesteps. 

(b) A 1km ground level monthly solar radiation climatology was developed 
from the NASA Surface Meteorology and Solar Energy (SSE) 
database18 

(c) The intercepted fraction of solar radiation is calculated based on the 
tree, herb and bare soil fractions 

(d) Net radiation is calculated from the incoming solar radiation on the 
basis of empirical relationships determined for forest and herbaceous 
covers 

(e) Topographic exposure is calculated on the basis of the wind direction 
and the DEM, 

(f) Wind speed is calculated from the 1km wind speed database and the 
topographic exposure using the method of Ruel et al. (2002) 

(g) These wind speeds are used to convert the 1km rainfall database of 
WORLDCLIM into wind-driven rainfall using the method of Arazi et al. 
(1996) 

(h) Potential evaporation is calculated on the basis of available energy and 
atmospheric demand. 

(i) The water balance is calculated on the basis of (wind-driven) 
precipitation minus potential evaporation 

(j) Finally, annual totals are calculated as are the driest month and the 
balance of the driest month 

 
This modelling produced some important new datasets for the global 
distribution of solar and net radiation, wind speed, direction, and wind-driven 
rainfall at 1km resolution. 
 
Water Balance 
 
Figure 36a shows the water balance resulting under current land use and 
climate conditions.  The balance varies from –2110 mm/yr in parts of the 
Sahara, Australia, Mexico, Brazil, Chile and Argentina, through to more than 
+6000 mm/yr in parts of Colombia, Venezuela, Ecuador, Peru, central 
America, Malaysia, Indonesia and the western coast of India.  
 

                                                 
18 http://eosweb.larc.nasa.gov/sse/ 
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Figure 36 (a) Tropics-wide water balance under current land use and 
climate conditions (mm/yr). 

 
(b) Spatial detail for current water balance (Latin America) 
 
The spatial detail of this water balance is shown (for Latin America) in Figure 
36b. Negative balances indicate potential evapotranspiration greater than 
rainfall inputs whilst positive balances indicate the reverse. This water balance 
results in part from the distribution of potential evapotranspiration (PET) 
shown in Figure 37, which indicates that mountain areas such as the Andes 
have significantly lower PET (although potential radiation receipt at altitude is 
higher than in the lowlands, actual receipt is lower at altitude because of 
frequent cloud cover).  The highest values of PET are modelled in the NE 
Amazonian lowlands, central Africa and lowland insular SE Asia where high 
radiation loads are combined with dense vegetation cover. 
 

 
Figure 37 The distribution of potential evapo-transpiration 
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The distribution of wind-driven rainfall (Figure 38) indicates peaks in isolated 
areas of central and NW south America and SE Asia, and high values also in 
the NW Amazon. 

 
Figure 38 The distribution of (wind driven) rainfall. 
 
The tropical distribution of hydrological sensitivity to forest cover 
change 
 
In order to understand more clearly hydrological sensitivity to land use 
change, it is important to simplify the land use change scenario.  This is 
achieved here by running the same model for the whole tropics covered only 
in pasture (herb =100%) and then again for the tropics covered only in forest 
(tree=100%).  The difference in water balance between these two scenaria is 
shown in Figure 39 and indicates that replacing pastoral systems with forest 
always has negative impacts of water balance but the magnitude of the effect 
is quite variable between different climatic regimes.  In arid and semi-arid 
parts of the tropics such as NE and E Brazil, the Sahara and Sahel, the gulf 
States and - to a lesser extent – Australia and India replacing pasture by forest 
would create large declines in water balance from –500 to -700 mm/year.  In 
wetter and, particularly, in cloudier environments where evapotarnspiration 
becomes radiation rather than water limited, the impact of afforestation is 
much less.  A complete replacement of pasture with forest has least impact in 
the Andes and central American uplands where high cloud frequency and high 
rainfall mean that even this major change in land use only reduced balances 
(and thus flows) by –170 to –120 mm/year. 
 

 
Figure 39 Loss of terrestrial water balance (runoff) when pasture 
replaced by forest. 
 
Figure 40 is essentially the inverse of Figure 39 since it is the change in water 
balance which occurs if 100% forest cover is replaced by 100% pasture cover.  
Since forest evapo-transpires more than pasture, wholesale conversion to 
pasture in this manner leads to increases in water balances (flows) 
everywhere though the increases are much greater in areas where, if a forest 
cover were to be present, it would be potentially transpiring at high rates 
because of high radiation loads.  Thus water yields are greatly increased in 
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arid and semi-arid areas (+520 to +700 mm/year), they show lesser increases 
over much of the humid tropics (+400 to +500 mm/yr) and very low increases 
(+100 to +300 mm/yr) in the tropical mountains especially the very cloudy 
Andes. 
 

 
Figure 40 Gain of terrestrial water balance (runoff) when forest 
replaced by pasture 
 

 
 
Figure 41 Gain of terrestrial water balance (runoff) when forest 
replaced by pasture : detail for Latin America.(mm/yr). 
 
Figure 41 shows the spatial detail for hydrological response to wholesale 
replacement of 100% forest with 100% pasture and indicates that although we 
observe significant increases in water yield throughout the tropical lowlands, 
these are not observed throughout much of the Andes because in tropical 
mountains trees do not evapo-transpire much more than pasture even if they 
do so in the tropical lowlands. 
 
Though these scenaria are simple and thus useful for understanding the 
climatic influence on hydrological response to land cover change, the land 
covers themselves are rather unrealistic.  A more realistic approach is to take 
the observed historic land cover change and calculate the hydrological 
sensitivity to this land cover change as the % change in water balance per % 
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change in tree cover.  This has been done for the historic land use change 
scenario discussed earlier and is shown in Figure 42 to Figure 45. 
 
Figure 42 indicates that the historic reductions in forest cover have led to 
increases in water balance (flows) throughout the tropics.  These are only 
observable in regions where forests exist now   The tropics-wide patterns 
indicate low sensitivity (+2 - 4 mm/year per % forest loss) for the Andes and 
central American uplands as well as parts of southern and central Africa, 
Australia, Papua New Guinea, Laos, Burma, Cambodia and southern China. 
 

 
 
Figure 42 Sensitivity of water balance gain to historic forest cover 
change (mm/year water gain per % of forest loss). 
 
Figure 43 shows that the highest sensitivities to forest loss are in the eastern 
Brazilian lowlands, northern Colombia and the Magdalena Valley and parts of 
Guatemala. 
 

 
Figure 43 Sensitivity of water balance gain to historic forest cover 
change (mm/year water gain per % of forest loss) : detail for Latin 
America. 
For Africa, the least sensitive areas to land use change are the lakeside 
highlands pf eastern Congo and the highlands of SE South Africa (see Figure 
44). 
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Figure 44 Sensitivity of water balance gain to historic forest cover 
change (mm/year water gain per % of forest loss) : detail for Africa 
 
Finally, for SE Asia (Figure 45) the mountain areas of Papua New Guinea, SE 
Australia, western Sumatra and Laos, Burma and Cambodia show the least 
hydrological sensitivity to observed land use change.  As with South America 
and Africa, these least sensitive areas are areas of frequent cloud cover and 
are montane in character. 

 
 
Figure 45 Sensitivity of water balance gain to historic forest cover 
change (mm/year water gain per % of forest loss) : detail for SE Asia. 
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The water balance of cloud forests 
 
Here we integrate the calculated balance over the whole tropics and again 
over only those areas occupied by cloud forests according to this analysis. 
Though the areas of cloud forest represent only 8.02 % of the tropics, 
they account for 29.2% of the water balance of the tropics.  Cloud forest 
PET is in fact slightly higher than the average for the tropics (995 mm/yr 
compared with 922 mm/yr for the whole tropics, probably because of the 
concentration of cloud forest areas near the equator.  However, cloud forest 
rainfall receipt is on average 1606 mm/yr compared with 1111 mm/yr for the 
tropics as a whole.  Thus, cloud forest water balances are significantly higher 
than the water balance of the tropics as a whole (452 mm/yr compared with 
124 mm/yr).  PET from cloud forests represents 8.66 % of the total PET for the 
tropics, whilst 11.6 % of the rainfall of the tropics falls on cloud forests.  The 
hydrological importance of cloud forests may be even greater if we include the 
enhancement of precipitation by fog inputs, though, even without this effect 
they are hydrologically important as a result of their location in high 
rainfall areas. 
 
Land Use change 
 
Figure 46 shows the water balance under original forest cover as defined by 
the earlier analysis and also assuming current climate conditions.  The 
differences between the original forest and current forest scenarios are rather 
small, indicating that at a tropics-wide scale even the significant tree cover 
change that has been witnessed until present (Figure 47) has probably had 
relatively little effect on total freshwater volumes in the terrestrial part of the 
hydrological cycle.  The rather small differences in evapo-transpiration 
between forest and other covers are, in wet environments dwarfed by the 
input volumes of rainfall and, in dry environments, insignificant because the 
vegetation cover itself is insignificant. 
 

 
Figure 46   Tropics wide water balance under current climate but 
original forest cover.   

 
Figure 47 Difference in tree fraction cover between the original and 
current land cover scenarios : -1 = -100% tree loss, 0 = no change) 
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Figure 48 shows the difference between the current land use and the original 
forest cover water balances.  The results indicate small increases in water 
balance with forest loss as a result of reduced evaporation.  These increases 
are rather climate insensitive, though they do tend to be higher in high 
radiation environments that have seen deforestation (India, Australia, Mexico).  
Overall land use change to date has led to an average tropics-wide increase 
in water balance (runoff) of 110 mm/yr.  At a national scale average change 
varies from +330-390 mm/year (Singapore, Haiti, Madagascar, Thailand, 
Bangladesh) to – 0 mm/yr (Cape Verde, Libya, Maldives, Western Sahara).  A 
comparison of these data with the number of reported floods per 1000 km2 by 
country given in the EM-DAT database19 shows only a very vague relationship 
such that of the 17 countries with more than 5 reported floods per 1000 km2 of 
land area, 13 of them have had positive increases in water balance of more 
than 100mm/yr as a result of land use change.   If rivers are in equilibrium with 
a much more forested landscape than now exists then enhanced flooding may 
be a consequence of the greater volumes of water available to runoff in those 
rivers. 

 
Figure 48 Water balance differences as a result of land use change to 
date (mm/yr). 
 
Climate change 
 
In order to assess the hydrological impact of climate change the results of the 
ECHAM GCM discussed above were used.  The temperature and rainfall 
changes were applied spatially to the current monthly rainfall and temperature 
fields.  For completeness, the projected incoming solar radiation changes 
were also applied spatially.  Though these are not discussed in detail here, the 
overall patterns of change in solar radiation inputs as projected by ECHAM 
are shown in Figure 49.  The expected changes are relatively small over most 
land areas. 
 

                                                 
19 EM-DAT: The OFDA/CRED International Disaster Database 
www.em-dat.net - Université Catholique de Louvain - Brussels – Belgium.  In order for a disaster to 
be entered into the database at least one of the following criteria has to be fulfilled: 
10 or more people reported killed, 100 people reported affected ,a call for international assistance 
,declaration of a state of emergency  
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Figure 49 Projected changes to incoming solar radiation under ECHAM 
SRES A2 GCM and scenario (W/m2). 
The resulting water balance under climate change is shown in Figure 50.  The 
impact of projected climate change is clearly  more significant than the impact 
of all land use changes to date.  Some of the wettest parts of the tropics,  
especially the NW Amazon, central America, central and Eastern Africa and 
Indonesia, become wetter.  Some of the drier parts also become drier.   
 

 
Figure 50  The impact of projected climate change on tropics-wide 
water balances.  
Figure 51 shows the differences between current and ECHAM climate-driven 
water balances and indicates significant increases in annual water balance in 
western South America, central and SE Africa, India and parts of south east 
Asia with some significant reductions in the water balance elsewhere.  The 
changes are spatially similar to those that have resulted from historic land use 
change (i.e. water balance will further increase in areas where it already has 
as a result of land use change) but the climate change effect is larger than the 
land use change effect at least in spatially restricted areas. 

 
Figure 51 Differences between water balance under current climate 
and ECHAM SRES A2 climate (mm/yr) 
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An analysis by country indicates that, as with the land use change impacts, 
the climate change impact on water balance are greatest for small countries 
(particularly small islands).  For larger countries positive and negative areas 
tend to balance out at the national scale so that the overall change is not so 
extreme.  The greatest increases in water balance as a result of climate 
change for large countries are +200-230 mm/yr for Peru, Panama, Colombia 
and Ecuador. The greatest decreases for large nations include Guyana (-278 
mm/yr) and Brazil (–111 mm/yr). 
 
Table 12 is a summary by country of the absolute modelled change in water 
balance (for countries with greater than 500 000 km2 area in the tropics – 
representing 37 out of the 124 countries in the tropics).  The changes which 
result from the land use scenario and the climate change scenario are shown 
side by side.  When aggregated to the national scale it is clear that the climate 
and land use change effects are similar in magnitude (230-360 mm/yr 
maximum increase in balance, 100-200 mm/yr maximum decrease) but that 
climate change will have its greatest positive and negative impacts in Latin 
America whereas land use change has had its greatest impacts in Africa and 
SE Asia. 
 

Country name Climate 
change: 

change in 
balance 
(mm/yr) 

Country name Land use change 
: change in 

balance (mm/yr) 

Peru 230.9 Madagascar 364.8 
Colombia 218.0 Thailand 341.5 
Paraguay 183.5 India 299.7 
Argentina 144.6 Myanmar (Burma) 266.1 

India 140.2 Mexico 214.0 
Bolivia 127.1 Central African Republic 204.8 

Central African Republic 100.2 Indonesia 189.9 
Ethiopia 93.4 Democratic Republic of Congo 164.3 

Cameroon 77.9 Cameroon 159.3 
Myanmar (Burma) 74.1 Papua New Guinea 148.0 

Kenya 72.1 Colombia 141.5 
Nigeria 65.6 Mozambique 141.5 

Democratic Republic of 
Congo 

56.2 Venezuela 136.6 

Tanzania 32.4 Paraguay 125.6 
Chad 25.6 Brazil 112.2 

Somalia 25.6 Nigeria 110.9 
Thailand 24.0 Bolivia 94.2 
Mexico 16.5 Peru 85.6 
Sudan 6.7 Tanzania 69.9 
Algeria 4.6 Angola 68.4 

Mali 4.2 Zambia 62.3 
Niger -10.0 Ethiopia 23.8 

Venezuela -11.5 Algeria 0.0 
Indonesia -11.7 Niger -6.2 

Mozambique -14.4 Mauritania -8.5 
Mauritania -15.0 Saudi Arabia -11.6 

South Africa -16.2 Argentina -12.5 
Yemen -19.5 Sudan -30.1 
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Saudi Arabia -20.7 Chad -33.9 
Australia -50.3 Mali -38.7 
Zambia -57.8 Yemen -41.0 
Namibia -71.1 South Africa -54.4 

Botswana -71.7 Somalia -56.2 
Brazil -111.3 Kenya -62.3 

Angola -120.7 Australia -84.4 
Papua New Guinea -182.6 Botswana -110.2 

Madagascar -208.0 Namibia -113.2 

 
Table 12 Climate and land use change impacts on national water balances 
(mm/yr). 
 
To put these figures within the context of the hydrological regimes in which 
they occur, Table 13 expresses the changes in water balance with climate and 
land use change as a proportion of the current water balance on a national 
basis for countries with greater than 500 000 km2.  At the national scale the 
climate change leads to significant increases in some countries e.g. Mexico 
(+694%), Bolivia (+486%), Colombia (+46%) and decreases in others: Brazil (-
114%), Angola (-464%), Mozambique (-238%).  The land use change tends to 
cause mainly increases in balance at the national scale.  Dry countries that 
have undergone significant deforestation tend to show the greatest increases 
e.g. Mexico (+1820%), India (+1029%), Ethiopia (+797%).  Wetter countries 
show less of a change even if the absolute balance increases were high (e.g. 
Colombia +48%, Brazil +82%). 
 

 
Country name Climate change: 

change in balance as 
a % of balance 

Country name Land use: change in 
balance as a 

percent of balance 
Mexico 694 Mexico 1820 

Central African 
Republic 

544 Mozambique 1272 

Bolivia 486 India 1029 
Argentina 430 Thailand 897 

India 329 Central African 
Republic 

859 

Ethiopia 286 Ethiopia 797 
Paraguay 242 Tanzania 726 

Kenya 214 Angola 723 
Nigeria 186 Nigeria 715 
Peru 183 Madagascar 634 

South Africa 144 Myanmar (Burma) 450 
Thailand 132 Bolivia 325 

Cameroon 114 Venezuela 245 
Tanzania 103 Democratic 

Republic of Congo
216 

Myanmar (Burma) 84 Sudan 168 
Chad 48 South Africa 116 

Colombia 46 Peru 86 
Sudan 40 Brazil 82 

Somalia 14 Australia 63 
Mali 10 Indonesia 58 

Algeria 1 Colombia 48 
Niger -2 Papua New 

Guinea 
12 

Mauritania -4 Argentina -18 
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Yemen -5   
Venezuela -6   

Saudi Arabia -6   
Botswana -16   

Papua New Guinea -17   
Democratic Republic of 

Congo 
-21   

Namibia -22   
Indonesia -31   
Australia -43   

Brazil -114   
Madagascar -216   
Mozambique -238   

Zambia -260   
Angola -464   

Table 13 Climate and land use impacts on national water balances as a 
proportion of current balance (%). 
 

 
6. Produce a final map of cloud forest remaining (resources), cloud forest 
loss (last 10 years) and cloud forest threat (next 50 years) scaled by nation in 
order that the remaining cloud forest resources can be clearly seen and that 
the nations/regions in which cloud forest management/conservation efforts 
should be prioritised are also clear to decision makers at the global, national 
and regional scales. 
 
Examining these impacts on cloud forest areas only (cloud forests as defined 
by this work) we see that most cloud forest areas have seen increases in 
water balance as a result of previous land use change (excluding the effect of 
fog interception in these areas which has been shown to be relatively minor in 
recent FRP studies, Mulligan and Burke, 2005b).  The water balance 
increases are from 100 mm/yr to 300 mm/yr in most cloud forest areas, 
depending largely on the extent of deforestation, see Figure 52. 
 

 
 
Figure 52 Impact of previous land use change on water balance of 
cloud forest areas only. 
 
The impact of projected climate change on the water balance of cloud forests 
(Figure 53) is more variable with some cloud forests areas having increased 
water balances as a result of climate change (e.g. the Andes, central Africa) 
whilst others show a significant drying (western Africa, Madagascar, SE Asia, 
the Brazilian Atlantic cloud forests and those of the Guyana shield. 
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Figure 53 Impact of projected climate change on water balance of 
cloud forest areas only. 
 
In order to understand regional priorities better, Table 14 shows the 
hydrological impact of past land use change and of future climate change for 
cloud forest areas only for large countries (> 200 000 km2) and indicates that 
the greatest hydrological impact of cloud forest removal to date has likely been 
in Madagascar, Mexico, Ethiopia, Brazil and Colombia whereas the greatest 
hydrological impacts of climate change in cloud forests are likely also to be in 
Madagascar, Mexico (drying) and Colombia, Peru and Ethiopia (wetting). 

 
Country 
name 

Change in water 
balance as a result of 

land use change (cloud 
forests only) 

Country name Change in water balance as a 
result of climate change (cloud 

forests only) 

Madagascar 328 Madagascar -259 
Mexico 244 Angola -161 
Ethiopia 184 Venezuela -36 
Brazil 178 Indonesia 18 

Colombia 170 Mexico 38 
Democratic 
Republic of 

Congo 

162 Tanzania 42 

Angola 153 Brazil 44 
Peru 130 Democratic Republic 

of Congo 
51 

Indonesia 129 Ethiopia 150 
Venezuela 110 Peru 237 
Tanzania 77 Colombia 305 

 
Table 14 Change in water balance as a result of land use and climate change 
in cloud forest areas only for countries larger than 200 000 km2. 
 
Conservation Status 
 
By combining the data produced in this project with the world database of 
protected areas (WDPA)20. Some 5% of the land area of the tropics is at least 
nominally protected (IUCN CAT I to VI).  8.6% of the tropical forests defined 
here are protected (1.54 M km2) and some 14.7% of cloud forests (0.38 M 
km2), as defined in this analysis, are protected meaning that some 9% of 
tropical protected land area is cloud forest. 

                                                 
20 WDPA Consortium. "World Database on Protected Areas" 2004 . Copyright World Conservation 
Union (IUCN) and UNEP-World Conservation Monitoring Centre (UNEP-WCMC), 2004. Source 
for this dataset was the Global Land Cover Facility. 
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Protected areas with the most and the most intact cloud forest 
 
Here we extract the proportion and the total area of cloud forest for each of the 
protected areas defined in the WDPA that are also within the tropics.  A 
number of protected areas are majority cloud forest.  These are particularly 
found in Venezuela, Costa Rica, the Philippines, Madagascar, Vietnam, Laos, 
Cameroon and Indonesia.  The largest individual protected cloud forests are 
found in Venezuela, Indonesia and Colombia.  These are clearly priorities for 
research and conservation. 
 

Name Country % 
cloud 
forest

Name Country Area of 
cloud 

forest km2

Cerro Autana VEN 83.5 Formaciones de 
Tepuyes 

VEN 27444 

Cerro Las Vueltas CRI 80.6 Sur del Estado 
BolÝvar 

VEN 26238 

Balbalasang – 
Balbalan 

PHL 80.1 Canaima VEN 17735 

Zahamena MDG 79.9 Parima-Tapirapec¾ VEN 15517 
Mantadia MDG 79.0 El Caura VEN 13281 

Ranomafana MDG 78.4 Sungai Kayan Sungai 
Mentarang 

IDN 11843 

Kon Cha Rang VNM 78.0 Sipapo VEN 10632 
Nam Ha LAO 77.9 Imataca VEN 9897 

Banyang - Mbo CMR 77.2 Peta Usulan Batas TN. 
Lorentz 

IDN 9556 

Lore Lindu IDN 76.6 Alto Orinoco-
Casiquiare 

VEN 7971 

Las Tablas CRI 76.6 Maiko COD 7725 
Nam Ha (West) LAO 76.6 Kerinci Seblat IDN 6144 

RÝo Macho CRI 76.0 Jayawijaya IDN 5822 
Anjanaharibe-Sud MDG 76.0 SerranÝa de la 

Neblina 
VEN 5453 

Internacional La 
Amistad 

CRI 75.7 Gunung Leuser IDN 5372 

Enarotali IDN 75.5 Chiribiquete COL 4824 
Phou Dene Din LAO 75.4 Kahuzi -Biega COD 4668 

Lagunas de 
Zempoala 

MEX 75.0 Manu PER 4517 

Sungai Kayan Sungai 
Mentarang 

IDN 74.9 Gunung Bentuang IDN 4220 

Mangerivola MDG 74.6 Bale ETH 4212 
Analamazoatra MDG 74.3 Kaieteuer GUY 3891 

Kon Ka Kinh VNM 74.2 Sureste del Lago de 
Maracaibo Sto. 

Domingo-Motatßn 

VEN 3780 

Tsaratanana MDG 74.2 Carrasco BOL 3654 
TapantÝ CRI 73.8 Pico da Neblina BRA 3237 

La Amistad PAN 73.8 Enarotali IDN 3148 
Bessang Pass PHL 73.7 Moyowosi TZA 2951 

Chirrip¾ CRI 73.1 Bukit Batutenobang IDN 2758 
Kigwena Forest BDI 73.0 Virunga COD 2753 
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La Marta CRI 72.7 Sangay ECU 2752 
Napo-Galeras ECU 72.2 Ambor BOL 2750 

Murlen IND 72.2 Rungwa TZA 2702 
Ngoc Linh (Kon Tum) VNM 71.1 Paramillo COL 2596 

Nan Gun He CHN 71.0 Bogani Nani 
Wartabone 

IDN 2240 

Pulag PHL 71.0 Nam Ha LAO 2177 
Pic d'Ivohibe MDG 70.9 Sierra Nevada de 

Santa Marta 
COL 2176 

Bi Dup-Nui Ba VNM 70.9 Madidi BOL 2172 
Cuenca RÝo Tuis CRI 70.7 Dja CMR 2168 

Tingo MarÝa PER 70.7 Sierra de la Macarena COL 2158 
El Triunfo MEX 70.7 Thung Yai Naresuan THA 2141 

Marotandrano MDG 70.6 Nam Et LAO 2096 
Kahuzi -Biega COD 70.5 Arsi ETH 2049 

Midongy du sud MDG 70.3 Muong Nhe VNM 2030 
Duida-Marahuaca VEN 70.1 Lore Lindu IDN 1996 

Dolok Sipirok IDN 69.6 Cayambe-Coca ECU 1965 
Yushan TWN 69.4 Xi Shuang Ban Na CHN 1930 

El Triunfo (Core 
zone) 

MEX 69.4 La Amistad PAN 1910 

Phou Loey LAO 69.2 RÝo Abiseo PER 1843 
Monte Roraima BRA 69.1 Phou Dene Din LAO 1788 

Dalanas Watershed PHL 69.1 Internacional La 
Amistad 

CRI 1770 

Naha MEX 68.7 Bahuaja-Sonene PER 1721 
Mingima IDN 68.7 Mizan-Teferi ETH 1689 

Volcan Tacana MEX 68.2 Jaua Sarisari±ama VEN 1674 
Alto Mayo PER 68.1 Alto Mayo PER 1642 

Bogani Nani 
Wartabone 

IDN 67.9 Duida-Marahuaca VEN 1629 

Talaytay PHL 67.8 Upemba COD 1596 
Xi Shuang Ban Na CHN 67.1 Kigosi TZA 1551 
Guanenta Alto Rio 

Fonce 
COL 66.9 RÝos Guanare, Bocon, 

Tucupido, La Yuca y 
Masparro 

VEN 1535 

Nyungwe RWA 66.3 Perij VEN 1533 
Xe Xap LAO 66.2 Cordillera de los 

Picachos 
COL 1520 

Rungkunan PHL 65.6 Midongy du sud MDG 1503 
Ta-Wu Mountain TWN 65.5 Cotacahi-Cayapas ECU 1497 

Bukit Balai Rejang IDN 65.4 Umphang THA 1483 
Cerro de Garnica MEX 64.9 Bukit Barisan Selatan IDN 1447 

La MarichÝ VEN 64.9 Sumaco Napo Galeras ECU 1360 
Nam Et LAO 64.9 Phou Loey LAO 1329 

La Bayamesa CUB 64.7 Sierra Gorda MEX 1275 
Itatiaia BRA 64.7 Serengeti TZA 1273 

Lingga Isaq IDN 64.4 El Cocuy COL 1264 
Guaramacal VEN 64.1 Macizo Monta±oso del 

Turimiquire 
VEN 1264 

Blue Mountain IND 64.0 Mamberamo-
Pegunungan Foja 

IDN 1262 

Chu Yun Mountain TWN 64.0 Darien PAN 1262 
Las OrquÝdeas COL 64.0 Musalangu ZMB 1260 

Gunung 
Patah/Bepagut/Muara 

Duakisim 

IDN 63.8 Manusela IDN 1232 
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Jayawijaya IDN 63.7 Xe Xap LAO 1226 
Santchou CMR 63.6 Central Cardamom 

Mountains 
KHM 1165 

Gunung Papandayan IDN 63.1 Nyika MWI 1087 
Maiko COD 62.9 Monte Roraima BRA 1054 
Kibira BDI 62.7 Llanganates ECU 1049 

Taiwan Cycas TWN 62.6 Katonga UGA 1035 
Sierra de Manantlan 

(Core zone) 
MEX 62.4 El Triunfo MEX 1028 

Mount Malindang PHL 62.0 Ruaha TZA 1025 
Alto Fragua - Indi 

Wasi 
COL 62.0 Morowali IDN 1010 

Arenal-Monteverde CRI 61.3 Northern Sierra Madre PHL 1000 
Los Illinizas ECU 61.0 Podocarpus ECU 985 

Sacred Mountain PHL 61.0 Nakai - Nam Theun LAO 979 
Rumonge BDI 61.0 Maika-Penge COD 977 
Casecan PHL 61.0 Tehuacan-Cuicatlan MEX 971 

Fila Cerro Frio - La 
Cumplida 

NIC 60.9 Crocker Range MYS 965 

Fen Shui Ling Feng CHN 60.8 Yushan TWN 929 
Volcßn Iraz· CRI 60.6 Farallones de Cali COL 926 
Pegunungan 
Latimojong 

IDN 60.5 Sumapaz COL 921 

Gunung Merapi IDN 60.5 Barit· ARG 917 
Cordillera Volcßnica 

Central 
CRI 60.4 Rwenzori Mountains UGA 900 

Peak Wilderness LKA 60.4 Nam Ha (West) LAO 883 
Volcßn Turrialba CRI 60.1 San Rafael de 

Guasare 
VEN 881 

Bosque Nacional 
Diriß 

CRI 60.0 San Matias San Carlos PER 880 

Gunung 
Lompobatang 

IDN 60.0 Lingga Isaq IDN 868 

Chorro el Indio VEN 60.0 TariquÝa BOL 851 
Barbilla CRI 59.6 Los Illinizas ECU 834 

Escalante-Onia-
Mucujepe 

VEN 59.4 Nevado del Huila COL 817 

Sumaco Napo 
Galeras 

ECU 59.2 Nyungwe RWA 795 

Alberto Manuel 
Brenes 

CRI 58.9 Isiboro-SÚcure BOL 782 

Cueva de los 
Gußcharos 

COL 58.3 Dong Ampham LAO 773 

Tatamß COL 58.2 Borana ETH 769 
Horton Plains LKA 58.1 Sierra de Manantlan MEX 760 
Sao Joaquim BRA 58.0 Rutshuru COD 743 
Bururi Forest BDI 57.9 Sierra Nevada VEN 731 

Crocker Range MYS 57.8 Mahale Mountain TZA 728 
Gunung Masigit 

Kareumbi 
IDN 57.7 Katavi TZA 727 

Tanggamus IDN 57.7 RÝo Macho CRI 691 
Rubondo (Luwondo) TZA 57.6 Serra da Bocaina BRA 691 

Sipapo VEN 57.5 Montes Azules MEX 683 
Juan Castro Blanco CRI 57.5 Palo Seco PAN 670 

RÝo Albarregas VEN 57.5 Kundelungu COD 670 
Pagaibamba PER 57.4 El Tamß VEN 663 

Calabgan River PHL 57.2 Bushimaie COD 653 
Kibale Forest UGA 57.0 Casecan PHL 645 
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Corridor 
Volcßn Poßs CRI 56.8 Yanachaga-Chemillen PER 640 

Rubio VEN 56.7 La Paragua VEN 639 
RÝo Abiseo PER 56.7 Banyang - Mbo CMR 638 
Podocarpus ECU 56.5 Zahamena MDG 627 

Macizo de Pe±as 
Blancas 

NIC 56.4 Bale ETH 614 

Hoang Lien Son-Sa 
Pa 

VNM 56.3 Ugalla River TZA 601 

Cameron Highlands MYS 56.2 Bi Dup-Nui Ba VNM 601 
Celaque HND 56.1 Iztaccihuatl-

Popocatepetl 
MEX 591 

Kaieteuer GUY 56.0 Antisana ECU 586 
Mariposa Monarca 

(Core zone) 
MEX 56.0 Lavushi Manda ZMB 572 

Serra da Bocaina BRA 55.8 Korup CMR 570 
Munchique COL 55.7 Udzungwa Mountain TZA 567 

Cerros de Escaz· CRI 55.6 La Sepultura MEX 557 
Marojejy MDG 55.5 Las Hermosas COL 545 

Desierto de los 
Leones 

MEX 55.3 Bukit Balai Rejang IDN 542 

Amro River PHL 55.1 North Karamoja UGA 540 
Kakamega KEN 55.1 Bukit Baka - Bukit 

Raya 
IDN 537 

La Tigra HND 55.0 Ta-Wu Mountain TWN 536 
Nam Nung VNM 55.0 Kizigo TZA 513 

Nevado de Colima MEX 54.9 Sebei UGA 507 
Yacamb· VEN 54.7 Alto Fragua - Indi Wasi COL 497 

Salto del Rio Yasica NIC 54.7 Periyar IND 495 
Mucuj·n VEN 54.4 Bale Mountains ETH 492 

Serra dos Orgaos BRA 54.4 Bukit Hitam (Sebag) IDN 488 
Jaua Sarisari±ama VEN 54.3 Gunung Raya IDN 488 
RÝo Navarro y RÝo 

Sombrero 
CRI 54.3 Luama COD 487 

Tabaconas Namballe PER 54.0 Nam Pouy LAO 477 
Grecia CRI 53.9 Pegunungan 

Feruhumpenai 
IDN 472 

Mariposa Monarca MEX 53.8 Andohahela MDG 470 
Gunung Raya IDN 53.5 Cameron Highlands MYS 465 

Aparados da Serra BRA 53.4 Kinabalu MYS 465 
Gunung 

Sago/Malintang/Kara
s 

IDN 53.1 Foja IDN 464 

Capara BRA 53.0 Maswa TZA 449 
Iztaccihuatl-
Popocatepetl 

MEX 53.0 Pico Bonito HND 447 

Valle Nuevo DOM 53.0 Chirripa CRI 445 
Cerro Nara CRI 52.9 Tsaratanana MDG 445 

Bukit Hitam (Sebag) IDN 52.6 Cuenca Alta del Rio 
Cojedes 

VEN 442 

Las Gonzßlez VEN 52.6 Gunung 
Patah/Bepagut/Muara 

Duakisim 

IDN 439 

Volcan Baru PAN 52.3 Ngoc Linh (Kon Tum) VNM 437 
Mont Humboldt NCL 51.8 Cordillera Volcanica 

Central 
CRI 435 

Acuiferos Guimo y 
Pococ 

CRI 51.7 Tatam COL 431 
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Ramal de Datanli - 
Cerro El Diablo 

NIC 51.6 Pegunungan Arfak IDN 431 

Gunung Ambang IDN 51.5 Karuma UGA 428 
Cotacahi-Cayapas ECU 51.4 Henri Pittier VEN 421 

Ngwangwane ZAF 51.3 Murchison Falls UGA 414 
Nevado de Toluca MEX 51.3 Marojejy MDG 407 
Kawah Kamojang IDN 51.2 Ranomafana MDG 402 

Ambor BOL 51.1 Upper Agno River 
Basin 

PHL 402 

Terepaima VEN 51.1 Sierra de Bahoruco DOM 401 
Volcans RWA 50.8 Chapada Diamantina BRA 395 

Pegunungan Arfak IDN 50.6 Aberdare KEN 393 
Bukit Batutenobang IDN 50.4 Chingaza COL 375 

Nui Pia Oac VNM 50.4 Mariposa Monarca MEX 375 
Caraigres CRI 50.1 Kon Ka Kinh VNM 372 

 
Table 15  Protected areas with the greatest proportion and greatest area 
of cloud forest. 
 
Protected areas where cloud forest loss has been greatest 
 
Table 16 is a summation of deforested cloud forest within protected areas and 
is presented in order to indicate particularly threatened cloud forests.  Forest 
loss may have occurred before the area became protected or after protected 
status.  Either way, the remaining forest is important since it represents 
protected forest that is a remnant of a much more extensive former cloud 
forest.  Protected areas with the greatest proportion of deforested cloud forest 
occur throughout central America (Nicaragua, Honduras, Guatamala) and the 
Caribbean, Thailand and Indonesia, largely island areas.  Protected areas that 
have lost the greatest area of cloud forest are largely in continental settings, 
where we find the largest protected areas and the largest areas of cloud 
forest, these occur in Venezuela, central America, Uganda, Thailand. 
 

Name Country % loss Name Country Loss (km2) 
Cerro Tomabu NIC 71.8 Mochima VEN 37870 

Mesa de Moropotente NIC 69.0 Alto Orinoco-
Casiquiare 

VEN 2038 

Cerro Tisey – 
Estanzuela 

NIC 65.8 Jaua Sarisari±ama VEN 722 

Cerro El Arenal NIC 64.5 Yushan TWN 409 
El Uyuca HND 60.6 Murchison Falls UGA 349 

Cerro Quiabuc (Las 
Brisas) 

NIC 58.6 San Rafael de Guasare VEN 344 

Cerro Azul de Copßn HND 58.3 Ta-Wu Mountain TWN 283 
Cerro Apante NIC 57.9 Piedemonte Norte de 

la Cordillera Andina 
VEN 266 

El Pital HND 53.3 Pico Bonito HND 264 
Volcßn YalÝ NIC 52.9 Sierra de Aroa VEN 257 

Area Metropolitana 
de Caracas 

VEN 51.6 La Paragua VEN 250 

Cordillera Dipilto y 
Jalapa 

NIC 51.2 Sierra de Nirgua VEN 231 

Tepesomoto / 
Pataste 

NIC 51.0 Celaque HND 226 

Yucul NIC 50.2 Valle Nuevo DOM 209 
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Cerro KilambÚ NIC 48.7 Formaciones de 
Tepuyes 

VEN 206 

Ramal de Datanli - 
Cerro El Diablo 

NIC 48.4 Mudumalai IND 199 

Valle Nuevo DOM 47.0 Henri Pittier VEN 189 
Salto del RÝo Yasica NIC 45.3 Doi Inthanon THA 165 

La Tigra HND 45.0 Cordillera Dipilto y 
Jalapa 

NIC 164 

Celaque HND 43.9 Cusuco HND 127 
Macizo de Pe±as 

Blancas 
NIC 43.6 Mae Yuam THA 117 

Mudumalai IND 42.2 Pian Upe UGA 104 
Fila Cerro FrÝo - La 

Cumplida 
NIC 39.1 Klong Wang Chao THA 100 

Taiwan Cycas TWN 37.4 Cerro Azul de Copßn HND 100 
Ta-Wu Mountain TWN 34.5 Area Metropolitana de 

Caracas 
VEN 96 

Yushan TWN 30.6 Yob ERI 93 
Doi Inthanon THA 25.9 Mae Wong THA 91 

Blue Mountain IND 25.7 La Tigra HND 82 
Jaua Sarisari±ama VEN 23.4 Doi Chiang Dao THA 82 

Pico Bonito HND 23.2 Pico Pijol HND 74 
Atitlßn GTM 21.0 Mesa de Moropotente NIC 71 

Cerro Guabule NIC 20.5 Cerro KilambÚ NIC 67 
Sierra de Aroa VEN 19.4 Macizo de Penas 

Blancas 
NIC 67 

Pico Pijol HND 17.4 Sri Lanna THA 64 
Cusuco HND 17.3 Waynad IND 62 

Henri Pittier VEN 16.9 Namtok Mae Surin THA 60 
Phu Hin Rong Kla THA 14.9 Phu Hin Rong Kla THA 57 
Sierra de Nirgua VEN 14.5 Tepesomoto / Pataste NIC 56 
Doi Chiang Dao THA 12.9 Lipan UGA 50 

Khawnglung IND 12.7 Cerro Tisey - 
Estanzuela 

NIC 48 

Klong Wang Chao THA 11.7 Doi Pha Chang THA 45 
Namtok Mae Surin THA 11.7 Khlong Lan THA 40 

Waynad IND 11.7 Simien Mountains ETH 39 
Silent Valley IND 10.6 Atitlan GTM 33 

Sierra Kiragua NIC 10.0 Taiwan Cycas TWN 31 
Cerro Cumaica – 

Cerro Alegre 
NIC 10.0 Khao Laem THA 28 

 
Table 16  Protected areas with the greatest proportion and greatest area 
of deforested cloud forest.  
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Countries with significant areas of unprotected cloud forest 
 
By examining, on a national basis, countries which have significant areas of 
cloud forest outside of protected areas we can see areas with further potential 
for forest protection or payments for environmental services (PES ) schemes.  
The countries with the largest areas of unprotected cloud forest are 
Democratic Republic of Congo, Brazil, Indonesia, Peru and Colombia.  Those 
with the greatest proportion of their forests unprotected are Laos, Burundi, 
PNG, Taiwan, Honduras and Ecuador. 
 

Country name % 
unprotected 

CF 

Country name Unprotected 
cloud forest 

Km2

Laos 23.3 Democratic Republic of 
Congo 

216291 

Burundi 20.2 Brazil 186655 
Papua New Guinea 20.1 Indonesia 184536 

Taiwan 19.7 Peru 146210 
Honduras 17.4 Colombia 130907 
Ecuador 17.3 Mexico 130806 
Rwanda 17.1 Papua New Guinea 107843 

Guatemala 16.4 Tanzania 97048 
China 13.4 Angola 77963 

Uganda 13.3 Ethiopia 69302 
Mexico 11.4 Laos 66076 

Costa Rica 10.8 Madagascar 64517 
Colombia 9.8 Myanmar (Burma) 60788 

Myanmar (Burma) 9.7 China 54797 
Peru 9.5 Venezuela 54438 

Malaysia 9.3 Bolivia 53561 
Madagascar 8.8 Ecuador 51608 

Tanzania 8.8 Cameroon 40248 
Indonesia 8.4 Uganda 37577 
Lesotho 8.0 Zambia 36762 

Dominican Republic 7.9 Malaysia 35672 
Democratic Republic of 

Congo 
7.9 Vietnam 27793 

Philippines 7.8 Philippines 26769 
Comoros 7.7 South Africa 26537 

Cameroon 7.4 Kenya 24240 
Vietnam 7.0 Honduras 23439 
Angola 5.2 Guatemala 21713 
Ethiopia 5.2 Argentina 14399 

Venezuela 5.1 Zimbabwe 13784 
Malawi 4.8 Thailand 12143 

Panama 4.7 Guyana 9878 
Zambia 4.1 Gabon 9745 
Bolivia 4.0 Mozambique 9397 

Guyana 4.0 India 7260 
Kenya 3.5595 Malawi 6846 

El Salvador 3.2410 Costa Rica 6486 
Gabon 3.2015 Burundi 6445 

Zimbabwe 2.8606 Congo 6191 
Sri Lanka 2.4328 Rwanda 5036 

Sao Tome and Principe 2.2561 Dominican Republic 4689 
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Nicaragua 2.2156 Panama 4065 
Haiti 1.9947 Taiwan 3912 

Thailand 1.9604 Nicaragua 3393 
Solomon Islands 1.8789 Lesotho 3254 

Brazil 1.8347 Sudan 3204 
South Africa 1.6290 Australia 2146 

Congo 1.5375 Sri Lanka 1876 
Swaziland 1.4851 Central African Republic 1680 
Vanuatu 1.4458 Chile 1573 

Mozambique 0.9769 Nigeria 1209 
Argentina 0.6249 Guinea 1048 
Guinea 0.3607 El Salvador 800 
India 0.3566 Haiti 655 

Jamaica 0.3399 Solomon Islands 562 
Chile 0.3156 Swaziland 332 

Equatorial Guinea 0.2722 Cuba 243 
Central African 

Republic 
0.2307 Vanuatu 203 

Cuba 0.1812 Ivory Coast 180 
Brunei 0.1750 Namibia 159 

New Zealand 0.1679 Liberia 155 
Liberia 0.1383 Comoros 146 

New Caledonia 0.1359 Yemen 142 
Nigeria 0.1122 Somalia 132 
Sudan 0.1067 Cambodia 93 

Ivory Coast 0.0476 Equatorial Guinea 85 
Eritrea 0.0435 Eritrea 63 

    
Special resources employed 
Modelling at the tropics wide scale using 1km resolution data produces some 
significant technical challenges in terms of processing power required, 
volumes of data generated and software limitations.  In order to solve these 
the following was necessary: 

(a) construction of a high performance computing cluster from seven high 
performance  computers, 

(b) rewriting of aspects of the PCRASTER GIS to handle 64 bit processing 
and thus be capable of accessing more computer memory and larger 
files, 

(c) deployment of 1 terabyte NAS (network accessed storage) for data 
storage and as an ftp server 

 
Dissemination 
 
The knowledge produced in this project will undergo dissemination in three 
ways: 
 
(i) Open web-access to this knowledge in map form (at 
http://www.ambiotek.com/cloudforests/cloudforest.kml for development and 
conservation agencies.  This access uses innovative state-of-the-art 
integration with the Google Earth interface which brings GIS-capability to the 
non-specialist. 
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(ii) Distribution of policy outcomes to interested parties and especially to 
UNEP-WCMC for consideration with the ongoing cloud forest agenda. 
 
(iii) Distribution of new and important datasets to the scientific community via 
the consortium for spatial information (http:// csi.cgiar.org/) 
 
All anticipated outputs have been produced though there have been various 
adaptations of methodology from that originally proposed, in order to cope with 
data quality/uncertainty issues (as discussed in the text). 
 
Contribution of Outputs 
 
Much of the work shown is suitable for publication, some of which will be 
suitable for in top quality journals such as Science/Nature.  Initially data will be 
made available at www.ambiotek.com/cloudforests/cloudforest.kml with an 
announcement sent to organisations working in cloudforests (as listed in the 
UNEP-WCMC database) in order to make them aware of the work.  The data 
will also be made available, with the FTR to UNEP-WCMC TMCF Initiative 
who may wish to integrate it with their Cloud Forest Agenda activities. 
 
Further work 
 
Whilst this work has significantly enhanced our understanding of cloud forest 
distribution and threats at the tropics, national and regional scales and of the 
spatial variation in hydrological sensitivity to land use change, much could be 
done to improve the analysis.  
 
Perhaps the weakest area of the work so far is the relative spatial crudeness 
of the cloud climatology (interpolated from data at a 150km grain).  Much more 
detailed data (250m grain) are now available from the MODIS sensor but in 
order to develop a climatology from these, a considerable volume of computer 
processing is required.  Improving the spatial detail of the cloud frequency 
determinations will improve the spatial detail of the cloud forest mapping and 
may reduce the cloud forest extents calculated here. 
 
The tropics-wide hydrological modelling could also be improved by working at 
a 90m spatial resolution instead of the 1km resolution used here since this 
would much better represent topographic exposure effects of wind driven rain 
and evaporation.  Since these effects are particularly strong in tropical 
mountains it is important that we represent them in as much detail as possible 
in order to fully characterise the hydrological behaviour of cloud forest. 
 
These kinds of large scale contextual GIS/modelling investigations have 
proven their worth in placing site studies within the context of intra and inter 
continental variability and in setting priorities for research, conservation and 
management of montane forests based on an understanding of their extent 
and their sensitivity to climate and land use change. 
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Appendix 1. 
 
GLC_2K Legend 
 

VALUE CLASSNAMES 
1 Tree Cover, broadleaved, evergreen 
2 Tree Cover, broadleaved, deciduous, closed 
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3 Tree Cover, broadleaved, deciduous, open 
4 Tree Cover, needle-leaved, evergreen 
5 Tree Cover, needle-leaved, deciduous 
6 Tree Cover, mixed leaf type 
7 Tree Cover, regularly flooded, fresh water 
8 Tree Cover, regularly flooded, saline water 
9 Mosaic: Tree Cover / Other natural vegetation 

10 Tree Cover, burnt 
11 Shrub Cover, closed-open, evergreen 
12 Shrub Cover, closed-open, deciduous 
13 Herbaceous Cover, closed-open 
14 Sparse herbaceous or sparse shrub cover 
15 Regularly flooded shrub and/or herbaceous 

cover 
16 Cultivated and managed areas 
17 Mosaic: Cropland / Tree Cover / Other natural 

vege 
18 Mosaic: Cropland / Shrub and/or grass cover 
19 Bare Areas 
20 Water Bodies 
21 Snow and Ice 
22 Artificial surfaces and associated areas 
23 No data 
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