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Abstract

Tropical Montane Cloud Forests (TMCF) are a primary source of fresh water in
tropical locations and are highly sensitive to changes in vegetation, sea surface
temperatures, and global climate, such is the case in the El Yunque Rain Forest,
in Northeastern Puerto Rico. Climatological analyses of this TMCF reveal
changes in the region’s climate reflected in increasing moisture content and
surface air temperature. Historical changes in the low lands due to agriculture
and urban sprawl are suspected to be a source of the climate variation. The focus
of this paper is to quantify the climate impacts of changes in land use close to
coastal TMCFs, using El Yunque during the dry season as the test case. To
achieve this goal, the research makes use of high-resolution remote sensing
information and surface weather stations, combined with the Regional
Atmospheric Modeling System (RAMS). The coupled and individual effects of
land use and global climate change are investigated in detail by performing an
ensemble of numerical simulations that represent past and present land use
conditions, and past and present climate. Results indicate significant impacts in
increasing air temperatures, reduction in cloud base heights, and increases in
precipitation in the highlands and are attributed to increases of sea surface
temperatures. Historical forestation tends to mitigate these global warming
effects in the low land areas, while urbanization tends to augment them.
Keywords: dry season, land use, Puerto Rico, RAMS, Tropical Montane Cloud
Forest.
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1 Introduction

The island of Puerto Rico is located in the northeast corner of the Caribbean
Basin where the Atlantic Ocean and the Caribbean Sea converge, approximately
between 18° - 18.5°N and 65.30° - 67.25°W. The island has large areas covered
by mountains, which have an influential role on its climate. Part of this system of
mountainous terrain is the El Yunque Rain Forest, a Tropical Montane Cloud
Forest (TMCF) also known as the Luquillo Experimental Forest (LEF), located
in Northeastern Puerto Rico, around 40 Km southeast of the capital city of San
Juan (see Figure 1). A TMCF is defined as an area where the mountains are
frequently enveloped by tradewind-derived orographic clouds and mist in
combination with convective rainfall [1]. El Yunque is also a protected natural
area with elevations from about 100m to 1075m above mean sea level. The
climatology of the island presents a bimodal pattern of the monthly-accumulated
precipitation, where the two modes are called the Early and Late Rainfall
seasons, respectively. The eastern part of Puerto Rico shows a similar
climatological pattern as the rest of the island in terms of precipitation and
average temperature (Figure 2) [2-5]. The Early Rainfall Season, also referred to
as the Dry Season, spans from late December to March when both precipitation
and near surface air temperature are at a minimum.

1820

AT

67,24 & GoA GGENW  SEAW  BoOW 66U GEAW 66U

50 100 200 300 400 500 600 70D BOO 400

Figure 1: Puerto Rico elevation map (meters). Marks represent locations of
the stations depicted in Figure 2.
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Figure 2:  Climatology of monthly-accumulated precipitation in mm/month
(left) and surface temperature (right) in El Yunque. The locations
of the stations are shown in Figure 1.
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Given the proximity of El Yunque to the coast, its climate is greatly
influenced by the surrounding sea surface temperatures (SSTs) [6]. In conditions
of global warming, assumed to be mainly a consequence of an increase in global
concentrations of green house gases [7], SSTs have been observed to increase
impacting regions with maritime climates. Land cover and land use (LCLU)
changes, mainly due to deforestation and development, also tend to have a
climatic impact in sensitive regions such as TMCF [8—10]. Where the scale of
influence of land-use is very small compared to global warming, it has an
important effect and consequences in local areas. Quantifying the impact of both
land use change and climate change, and their combined effect with a
combination of data analysis and numerical simulations, is the main focus of the
research presented in this paper.

2 Data analysis

2.1 Sea surface temperature around Puerto Rico

To characterize the SSTs around Puerto Rico, the Smith and Reynolds Extended
Reconstructed SST v.2 at 2° grid resolution was used [11]. Figure 3 shows
monthly SST anomalies spatially averaged between 76°-56°W and 10°-26°N
during the Dry Season since 1950. The El Nifio Southern Oscillation (ENSO) is
a factor that affects the Atlantic and Caribbean SSTs; with one to two months lag
during warm and cold events, respectively, based on the ENSO3 index [12, 13].
Figure 4 shows the monthly ENSO3 and ENSO1+2 (1-2 months lag) anomalies
during the Dry Season. There appears to be a clear correspondence between
ENSO and SSTs during the Dry Season in the Caribbean.
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Figure 3: Monthly SST anomaly around Puerto Rico [76°W - 56°W and 10°N
- 26°N], black line represents the mean value for the dry season.

2.2 High resolution land use classification

The ATLAS Mission was conducted in February of 2004 and consisted of a 14-
channel remote sensor mounted on a Lear jet [14]. During the mission the sensor
was flown over El Yunque and the San Juan Metropolitan Area (SJIMA),
producing a 10m horizontal resolution dataset (www.cmg.uprm.edu/atlas). The
airborne campaign was complemented with a large number of sensors deployed
around El Yunque to measure air and dew temperatures, relative and absolute
humidity in the direction of the easterly trade winds (Figure 5). A spatial
interpolation of the ground sensors (mostly HOBO™’s sensors) data was
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performed in a grid that covered the El Yunque region (Figure 6). It was noticed
that the absolute humidity and the minimum dew temperatures do not occur at
the topographic peaks. Additionally, the data showed that the mean temperature
on the area does not have a linear profile as reported in other studies [5], with
areas showing mean minimum temperatures off peak of the mountain.
Consequently the maximum values of relative humidity do occur at the
maximum altitudes.

2.3 Urban development — land use 2004

The urban concrete density per km® in the eastern region of Puerto Rico was
obtained from the 10m ATLAS data as shown in Figure 7, presenting a similar
visual pattern as other research projects [15]. Important to point out, and
essential for the objectives of this research, are the developing urban areas
around El Yunque, the close proximity of the SJMA and Caguas, northwest and
southwest of El Yunque, respectively.
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Figure 4: Monthly ENSO anomaly for ENSO3 (top) and ENSO1+2 (bottom),
black line represents the mean value between November and
January months.
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Figure 5: Location of the HOBOS sensors during the ATLAS mission
campaign.
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Figure 7:

ATLAS derived urban concrete density, km™ (February 2004).
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3 Numerical experiments

3.1 Model configuration and methodology

The Regional Atmospheric Modeling System (RAMS) was selected as the main
research tool for the study presented here. RAMS is a highly versatile numerical
code developed at Colorado State University for simulating a wide variety of
phenomena at different time and spatial scales [16, 17]. A three-grid
configuration was used where each grid covered the Caribbean Basin, the island
of Puerto Rico, and the El Yunque and surrounding areas at 100, 5, and lkm
horizontal resolution respectively (Figure 8). The terrain following vertical
coordinate was specified with a constant stretching ratio of 1.1 until a grid
spacing of 1km was reached. The modelling system was initialized with the 2.5°
resolution NCEP Reanalysis data and the Reynolds-Smith SST data. All
simulations ran for one month, namely February 2004. In order to quantify the
individual and combined impact of LCLU changes and different concentration a
warming global climate (GHG), an ensemble of model simulations was proposed
and it is presented in Table 1. The following operations applied to different
atmospheric variables: C1-C2 represents the individual influence of GHG; Cl1-
C3 shows the local LCLU influence; and C1-C4 presents the combined effect
produced in the area. To reduce the ENSO effect on the Caribbean and therefore
its influence on the simulations, the average ENSO3 index from November to
January during 8 years was taken as a reference and compared to the ENSO3
index during the 2004 Dry Season, both diverging by only 0.05. Then a February
in the past was selected with a similar ENSO3 index and taken as the average
past conditions. This average February is then paired with a 1977-78 LCLU
classification of Puerto Rico [18, 19] representing deforested and agriculture
areas with less urban development than at present to complete both scenarios
(Figure 9).

3.2 Model validation

To calibrate the model results, air temperature measurements taken during the
ATLAS mission (see Figures 5-6) were compared with simulated 2-m AGL air
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Figure 8: Topography (m) of three grids configured in RAMS.
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Figure 9:  Predominant land use classification in RAMS for the present
(2004) and average past conditions (1977-1978).

Table 1: RAMS configurations used to analyze LCLU and GHG effects.

Index LCLU GHG
Cl1 Present Present
C2 Present Past
C3 Past Present
C4 Past Past
Confidence interval (+/-) " Absolute mean difference (Model - Observation)
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Figure 10: (a) Confidence interval (+/-) of measured monthly mean air
temperatures. (b) Absolute difference between monthly average 2-
m AGL air temperatures simulated by RAMS and air temperatures
measured by HOBO stations. Both panels are for February 2004.

temperatures. Figure 10a depicts the confidence interval of measured
temperatures in El Yunque, where the data was interpolated to a regular grid with
the same specifications as RAMS grid 3; this plot shows less variability of the
measured data above 800m. The maximum variability is found in lowland areas
between sea level and 200m above sea level (ASL), between 500 and 700m ASL
data variability increases surrounded by lower values. The maximum values are
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shown near the coast and minimum values at the peaks, but the variability lapse
rate is not linear. Figure 10b shows the difference between the monthly averaged
2-m above ground level (AGL) simulated air temperatures and the measured
temperatures for February 2004. There is good accuracy for most of the grid.
However, above 700m there is a rapid increase in this difference, reaching a
maximum of 6°C in the peak of el Yunque, above the 800 meters. The
simulation shows lower values than reported by the measured data with greater
values and less variability in this area.
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Figure 11:  Simulated (a) accumulated precipitation, mm; (b) monthly-
averaged temperature 2-m AGL, °C; (c) cloud cover, %; and (d)
cloud base (m AGL) for February 2004.

3.3 Simulation results for February 2004

The February 2004 results from the C1 simulation (Table 1) for monthly-
accumulated precipitation, and monthly averaged 2-m AGL air temperature,
cloud cover, and cloud base heights are shown in Figure 11. The accumulated
precipitation panel clearly shows the orographic influence on rainfall in El
Yunque and surrounding areas, as does the simulated air temperatures 2-m AGL.
The monthly averaged simulated cloud base height shows a mean cloud base
between 800-1000m AGL, reaching a minimum near the mountain peaks.
Because of the orographic effect on precipitation and cloud cover, the maximum
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values are found windward of El Yunque, which are accompanied by a low
cloud base. On the leeward areas of El Yunque there are low cloud cover values
with an increase of cloud base heights influenced by wind convergence and
vertical motions. Over the SJMA high average cloud base heights are found,
possibly as a consequence of the convective nature of the urban heat island effect
[20].

3.4 The LCU and GHG effects on temperature and precipitation

The global warming effects (C1-C2) in the air temperature 2 meters AGL are
depicted in Figure 12(a), where the actual increase in air temperature is
approximately 1.5°C warmer than similar average past conditions. SIMA clearly
presents an increasing in local average temperatures, reaching maximum
increases in the southwestern areas as a consequence of the heat transported from
the high density urban areas along the north easterly trade winds. The land use
change (C1-C3) also has an impact in air temperatures near the surface (Figure
12b). The land use change reduces the air temperature from the past agricultural
and grass-land areas for about the same magnitude as the increase in temperature
caused by GW effects. The coupled effect of GW and Land use change (C1-C4)
is shown in Figure 12c presenting the total increased air temperature near the
surface as a result of GW and high density urban areas. The cooler areas are
produced by the land use change, which generates decreasing temperatures
overriding the increasing effect by GW. Decreasing air temperatures in eastern
Puerto Rico, around and inside El Yunque, mean that land use change is
reducing the GW effect in this area since 1977-1978, which is the reference time
for the past land use. This shows that emerging and recovery forests [21] and
reduction in the agricultural zones [22], in the lowland areas are mitigating the
warming trends in the zone.

Accumulated precipitation presents the spatial variability as shown in Figure
13. There is an increasing tendency in highland areas and decreasing tendencies
in lowland areas. In lowland areas (< 300 ASL) there is a reduction in the
average accumulated precipitation of similar magnitude; i.e. LULC and GHG
have similar effects in the lowland areas during the dry season. In highland areas
(> 300 ASL) there is a larger influence of GW in this region providing 97% of
the total effect in the mountain regions; which means that LULC changes in the
upwind lowland areas do not have significant effects in the precipitation in a
TMCEF.

4 Conclusions

The increasing SSTs are causing increasing air temperatures in tropical coastal
areas and higher humidity content at high atmospheric altitudes. This may be
aggravated by rapid changes in land uses including urbanization. The case of
northeastern Puerto Rico was investigated and it was found that the warmer and
more humid air is transported along the trade winds, generating low formation of
orographic clouds (reduced cloud base) in the windward areas of the tropical rain
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forest areas. For the case of El Yunque in Puerto Rico, the climate was found to
be more sensitive to changes in the SST than to the ongoing development urban
areas. This may be true for other tropical coastal locations.

EETH | 5/“\» 1 [= 1 m?‘ | as;w.\/
(a)GHGs effects (b) LULC effects (c) Coupled effects

Figure 12:  Average simulation air temperature difference at 2 meters AGL.
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Figure 13:  Simulated accumulated monthly precipitation difference (mm).
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