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ABSTRACT

The regional Weather and Research Forecast (WRF) Model was run for the 2000-2010 period over the Northern Pata-
gonia Icefield (NPI) with an horizontal resolution of 5 km. The regional model was initialized using the NCEP/NCAR
atmospheric Reanalysis database. The simulation results, centered over the NPI, were validated against the observed
data from the local surface stations in order to evaluate the improvement of the model results due to its increased hori-
zontal resolution with respect to the lower resolution from Global Climate Model simulations. Interest in the NPI is due
to 1) the large body of frozen water exposed to the impact of the warming planet, 2) the scarce availability of observed
meteorological and glaciological information in this large and remote icefield, and 3) the need to validate the model
behavior in simulating the current climate and its variability in complex terrain. The results will shed light on the degree
of confidence in simulating future climate scenarios in the region and also in similar geographical settings. Based on
this study subsequent model runs will allow modeling future climate changes in Patagonia, which is basic information
for estimating glacier variations to be expected during this century.
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1. Introduction

General glacier retreat around the world is most likely
respond to the global warming and contribute to the sea
level rise as several studies indicate [1]. Those draining
down from the Patagonian Ice Fields (PIF) show the
same retreating behavior as respond to the environmental
changes [2,3]. The PIF is located in the southern South
America and it is part of the southward extension of the
Andes Mountains. It is the largest temperate ice body of
the world located in the extrapolar region in the Southern
Hemisphere, covering an area of approximately 17,000
km? The PIF is the most glaciated area of the Andes
with several glaciers discharging into fiords on the ocean
western side and into lakes on the continental eastern
side. It is located in the midlatitudes being influenced by
the Pacific Ocean and the westerly regime. The climate
of the region is defined by the passing weather systems
embedded in the westerly airflow and by the complex
terrain.
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The PIF is a relatively narrow ice mass (10 - 50 km
wide) oriented in a north-south direction and with eleva-
tions above 1500 m asl (above sea level). The ocean and
the Patagonian steppe are only a few tens of kilometers
to its western and eastern side, respectively. Both, the
atmospheric and orographic factors result in a temperate
and very humid environment in the western slope with
annual accumulation reaching 5000 - 10,000 mm and less
than 300 mm on the eastern slope [4-6]. In particular, the
Northern Patagonian Icefield (NPI, Figure 1) covers an
area about 3950 km?, from around 46°31'S to 47°45'W
(this is about 138 km in a north-south direction) and has
an ice thickness of 1460 + 500 m [7]. The contribution of
the NPI to the sea level rise accounted for about 27% of
the total 0.042 + 0.002 mm per year of the whole PIF
during the period 1968/1975-2000 [2]. Therefore, defin-
ing the local and regional atmospheric environment is of
relevant importance for cryospheric and biopheric studies,
as well as for climate change and extreme hydro-mete-

1JG



1194 C.VILLARROEL ET AL.

Figure 1. Location map of Southern South America and the Northern Pataganian Icefield (NPI). L.G.C. and L.C. identify the

Lago General Carrera and Lago Cochrane, respectively.

orological events, in particular, the glacial lake outburst
floods (GLOF) that can become of frequent occurrence
in a warmer environment.

The availability of in-situ meteorological data is scarce
in the region and numerical high-resolution simulations
can be the option for providing the atmospheric data for
meteorological and climate studies, but validation is
necessary. Here, a validation of the numerical simula-
tions at 5-km horizontal resolution, of the climate for
2000-2010 period obtained by the regional Weather and
Research Forecast (WRF) model is presented. Applica-
tion of the WRF model for simulating the present climate
is the first effort of the Chilean Weather Service for sub-
sequent simulation of present and future scenarios. The
model results were validated by comparing the available
observed data with the simulated data at closest grid-
point to the respective weather station (Table 1, Figure
2). Here, validation of the surface air temperature and
precipitation as resolved by the model at 5-km resolution
are presented.

2. Model Domains and Parameterizations

The WRF model was run for 11 years, from 2000 until
2010 centered over the NPI. The downscaling was done
using the dynamic processes of the WRF model for three
nested domains. The first was at 45-km, the second at
15-km and the third at 5-km horizontal resolution (Fig-
ure 3). The vertical resolution was 46 levels. The re-
gional model domain 1 was initialized using the National
Centers for Environmental Prediction (NCEP)-National
Center for Atmospheric Research (NCAR), NCEP/
NCAR atmospheric Reanalysis database [8], which were
available at global spatial resolution 2.5° x 2.5° lati-
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Table 1. List of weather stations.

. Data Period
N° Station Source  Lat Lon h(m)————
T°C Precip.
1 Puerto Aysen DMC 45°24' 73°40' 11 00/05
2 Coyhaique DMC 45°35' 72°07' 310 00/10 00/10
3 Balmaceda ~ DMC 45°54' 71°43' 520 00/10 00/10
4 BahiaMurta DGA 46°27° 72°40' 240 00/10
5 ChileChico DMC 46°32' 71°41' 327 00/06 00/05
6 Gl San Rafael DGA 46°38' 73°51' 8
7 CaboRaper SMA 46°49' 75°37' 46 00/10 2010
8 Rio Baker DGA 47°08' 72°43' 160 03/10
9 Lago Cachet2 DGA 47°11' 73°14' 427
10 Lord Cochrane DMC 47°14' 72°33' 182 00/06 00/05
11 Colonia DGA 47°20' 73°06' 146 2010
12 San Pedro SMA 47°43' 74°55' 28 00/10
13 CaletaTortel DGA 47°47'° 73°32° 10 03/10
3500
76 W 74W W 70W
3000
2500
2000
1500
1000
498 500

Figure 2. Geographical distribution of the weather stations
listed in Table 1, along with the model elevation.
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Figure 3. Regional model domains centered at NPIl. Domain
1 is at 45-km, domain 2 at 15-km and domain 3 at 5-km
horizontal resolution.

tude-longitude grids at standard pressure levels. The
original time interval is 6 hours, from which daily and
monthly averages were calculated. A complete descrip-
tion of the WRF for climate application can be found in
Xin-Zhong et al. [9]. Some parameterizations included
the physical scheme of Thompson et al. [10], the Rapid
Radiative Transfer Model (RRTM) for longwave and
shortwave radiation of Dudhia [11], the quasi-normal
scale elimination (QNSE) surface layer, the QNSE
boundary layer, the 5 layer thermal diffusion for land
surface, the Betts-Miller-Janjic [12,13] schemes for cu-
mulus and the operational ETA scheme.

The model was run on a Server computer AMD Op-
teron twelve core 6172 processor. One year simulation
took around 12 integration computational days.

3. Results
3.1. Air Temperature

Overall, the model is able to simulate the annual cycle
within the expected range of temperature values for the
region. However, the seasonal behavior simulated by the
model is lower than the observational data. Figure 4
compares the observed monthly mean air temperature
registered at the coastal stations Cabo Raper (7) and San
Pedro (12) and at the continental station Balmaceda (3),
with the monthly mean as simulated by the model at the
nearest grid-point from the respected stations. Results
show that the model simulates colder temperatures for
summer and warmer for winter months than the respect
observed values.

Figure 4 also includes the monthly data from the
NCEP/NCAR reanalysis from the closest grip-point at
the weather station. Although the NCEP/NCAR results
still show colder temperature in summer and spring in the
two coastal stations; the seasonal behavior better agrees
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Figure 4. Observed (red) and simulated (blue) monthly
mean (2001-2010) near-surface air temperature. (a) Cabo
Raper (7); (b) San Pedro (12) and (c) Balmaceda (3). Blue:
observed. Red: WRF simulation. Green: NCAR/NCEP Re-
analysis.

with the observed monthly means than the WRF results.
On the other hand, at the continental station Bal-maceda,
the NCEP/NCAR monthly means show an overall colder
environment year-round than the observed data. Com-
paring the monthly means obtained from the NCEP/
NCAR reanalysis with those from the WRF model, it can
be seem that increasing the horizontal resolution flattens
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the annual cycle. In other words, WRF cools down
(warms up) the warmer (colder) environment resolved by
the NCEP/NCAR model. So that, WRF underestimates
the annual cycle.

3.2. Precipitation

Model simulation overestimates the annual precipitation
at Coyhaique (2) and Balmaceda (3) stations for about
200%, while it was only about 20% - 80% at Lord Coch-
rane (10) y Caleta Tortel (13) stations. The Root Mean
Square Error (RMSE) analysis indicates that largest er-
rors are found at Coyhaique, while in the other stations
these errors are significant in summer and autumn. The
correlation coefficient of the precipitation anomalies
varies between 0.76 in Bahia Murta and 0.36 in Lord
Cochrane (Figure 5). Despite of the important differ-
ences in the monthly precipitation, the annual and in-
ter-annual variability are well simulated by the model
(Figure 6).

The vertical profiles at two selected latitudinal cross
sections are displayed in Figure 7. The effect of the oro-
graphy on the precipitation is clearly observed. The pre-
dominant windfield in this region is westerly. This results
in larger accumulation on the western side than on the
eastern side of the simulated mountains. The foehn effect
on the lee side of the mountains implies that the precipi-
tation rapidly decreases eastward. Therefore, precipita-
tion is correlated with the terrain elevation (compare both
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Figure 5. Correlation between the anomalies of the monthly
precipitation registered by the weather stations and the
accumulations simulated by the model at the respective
nearby grid-points.
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Figure 6. Monthly precipitation as simulated by the model
domain 3 in Bahia Murta and the observed precipitation
registered in the same place. The simulated curve was cor-
rected for differences larger than 100 mm.
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Figure 7. Latitudinal profile of the annual precipitation and
terrain elevation simulated by the model at 46°S (top) and
at 47°S (bottom).

profiles).

3.3. Spatial Simulation

Figure 8 shows the annual mean surface air temperature
and annual mean precipitation accumulation fields in the
region where the NPI is located. Left (right) panels are
the near surface air temperature (mean annual precipita-
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Figure 8. Model results from NCAR/NCEP R1 Reanalyses for annual mean air surface temperature and annual precipitation
obtained (a), results from the WRF model at 5-km resolution (b), and the partial reproduction of the PRECIS-DGF regional
model (c), where the precipitation scale is logarithmic. Yellow dashed lines inserted in the bottom panels approximately en-

close the area simulated by the WFR model.

tion) simulations of the NCEP/NCAR reanalysis (top)
obtained from the KNMI Climate Explorer website
(http://climexp.knmi.nl) [14] for the 2000-2010 period,
the simulation using the WRF model, domain 3 (middle)
at 5-km grid-spacing resolution, and the partially repro-
duced simulation from the PRECIS-DGF model (bottom),
run at 25-km resolution [5] for the 1978-2001 period.
Even though, this latest model was run for different pe-
riod, here is included for comparing the spatial resolution

Copyright © 2013 SciRes.

rather than actual values. Comparing the WRF model
with both NCEP/NCAR reanalysis and PRECIS-DGF, it
can be seen that the regional model resolved much more
details than the other two, mainly with respect to the re-
analysis field.

The NPI is relative well simulated with an area of air
temperature below freezing. A distinct oval shape feature
of air temperatures below 0°C (light blue and blue colors)
clearly identifies the NPI in the WRF simulation. Others
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areas of colder temperature can be associated with rela-
tive high elevations and ridges in the model terrain. Rela-
tive warmer air temperatures on the western side than on
the eastern side of the NPI indicate that the model cap-
tures the influence of the ocean and continental effect.
Also, the shapes of Lago General Carrera (L.G.C., or
Lago Buenos Aires) and Lago Cochrane (L.C.) are simu-
lated by the model. These features are not resolved by the
NCEP/NCAR reanalysis, which in fact, simulated rela-
tively warmer temperatures (above freezing values) in
the interior of the continent, where supposedly the NP1 is
located. The PRECIS-DGF did resolve the NPI as an
area of temperature below 0°C, but less defined.

Also, the WRF simulation produces a more complex
precipitation distribution (compare with both NCEP/
NCAR and PRECIS-DGF fields; right panels) where the
topography plays an important role. The precipitation
spatial distribution with increasing (decreasing) accumu-
lation in the western (eastern) slope of the icefield is, as
indicated earlier, the result of the orographic effect upon
the westerly airflow (see right side panels). Eastward
moving moist air masses are forced to rise up forming
and/or enhancing the precipitation in the western side of
the mountains, while descending airflow adiabatically
dries the air masses inhibiting or decreasing the precipi-
tation immediately eastward of the mountains ridge.

The WRF model better resolves the precipitation dis-
tribution than the NCEP/NCAR reanalysis and the PRE-
CIS-DGF model. The precipitation on the NPI appears as
the area of larger annual accumulation which can be
above 14 m per year in high elevations. Similar result
was found by Schaefer et al. [15] who used the same
WFR model but for the 2005-2011 period. Note that the
PRECIS-DGF model also resolved larger precipitation
on the NPI region (same result is found with the WFR at
15 km horizontal resolution domain 2, not shown). This
indicates that increasing the horizontal resolution implies
better simulation of the precipitation, most probably due
to the improving model topography.

The lack of in-situ weather stations precludes a com-
plete validation of the simulated accumulations; however,
estimations derived from river discharges [16], mass
balance studies [17] and satellite-derived precipitation
[18] suggest that accumulations of the order of 15 - 18 m
per year are feasible. The precipitation reconstruction
from varved sediments of Lago Plomo (around 47°S)
shows events above 15 m per year [19]. Shiraiwa et al.
[20] found an accumulation of 17.8 m per year between
the summers 1997/98 and 1998/99, but for Tyndall Gla-
cier located in the southern SPI.

4. Conclusion

Here, we present the results of the surface air tempera-
ture and precipitation simulations using the WRF model,

Copyright © 2013 SciRes.

which was run for 2000-2010 period, using a nested
computational grid with a high horizontal resolution of
5-km centered on the NPI. These results were compared
with the available observational data, in order to validate
the model, and how the increased resolution improves the
model performance. Overall, the model simulated the
seasonal behavior but with colder temperature during
summer and warmer in winter. In other words, the model
underestimated the annual cycle, mainly in the continen-
tal environment. On the other hand, the model overesti-
mated the precipitation but captured the annual and in-
ter-annual variability (Figure 6). The spatial distribution
of the annual mean air temperature and precipitation
shows details that are neither resolved by the NCEP/
NCAR reanalysis nor by the PRECIS-DGF simulations
(at 25 km horizontal resolution). The pilot study reveals
the advantages of improving the horizontal resolution of
the regional model; for example, the model at 5-km
resolution is able to better resolve details in the air tem-
perature and precipitation distribution, just due to a better
topography. However, the performance of the model re-
garding, for instance, with overestimation of the precipi-
tation and underestimation of the annual cycle of the air
temperature still need to be addressed.
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