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ABSTRACT

Results are reported from two 5-month-long simulations for southern South America using the fifth-
generation Pennsylvania State University–NCAR Mesoscale Model (MM5). The periods of simulation
correspond to May–September 1997 and 1998, which were anomalously wet and dry winters for central
Chile, respectively. The model setup includes triply nested, two-way-interacting domains centered over the
eastern South Pacific and the western coast of southern South America, with horizontal grid intervals of 135,
45, and 15 km. Boundary conditions are provided from NCEP–NCAR reanalyzed fields. The analysis
focuses on two subregions of central Chile (30°–41°S). Region 1 (32°–35°S), which is where the observed
interannual precipitation differences are largest, is topographically very complex, with a mean height of the
Andes Cordillera around 4500 m. Region 2 (35°–39°S) has relatively smooth terrain, as the mean height of
the Andes drops to 3000 m. Station precipitation and temperature data are used for model validation. The
model exhibits a negative temperature bias (from 2° to 5°C), as well as a positive precipitation bias
(40%–80%). This precipitation bias can be partially explained by a positive moisture bias over the ocean in
the model. In addition, these biases are highly correlated to the representation of terrain and station
elevation in the model. The highest-resolution domain has the smallest precipitation bias for low-elevation
stations, but a large positive bias at high altitudes (up to 300%). It also has a better representation of the
spatial distribution of the precipitation, especially in region 1, where topography has a larger impact on the
precipitation. Overall, the model domain with highest resolution best reproduces the observed precipitation
and temperature, as well as the interannual differences. However, this study also shows that large improve-
ments in the simulations of the surface variables are obtained when downscaling from 135 to 45 km, but
much smaller improvements are found when downscaling from 45 to 15 km. These simulations represent the
first effort in simulating seasonal precipitation in this topographically complex region of the Southern
Hemisphere.

1. Introduction

The study of climate on seasonal and longer time
scales with regional climate models has become increas-
ingly more affordable and is being tested in a number of
very diverse regions around the world (e.g., Arnell et al.
2003; Seth and Rojas 2003; Giorgi et al. 2004; Small et
al. 1999). In the case of Chile, the country is highly
dependent on precipitation for agriculture and hydro-
power energy production, but the territory is topo-
graphically very complex, making it a challenge for nu-
merical climate modeling.

The western coast of South America south of 15°S is
a narrow stretch of land between the Pacific Ocean and

the Andes Cordillera. From north to south the climates
vary from the extremely dry Atacama Desert to the
very wet western Patagonia region. The region of in-
terest in this study is central Chile (30°–41°S), which is
economically very important for Chilean agriculture ac-
tivity (García-Huidobro et al. 2001) and is home to over
80% of the country’s population (Instituto Nacional de
Estadísticas 2005). Annual rainfall in the region varies
from around 100 to 2000 mm (Miller 1976), and origi-
nates mainly from cold fronts associated with migratory
low pressure systems embedded in the midlatitude
westerlies (Fuenzalida 1982). Cutoff lows contribute
between 5% and 10% to the annual rainfall (Pizarro
and Montecinos 2000). The influence of the Atlantic
Ocean is almost completely blocked by the Andes.

The winter precipitation regime is explained by the
seasonal changes of the large-scale circulation. The re-
gion is under the direct influence of the South Pacific
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anticyclone (SPAC), whose climatological position is
centered around 30°S during austral summer and
around 25°S in winter, allowing fronts to reach the con-
tinent farther north, thus bringing precipitation to the
region (Rutllant and Fuenzalida 1991).

Although the synoptic conditions are responsible for
precipitation events in the region, by frontal activity
reaching the continent from the Pacific Ocean, it is the
interplay with the orography that determines the spatial
distribution of the precipitation. The geography of cen-
tral Chile is characterized by a mountainous range at
the coast, with its highest points reaching about 1500 m;
an intermediate valley, about 40–50 km wide; and, at
the eastern end, the Andes Cordillera, which has peaks
of up to 6000 m in northern and central Chile. At
around 35°S, the altitude of the Andes starts to decline
to a mean level of about 3000 m.

The relationship between central Chilean rainfall and
the El Niño–Southern Oscillation (ENSO) has long
been established (Aceituno 1988), with a general pat-
tern of relatively wet winters during El Niño years and
relatively dry winters during La Niña years. Positive sea
surface temperature (SST) anomalies in the western
equatorial Pacific produce anomalous atmospheric
heating in the region, which triggers wave trains across
the Pacific that are then linked to enhanced blocking
activity over the Bellingshausen Sea (90°W). The SST
anomalies also change the large-scale circulation of the
Walker cell with a weaker and farther-northward-
displaced SPAC. These factors in turn allow more rain-
fall events to reach central Chile. During the cold phase
of ENSO (La Niña events), the SPAC is more persis-
tent and farther south from its climatological position,
thus deflecting the midlatitude perturbations farther
south, resulting in relatively dry winters in central
Chile.

This relationship has been further explored in Mon-
tecinos and Aceituno (2003), who showed that ENSO-
related rainfall variability is highly seasonally depen-
dent in central Chile, with most significant relationships
between SST anomaly and precipitation occurring in
winter [June–August (JJA)] from 30° to 35°S, during
late spring [October–November (ON)] between 35°
and 38°S, and during summer [January–March (JFM)]
from 38° to 41°S.

The question of how higher horizontal resolution in-
fluences the simulation of precipitation processes when
orographic effects are important is addressed in this
paper. Two 5-month-long simulations using the fifth-
generation Pennsylvania State University–National
Center for Atmospheric Research (PSU–NCAR) Me-
soscale Model (MM5) model driven by National Cen-
ters for Environmental Prediction–National Center for

Atmospheric Research (NCEP–NCAR) reanalysis
fields have been performed to simulate the winter
(May–September) 1997 and 1998 seasons. These corre-
spond to a wet El Niño year and a very dry La Niña
year (Departamento de Geofı́sica 2005). The sensitivity
of the simulated precipitation to model horizontal reso-
lution in two extreme seasons is evaluated with three
nested domains.

The rest of the paper is organized as follows: section
2 gives a brief description of the model and data used in
the study, section 3 presents the results, section 4 dis-
cusses the results, followed by the summary and con-
clusions in section 5.

2. Model setup and data

a. MM5

The MM5 model (Dudhia 1993) is used to run two
5-month-long simulations centered over southern
South America. The parameterization schemes used to
resolve the subgrid physics include the following: the
Medium-Range Forecast planetary boundary layer
(Troen and Mahrt 1986), the Kain–Fritsch convective
parameterization scheme (Kain and Fritsch 1993), the
Oregon State University land surface model (Chen et
al. 1996), the Community Climate Model 2 radiative
parameterization scheme (Hack et al. 1993), shallow
convection, and the Dudhia simple ice scheme for cloud
microphysics (Dudhia 1989).

Figure 1 is the nested domain setup for the model
experiments used in this study. With a grid spacing of
135 km, domain 1 includes the SPAC region, which
plays a relevant role in the central Chilean climate.
Domain 2 has a grid size of 45 km, and domain 3 has a
grid size of 15 km and is fine enough to resolve the
intricate topography of Chile. The model has 30 vertical
levels with a top at 100 hPa. The model runs in a two-
way nesting mode so that the smaller domain feeds
back into the larger domains. The initial conditions and
lateral boundary conditions are provided from 6-hourly
NCEP–NCAR reanalysis fields (Kalnay et al. 1996).

b. Station data

One-hundred-and-twenty stations with daily precipi-
tation data and 85 stations with daily extreme tempera-
ture data were available for validating model output.
These data were provided by the National Meteorologi-
cal Service, were selected for having no missing data for
the period of simulation, and were quality controlled.
In addition, 95 stations from the National Water Ad-
ministration, with daily precipitation data at latitudes
between 32° and 35°S, are included. Also used in the
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FIG. 2. Seasonal mean MJJAS SLP and 850-hPa winds from (top) reanalysis and (bottom) MM5 domain 1 for
(left) 1997 and (right) 1998.

FIG. 1. MM5 configuration: Three nested models domains and the resolution of each
domain. The dots represent the location of available station data.



validation are profiles of temperature and water vapor
mixing ratio from radiosonde observations. The radio-
sonde data come from Global Telecommunication Sys-
tem station 85586, which is located at 32.5°S and
71.5°W. Finally, the Global Precipitation Climatology
Project (GPCP) Merged Satellite–Gauge Dataset
(Adler et al. 2003) is used for validating precipitation.
GPCP precipitation is a gridded analysis compiled by
combining gauge measurements and satellite estimates.

3. Results

In the following sections simulated circulation, tem-
perature, and precipitation are evaluated, with a focus
on central Chile in the three domains. In all cases when
comparing model results with station data, the model
fields were interpolated onto station data location. Bi-
ases between model and station data are calculated as
the absolute difference between them.

a. Circulation

The seasonal mean [May–September (MJJAS)] cir-
culation at 850 hPa is dominated by the SPAC. Figure
2 shows the seasonal mean sea level pressure (SLP) and

850-hPa winds from the reanalysis and MM5 simula-
tions for 1997 and 1998. The reanalysis SLP for 1997
shows a weaker SPAC located farther northward and
for 1998 the SPAC is stronger and located farther west-
ward with stronger low-level winds around the SPAC
and stronger westerlies south of 45°S. These patterns
are well captured by the MM5, although the 1998
SPAC in the MM5 is weaker than in the reanalysis, with
winds around this high pressure cell accordingly slower,
especially the westerlies between 20° and 25°S.

Figure 3 shows the seasonal mean 500-hPa height field
in contours and 200-hPa winds in shaded contours from
the reanalysis and MM5 domain 1, for 1997 and 1998.
The reanalysis shows a 500-hPa height field in 1997 that
is less zonal than in 1998, especially at the western bor-
der of the domain. This is well simulated by MM5. The
jet stream in 1997 was stronger and located farther
south in comparison with 1998. The representation of
the jet in MM5 is correctly positioned, but is less intense
than in the reanalysis in both years, especially in 1997.

b. Temperature

Daily maximum and minimum temperature were cal-
culated from 6-hourly model 2-m temperature output.

FIG. 3. Seasonal mean (MJJAS) 500-hPa height field (line contours) and 200-hPa winds
(filled contours), from (top) reanalysis and (bottom) MM5 domain 1 for (left) 1997 and (right)
1998.
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Figure 4 shows the temperature scatterplot between the
seasonal mean station data and the simulations of the
three MM5 domains, for maximum and minimum tem-
peratures in both years. The figure indicates that the
model underestimates (to different degrees) the tem-
perature in all cases. The relationships between mod-
eled and observed 2-m temperatures are equally con-
sistent in 1997 and 1998, with a linear relationship for
domains 2 and 3. In contrast, observed and modeled
temperatures are almost uncorrelated for domain 1.

As the calculation of maximum and minimum tem-
perature was done from 6-hourly model output data,
sampling the whole daily temperature range in the
model would certainly give a smaller error. However,
these results can be corrected, as it is found that the

temperature bias is correlated to the differences be-
tween station and model height. This is shown in Fig. 5
for the MM5 domain 1. There is a linear relation (cor-
relation coefficients �0.7) between the temperature
difference of the station and the model domain 1 and
the difference between the station and the model
height. For the minimum temperatures, the fitted
straight line passes through the origin. The slope of
those lines (indicated in the figure) can therefore be
used to correct the modeled temperature, as an empiri-
cal lapse rate. The values are not far off from the at-
mospheric lapse rate of 0.0065°C m�1. Linear relation-
ships are also obtained for model domains 2 and 3 (not
shown).

Table 1 shows the correlation coefficient R, bias, and

FIG. 4. Temperature correlation plotted as station data vs MM5 for maximum and minimum
temperatures in 1997 and 1998.



standard deviation (Std) between the seasonal mean
maximum and minimum observed temperatures and
the three MM5 domains, and shown in parenthesis are
the values for the temperature corrected by the empiri-
cal lapse rate obtained from the relationship between

the differences of the station and the modeled tempera-
tures and the differences of the station and the modeled
heights. The biases for the maximum temperatures are
higher than for the minimum temperatures. Domain 1
exhibits the largest bias, �6° and �2.5°C, and domains

TABLE 1. Seasonal mean temperature T correlation R, bias, and standard deviation (Std) for MM5 domains 1, 2, and 3. In parentheses
are the values for the temperatures corrected by the slope of the relationship between the differences in the station and modeled
temperatures and the differences between the station and modeled heights, as shown in Fig. 5 for MM5 domain 1.

Domain

1997 1998

Max T Min T Max T Min T

1 R 0.2 (0.62) �0.1 (0.64) �0.5 (0.26) 0.00 (0.28)
Bias �5.8 (�3.9) �2.1 (�0.7) �6.1 (�3.2) �2.4 (0.3)
Std 2.7 (1) 1.3 (0.3) 3.3 (1.9) 1.4 (0.9)

2 R 0.70 (0.88) 0.66 (0.75) 0.65 (0.82) 0.55 (0.6)
Bias �3.6 (�1.8) �1.3 (0.0) �3.3 (�1.5) �1.3 (0.0)
Std 0.6 (0.9) 0.8 (0.8) 0.6 (1.0) 1.0 (1.1)

3 R 0.72 (0.9) 0.40 (0.4) 0.68 (0.81) 0.53 (0.55)
Bias �2.8 (�1.9) �0.9 (�0.6) �2.5 (�1.7) �1.1 (�1.2)
Std 0.5 (0.2) 1.1 (1.0) 1.0 (1.0) 1.0 (1.0)

FIG. 5. Scatterplot between temperature difference vs difference in station and model height
for MM5 domain 1 for (top) minimum temperature, (bottom) maximum temperature, (left)
1997, and (right) 1998.



2 and 3 are comparable, �3°C, with the smallest values
and standard deviation for domain 3, �2.5° and �1°C
for maximum and minimum temperatures, respectively.
The corrected temperatures show better correlation co-
efficients and smaller biases.

c. Precipitation

Figure 6 shows the seasonal mean precipitation for
1997 and 1998, for the GPCP dataset, MM5 domain 1,
and the 1997 � 1998 differences. The patterns of pre-
cipitation through the southern South American sector
and the adjacent ocean in the domain are well repre-
sented in the model in each year, as are the interannual
differences. There are positive differences throughout
the domain in a band in the NW–SE direction, and
negative difference in Uruguay and south of 40°S.

Focusing on central Chile and comparing with the

available station data, Fig. 7 shows the percentage ratio
[(�PP98�/�PP97�) � 100] of the seasonal mean precipita-
tion of the station data, and the three MM5 domains,
where PP98 and PP97 are the amount of precipitation
that fell in 1998 and 1997, respectively, and the angle
brackets indicate the May–September mean. In Fig. 7a
two subregions can be clearly identified: from 32° to
35°S (hereafter region 1) the seasonal mean rainfall in
1998 represents only 9% of that which fell in 1997
(large black dots in the figure), whereas for the region
from 35° to 39°S (hereafter region 2) the 1998 precipi-
tation represents 47% of that which fell in 1997 (smaller
dark gray dots in the figure).

The three MM5 domains capture the precipitation
pattern, and the two subregions are also evident from
the figure. However, in region 1 the percentage ratio
amounts only to 33%, 29%, and 27% in domains 1, 2,

FIG. 6. Seasonal mean (MJJAS) precipitation from (left) GPCP and (right) MM5 domain 1 for (top)
1997, (middle) 1998, and (bottom) 1997 � 1998 differences.



FIG. 7. Percentage ratio of total seasonal (MJJAS) rainfall, (�PP98�/�PP97�) � 100,
for MM5 precipitation interpolated on station data location: (a) station data, (b)
MM5 domain 1, (c) MM5 domain 2, and (d) MM5 domain 3. (�PP98�/�PP97�) � 100
� 30% (large black dots), 30% � (�PP98�/�PP97�) � 100 � 60% (smaller dark gray
dots), and 60% � (�PP98�/�PP97�) � 100 � 90% (smaller light gray dots).



and 3, respectively; and in region 2 the differences are
65%, 63%, and 62% in domains 1, 2, and 3, respec-
tively. The figures also show that the model stations
closer to the cordillera show smaller interannual differ-
ences (especially in region 1, where smaller, dark gray
dots are seen instead of the larger black dots).

The overestimated precipitation in MM5 can also be
seen in Fig. 8, which shows the total seasonal rainfall
amount per station sorted in increasing order of rainfall
amount, versus number of stations (%), by year and
region. The solid lines correspond to station data,
crosses are used for domain 1, dotted lines for domain
2, and dashed lines for domain 3. For example, in 1997
for 85% of the stations in region 1, domain 3 has the
smallest precipitation bias with respect to the station

data (curve closest to the station curve), while domain
1 has the largest bias. In addition, for only the last 5%
of the stations is the overprediction of rainfall in MM5
domain 3 extremely large (over 200%). A similar be-
havior is observed in 1998. Region 2, however, shows a
nearly constant bias in all three domains and in both
dry and wet years. It is also apparent from Fig. 8 that
the differences between domain 2 and domain 3 are
small compared with their differences with domain 1.
The last 5% of the stations, with the largest rainfall
amounts of domains 2 and 3 in both years, all corre-
spond to stations above 1200 m, and hence Fig. 8 indi-
cates that the rainfall bias in the model depends on
topographic variations represented in each model do-
main.

FIG. 8. Increasing total seasonal precipitation amounts vs station number (%): (a) 1997
region 1, (b) 1997 region 2, (c) 1998 region 1, and (d) 1998 region 2 for station data (solid line),
MM5 domain 1 (crosses), MM5 domain 2 (dotted line), and MM5 domain 3 (dashed line).



To illustrate this, Fig. 9 shows scatterplots between
station and modeled precipitation divided into two cat-
egories: stations whose elevation are below 500 m and
stations above 1000 m. Differences are observed among
these categories as well as among both years. In 1997,
the correlation between the observed and modeled pre-
cipitation is very high (correlation coefficients of 0.5,
0.67, and 0.67 for domains 1, 2, and 3, respectively) with

small biases for the stations below 500 m (40%, 25%,
and 17% for domains 1, 2, and 3, respectively), espe-
cially in domains 2 and 3. Large biases are seen at sta-
tions above 1000 m. A similar situation is true in 1998,
but here, additionally, there seems to be a larger over-
estimation of light precipitation events, at least in the
low-elevation stations (see the two lines fitted for cor-
relation for stations below 500 m in 1998). In 1998 the

FIG. 9. Scatterplot between station and modeled precipitation for stations below 500-m height and stations above 1000 m from
(top) MM5 domain 1, (middle) MM5 domain 2, and (bottom) MM5 domain 3.



precipitation biases are 480%, 330%, and 300% for do-
mains 1, 2, and 3, respectively, and for larger precipi-
tation events, the biases are 86%, 71%, and 80%, re-
spectively.

Figure 8 showed that the precipitation bias in the
model is nearly constant with the precipitation amount,
except for those stations at higher altitudes (above 1000
m), where the differences become very large. The rela-
tionship between the observed and modeled precipita-
tion, with respect to the spatial distribution in both
years, is further analyzed in Table 2. The total seasonal
precipitation for both years for the two subregions are
given, and the precipitation totals by stations are di-
vided into two groups: coastal stations and interior sta-
tions. In region 1 in 1997 there is more precipitation in
the interior valley stations than for those at the coast,
and in 1998 the opposite is true. In region 2 a different
pattern is observed: in both years it rains more at the
coastal stations than in the interior. In all domains and
in both years, more rain was simulated by MM5 in the
interior valleys than at the coast.

To analyze the simulation of the daily precipitation,
Fig. 10 shows latitude–time cross sections of precipita-
tion for 1997 and 1998, for station data from 32° to 39°S
at �72°, and the three MM5 domains. Overall, the
simulated rainfall events agree remarkably well with
the observed time evolution of events. The model cap-
tures the individual precipitation events. A closer in-
spection reveals that, especially for 1998, the latitudinal
extent of some of the simulated events reaches farther
north than is observed. This model error is partially
improved in MM5 domains 2 and 3. To help in visual-
izing this improvement, in the bottom panels of the
figure dots indicate days when the precipitation differ-
ence between model domain 1 and domain 3 are larger
than 5 mm day�1 in the region north of 35°S, thus in-
dicating situations when the precipitation in MM5 do-
main 3 improves upon MM5 domain 1. A time series of
the mean precipitation for each subregion (not shown)
shows closer correspondence to the observations in
MM5 domains 2 and 3. As illustrated in Fig. 10, in
addition to some correction in the precipitation

amount, the spatial distribution is improved due to
higher model resolution.

4. Discussion

As was mentioned in the previous section, the inter-
annual differences in station precipitation data clearly
show two subregions: from 31° to 35°S and from 35° to
39°S, which coincide with a decline in the altitude of the
Andes at 35°S (from a mean altitude above 4500 m to
about 3000 m). In the first region, the seasonal mean
rainfall in 1998 amounts to 9% of the seasonal rainfall
in 1997, whereas in region 2 the 1998 rainfall total rep-
resents 47% of the 1997 rainfall. This extremely dry
winter in region 1 is only partially simulated by MM5.
In region 1, the rainfall simulated in 1998 amounts to
27%, 29%, and 33% of that in 1997 (for domains 3, 2,
and 1, respectively). In region 2 the station data show
47% less rainfall in 1998, and MM5 simulates 62%,
63%, and 65% for domains 3, 2, and 1, respectively.

The incorrect rainfall amount in region 1 may be
attributed to two factors. First, rain is produced in the
region because northeastward-moving fronts in the
model reach farther north than is observed in the re-
analysis fields. The second situation corresponds to
rainfall at the eastern slope of the Andes, which is not
observed. In the first situation, the model synoptic
fields show troughs that are deeper and located farther
northward at the surface in comparison with reanalysis
fields for the same events. These errors are reflected in
the weaker than observed seasonal mean SPAC in 1998
(see Fig. 2).

The large precipitation bias at high-altitude locations
is related to a more accurate representation of the
Andes in model domains 2 and 3, and the correspond-
ing steeper mountain slopes. This has an impact on the
divergence of the horizontal wind flow, the vertical ve-
locity, and hence the precipitation on the upslope side
and at the top of the Andes. An examination of these
variables for cases when the model produces spurious
precipitation events in the cordillera revealed that al-
though the horizontal winds are similarly simulated in

TABLE 2. Seasonal total precipitation (mm).

Region 1 Region 2

Station Domain 1 Domain 2 Domain 3 Station Domain 1 Domain 2 Domain 3

1997 total 818 1456 1352 1277 1026 1453 1452 1434
1997 coast 700 735 626 610 1045 1051 1115 1189
1997 interior 830 1529 1425 1344 1020 1575 1555 1508
1998 total 76 493 399 366 477 944 921 895
1998 coast 87 272 214 203 507 757 809 856
1998 interior 75 509 412 377 471 982 944 903



F
IG

.1
0.

T
im

e
se

ri
es

of
da

ily
pr

ec
ip

it
at

io
n

vs
la

ti
tu

de
at

�
72

°W
du

ri
ng

(l
ef

t)
19

97
an

d
(r

ig
ht

)
19

98
.S

ta
ti

on
da

ta
ar

e
sh

ow
n

in
th

e
to

p
pa

ne
ls

;u
pp

er
m

id
dl

e,
lo

w
er

m
id

dl
e,

an
d

bo
tt

om
pa

ne
ls

ar
e

fo
r

M
M

5
do

m
ai

ns
1,

2,
an

d
3,

re
sp

ec
ti

ve
ly

.T
he

do
ts

in
bo

tt
om

pa
ne

ls
in

di
ca

te
da

ys
w

he
n

pr
ec

ip
it

at
io

n
no

rt
h

of
35

°S
fu

lf
ill

s
M

M
5

do
m

ai
n

1
�

M
M

5
do

m
ai

n
3

�
5

m
m

da
y�

1
.



all three MM5 domains, it is in domains 2 and 3 that the
divergence of the winds increases when reaching the
Andes, as stronger upward vertical velocity are seen
and intense precipitation is produced. This situation
was also observed by Grell et al. (2000) for precipita-
tion over the Alps simulated with MM5.

Regardless of the overestimation of the rainfall in
1998, the model has a systematic error in precipitation
amounts. A possible contribution to this bias could be
larger water vapor content in the model. In region 1 there
is one site where radiosondes are routinely launched.

Figure 11 compares modeled temperature and water
vapor mixing ratio q with the results from the radio-
sondes. The figure shows a positive q bias (�1 g kg�1)
within the boundary layer in the model. The thick
middle line corresponds to the 50th percentile of the
seasonal mean, and the thinner left and right lines to
the 25th and 75th percentile, respectively. The profiles
are similar for 1997 and 1998, although a slightly larger
50th percentile bias is seen in 1998, with smaller spread
(25th and 75th percentiles). The spatial distribution of
this bias is evaluated by comparing reanalysis tempera-
tures and relative humidity with the modeled values
(not shown). Comparing these variables at different
vertical levels reveals that from the surface up to
around 800 hPa the model has much higher values of

water vapor than the reanalysis fields, in both years and
with even higher values in 1998. The higher values of
water vapor, which is available as moisture, are trans-
formed into rain and contribute to the overall precipi-
tation bias in the model. The question of where this
positive humidity bias in the model comes from re-
quires further investigation, including understanding
the transport of humidity and the processes occurring in
the boundary layer in the model.

To investigate whether the observations and MM5
reveal an additional effect on the remote forcing (SSTs
in the central Pacific), other than the mean seasonal
precipitation (i.e., wetter and drier than normal in 1997
and 1998, respectively), a cluster analysis was per-
formed for the station data. The analysis was done us-
ing the k-means method, for the total number of rainfall
events of both years, separately for region 1 and 2. This
method minimizes the variance of the elements within
each cluster, while maximizing the variance between
the clusters. The analysis was performed with 34 events
for region 1 and 40 for region 2, and tested for three,
four, and five clusters. In region 1, the precipitation
events can be grouped by their spatial distribution into
four different type of events (see Fig. 12): type 1, uni-
form distribution in the region; type 2, precipitation
only in the southern part of the region; type 3, precipi-

FIG. 11. (left) Seasonal mean radiosonde profile minus MM5 domain 3 profile of tempera-
ture and (right) water vapor mixing ratio. In each panel, the thick middle line corresponds to
the median of the bias (50th percentile) and the thin left and right lines to the 25th and 75th
percentiles, respectively.



tation localized in the cordillera region; and type 4,
localized precipitation in the northern cordillera region.

In region 2 the clustering method did not find events
sufficiently distinct to separate them into different
classes; that is, most of the precipitation events had a
uniform spatial distribution in the region. The more
uniform distribution of precipitation in region 2 is prob-
ably because of the smoother topography in the region
in comparison with region 1.

The same analysis was applied to MM5 domain 3
precipitation events in region 1. Clusters where calcu-
lated with 40 events (18 and 22 in 1997 and 1998, re-
spectively) grouped into three, four, and five types of
events. The clearest distinction between events is found
when grouping these into four different types of events,
and they are similar to the clusters obtained with the
station observations (not shown). The population of the
individual clusters is, however, different, with more
events falling into the cordillera-only rain type event.

Separating the events by year reveals some distinct
differences among them. In 1998 there are no uniform
events, one-third of the events (5 out of 15) are south-
ern events, another third is made up of localized events
in the north-central part of the region, and the rest are
local cordillera and local south events. In 1997 there
were no localized cordillera events. All type of events,
except those localized in the cordillera, have rain in
region 2 as well.

5. Conclusions

The MM5 model has been run for two anomalous
rainfall seasons in central Chile. The anomalously wet
May–September 1997 and the anomalously dry May–
September 1998 have been simulated to investigate the
influence on rainfall of the model domain resolution,
that is, the representation of topography in central
Chile. The MM5, in the configuration used in this study,

FIG. 12. Precipitation clusters of station data events in region 1.



captures the main features of rainfall and patterns of
difference between the two simulated years. However,
the main problem with the model is an overestimation
of the precipitation (40%–80%). There are several fac-
tors that contribute to this bias. First, there is a bias in
the content of water vapor in the model over the ocean
when compared with boundary conditions (reanalysis
fields). In addition, the precipitation bias is dependent
on location. When comparing against higher-altitude
stations, domains 2 and 3 exhibit larger biases (up to
120% for light rain, and 300% for heavy rain). A nega-
tive bias in daily extreme temperature is seen. These
differences are correlated to the differences between
station and model elevations (with a linear relation-
ship). They probably are also a result of sampling error,
as model output is available only every 6 h. Addition-
ally, they could be influenced by the precipitation bias
and other model physics. In particular, the model
greatly overestimated the seasonal mean precipitation
in 1998 in the northern part of central Chile (32°–35°S)
(domain 1, 650%; domain 2, 525%; domain 3, 480%),
so that the interannual differences are underestimated
(1998 � 1997: 27%, 29%, and 33% in domains 3, 2, and
1 respectively, instead of the observed 9%). Too much
rainfall in region 1 is because of two factors. Rainfall
events reaching farther north than actually observed
and unobserved rainfall in the Andes Cordillera in ad-
dition to the bias in water vapor content in the model,
which is higher in 1998 than in 1997.

The problem of too much rainfall over mountainous
areas remains an issue to investigate, not only for cli-
mate simulations but also for weather forecasting simu-
lations. In preliminary work done to define the best
configuration, a number of 1-month-long runs were
performed, and the use of more complex microphysics
parameterizations produced even more precipitation
over the mountains.

Overall, domain 3, with a 15-km grid interval and
therefore the best representation of the finescale topog-
raphy, shows the best results, discarding precipitation
above 1000 m. However, from a cost–benefit perspec-
tive, although a 15-km grid interval for a seasonal inte-
gration is affordable at the moment (computationally
and in terms of storage), the improvements in the simu-
lations are not very dramatic when compared with the
cost. The simulation of important surface variables such
as precipitation and temperature is greatly improved
when downscaling from 135 to 45 km; however, smaller
improvements are obtained when going down from 45
to 15 km. If climate studies on a longer time scale (e.g.,
for climate change studies) is the main interest, the
results shown in this paper suggest that a horizontal

grid interval of 40–30 km would be sufficient to capture
the important climatic controlling factors of the region.
Finally, any application of a regional climate model for
impact studies will have to carefully take into account
the large precipitation bias at high altitude.
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