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Abstract:
In tropical South America, weather and climate are affected by the meridional oscillation of the inter-tropical
convergence zone, the Pacific and Atlantic oceans, the Amazon basin, and the Andes Mountains. The dominant mode
of the inter-annual climate variability in the tropical Pacific is the El Niño/Southern Oscillation (ENSO) phenomenon.
Colombia is among the South American countries that experiences large climate anomalies because of ENSO. However,
the hydrologic response in Colombia to a particular ENSO event is highly complex and non-linear.

To describe this complex, non-linear hydro-climatic response to large-scale atmospheric forcing in Colombia, a
one-way coupled atmospheric-land surface hydrologic modelling approach is implemented whose main components
are Colorado State University’s Regional Atmospheric Modelling System (RAMS) and the Swedish Hydrologiska
Byråns Vattenbalansavdelning-Hydrologic Modelling System (HBV-HMS). RAMS is implemented in a two-nested
grid domain for seasonal simulations and a four-nested grid domain for daily simulations. Seasonal simulations
emphasize the annual cycle at regional scales, while daily simulations focus on describing the diurnal cycle for
specific watersheds. The HBV-HMS is implemented for a specific watershed and used to examine its response at daily
time scales.

Results of the seasonal simulations reproduce quite well the observed spatial and temporal patterns of the hydro-
climatic variables: simulated temperature, pressure, wind velocity, and precipitation distributions show good agreement
with observations. Results also show that the 1992 warm phase of ENSO led to a generalized decrease of precipitation
along the Andes ranges and that the low lands of Colombia received more precipitation than during the 1989 cold ENSO
phase. Similarly, daily-simulated fields show good agreement with observed values. However, the simulated diurnal
cycle of precipitation exhibits a temporal phase lag of several hours and simulated precipitation tends to underestimate
both the total amount of precipitation and the duration of precipitation events. Despite these discrepancies, the results of
the modelling effort clearly demonstrate the ability of this approach to capture the non-linear and complex interactions
of large-scale atmospheric forcing and local characteristics as indicated by the satisfactory simulation of stream flow
responses for a set of small watersheds. Copyright ! 2006 John Wiley & Sons, Ltd.
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INTRODUCTION

Regional and local weather and climate are strongly affected by macro-climate phenomena that perturb the
general atmospheric circulation. In tropical South America, weather and climate are affected by factors such
as the meridional oscillation of the inter-tropical convergence zone (ITCZ), the Pacific and Atlantic oceans,
the Amazon basin, and the Andes Mountains, among others. The dominant mode of the inter-annual climate
variability in the tropical Pacific is the El Niño/Southern Oscillation (ENSO) phenomenon. Consequently,
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there have been a great number of studies of the behaviour and effects of ENSO on the weather and climate
of tropical South America (Richey et al. (1989); Pulwarty et al. (1992); Waylen et al. (1996); Waylen and
Poveda (2002); Poveda and Mesa (1995, 1996, 1997); Gessler (1995); Kousky and Kayano (1994); Marengo
and Hastenrath (1993); Halpert and Ropelewski (1992); Kiladis and Diaz (1989); Aceituno (1988, 1989);
Rogers (1988); Hastenrath (1976, 1990); Marin (2004); Marin and Ramirez (2004)). These studies have
shown that ENSO climate anomalies have large variability even under the same ENSO phase and that their
relationship with the corresponding hydrologic anomalies is highly non-linear.

On the other hand, modelling the spatial and temporal distribution of precipitation is one of the most
challenging problems in hydrometeorology. The precipitation process involves complex non-linear interactions
among climate, soil, vegetation and orographic characteristics, all of them varying in space and or time. In the
tropics, the atmosphere is mainly thermally driven by latent heat released in deep convective clouds. The trade
winds are one of the main mechanisms of advection of moisture into Colombia. The convergence of the trade
winds forms the ITCZ, which has a seasonal meridional displacement that controls the temporal distribution
of rainfall while its spatial distribution is mainly controlled by the Andes Mountains, the Amazon basin
and the tropical Pacific Ocean. Because of the interactions among these factors, precipitation is extremely
variable in space and time. In addition, Colombia experiences large climate anomalies because of ENSO.
ENSO variability explains about 50% of the observed variance of Colombian hydrology beyond the annual
cycle when a linear relationship is assumed; however, the response of the Colombian hydrologic system
to a particular ENSO event has a complex variation (Poveda and Mesa (1993, 1995, 1996, 1997); Mesa
et al. (1994a,b); Salazar et al. (1994b); Carvajal et al. (1998); Poveda (1994); Poveda and Penland (1994)).
Therefore, no matter how detailed our knowledge about ENSO is, and how much our ability to predict its
occurrence and dynamics improves, additional physically-based knowledge is required to translate the general
ENSO knowledge into predictions of hydrologic response that can be used for regional and local economic
planning.

This paper focuses on the use of a one-way coupled land surface–atmospheric modelling system, whose
main components are Colorado State University’s Regional Atmospheric Modelling System (CSU-RAMS)
(Walko et al., 1995) and Swedish Hydrologiska Byråns Vattenbalansavdelning Hydrologic Modelling System
(HBV-HMS) (Lindström et al., 1997), to study the role that factors interacting during ENSO and non-ENSO
phases play in the Colombian hydrologic system response. This modelling effort uses several spatial and
temporal resolutions with the highest resolution centred over Colombia, which is the particular area of study.
Three specific objectives are considered.

1. To describe and model the main features of precipitation in Colombia at a seasonal time scale during both
ENSO phases by using the regional climate model, which will be the main link between the macroclimatic
atmospheric forcing (e.g. ENSO) and precipitation over Colombia

2. To describe, model and reproduce the main features of individual storm events over a specific region of
Colombia and make these data suitable as an input to a hydrologic model

3. To implement a HMS that will be driven by output from the atmospheric model to simulate stream discharges
for a specific watershed in Colombia

GEOGRAPHICAL DESCRIPTION AND REGIONAL CLIMATE OF COLOMBIA

Colombia is a country of about 11 400 00 km2 extending from the Caribbean (12°310N) to the Amazon
basin (04°140S), and from the Orinoco-Negro river (66°510W) to the Pacific Ocean (79°030W). Colombian
climate can be classified based on the annual rainfall and mean temperature into five different types of
tropical climate (Snow, 1976): two maritime (dry and wet), two continental (dry and wet) and one mountain
type. One of the main characteristics of these climatic regimes is that their diurnal range of temperature,
generally <10 °C, is greater than their annual range measured as the temperature difference between the
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warmest and the coolest months, generally <5 °C. In a broad sense, Colombian climate is characterized
by two seasons, one dry occurring from December through April, and the other wet from May through
November.

Colombia borders the Caribbean Sea to the north, the Pacific Ocean to the west, the Amazon basin and
the Ecuadorian Andes to the south. The Andes mountain range traverses the western part of Colombia in a
south–north direction. Because of its geographic location and its complex orography (Figure 1), Colombia
is a country of climate extremes (Snow (1976); Lopez and Howell (1967); Velasco and Fritsch (1987)).
The Andes is considered the most important regional factor affecting Colombian climate characteristics. In
Colombia, the Andes mountain range splits into the eastern, central and western ranges. These three ranges
and the associated longitudinal valleys separating them act both as barriers and as channels for the atmospheric
flows, generating their own local atmospheric circulations. These circulations are significant, especially in the
context of the equatorial atmosphere where the wind speeds are generally small. The central range is the
highest of the three with average elevations of 3500 m above sea level, but with many glaciered peaks that
reach >5000 m above sea level; it has an average width of about 90 km. The western range is the lowest
with average elevations of about 2000 m above sea level, and an average width of about 40 km. The eastern
range has average elevation of about 2500 m above sea level and an average width of about 150 km. The
Cauca River Valley, separating the western and central ranges, is high and narrow. The Magdalena River
Valley, between the central and eastern ranges, is low and broad. The central range ends at the confluence
of both Magdalena and Cauca rivers, the western range extends north to the Panama border and the eastern
range extends northeastward into Venezuela.

The Andes Mountains allows for the partitioning of Colombia into five, well-defined geographic zones,
namely the Caribbean, the Andes, the Llanos, the Amazon and the Pacific Coast zones. Figure 1 shows the
geographic location of these zones. The Caribbean zone is in the northern section of the country beyond the end
of the central range and consists of lowlands with an average annual precipitation of about 1500 mm year!1.
However, the coastal Sierra Nevada of Santa Marta, which has a peak with summit elevation exceeding
5800 m above sea level, is the rainiest area of the region with about 4000 mm year!1 on its west face. In
contrast, the northeastern part of the Caribbean zone, the Guajira Peninsula, presents the minimum rainfall
of the region with 300 mm year!1. The Andes Mountains zone, which is formed by the three ranges, has
an average annual precipitation of 1500 mm year!1. Its northwestern section is the rainiest area of this
zone with annual precipitation reaching up to 6000 mm year!1. In addition, when windward and leeward
slopes may be identified, the former has around double the precipitation when compared with the latter
(Snow, 1976). The Llanos zone is in the eastern section of the country and its average precipitation is
about 2800 mm year!1. Lowlands (100–250 m above the sea level) form this region, which contains a
river network of high drainage density draining into the Orinoco River. However, its precipitation is more
concentrated in the southwestern section; excluding this portion, the annual average precipitation is around
2300 mm year!1, which is more associated with the specific Llanos (grasslands). The Amazon zone is located
in the southern section of the country next to the border with Brazil, demarcated by the Amazon River, and
with Peru. This region is composed mainly of rainforest draining into the Amazon River system. Its annual
average precipitation is about 3500 mm year!1, with a maximum of about 4000 mm year!1 occurring in a
portion of the western range, and a minimum of approximately 2500 mm year!1 next to the Amazon River.
Finally, the Pacific Coast zone, between the shoreline of the Pacific Ocean and the western range, has an
average annual precipitation of about 5500 mm year!1. The rainiest region of the American Continent is
located in this zone, with a maximum annual rainfall exceeding 13 300 mm year!1 and with a river that has
one of the largest water production per unit area in the world, the Atrato River (Poveda and Mesa, 1997).
Its range of annual precipitation is wide; for instance, precipitation in the northern and western extremes
reaches around 3000 mm year!1, whereas in the area close to the Atrato River precipitation reaches more
than 10 000 mm year!1.
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Figure 1. Clockwise from upper left, the figure shows the geographic location of Colombia; orography and climatic zones in Colombia; the
four-nested grids used in the simulations; topography approximation for the two smallest grids and the spatial distribution of rainfall gauges
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METHODOLOGY AND DATA

The methodological principle is the linkage of a set of models to translate general circulation information
into precipitation and stream flow responses over Colombian territory. Climate information about the general
circulation is obtained from the global tropospheric analysis data set of the National Center for Environmental
Prediction (NCEP) (Kalnay et al., 1996) that has a 2"5° latitude–longitude resolution combined with surface
and upper air measurements. This information is used as an input to a regional atmospheric modelling system
(i.e. CSU-RAMS) to produce precipitation at a local scale. In turn, precipitation fields from the regional
atmospheric model are used as input data to a HMS (i.e. HBV-HMS) to produce stream flow. In this process,
two simulation modes are used, a seasonal simulation mode focusing on the hydrologic response to the 1989
cold phase and the 1992 warm phase of ENSO, and a daily simulation mode focusing on weather behaviour
for a single watershed with particular attention paid to the diurnal cycle in the region. Observed precipitation
data from about 250 gauging stations concentrated in the Colombian Andes Mountains were available for this
study. Figure 1 shows the location of the rainfall gauges.

CSU’s regional atmospheric modelling system (CSU-RAMS)

Currently, the CSU-RAMS modelling system merges the capabilities of several separate models with
the ability to represent a large-scale area and then to nest progressively to smaller scales, including a
dynamic enhancement to simulate mesoscale and microscale atmospheric circulations. CSU-RAMS has both
non-hydrostatic and hydrostatic formulations using the Reynolds-average primitive equations, which permit
representing all meteorologically relevant spatial scales. CSU-RAMS has methods for modelling microscale
dynamic systems, microphysics processes, mesoscale systems and the influence of land surface characteristics
on the atmosphere. Tripoli and Cotton (1982) describe the cloud prognostic equations of motions in detail
(non-hydrostatic, time-split compressible). Tremback et al. (1985) describe the hydrostatic incompressible or
compressible system. Tremback (1990) describes the equations used for simulating mesoscale convective
complexes. The main parameterizations of CSU-RAMS are turbulent mixing parameterization, surface
layer parameterization, soil and vegetation parameterization, convective parameterization, bulk microphysics
parameterization and radiation parameterization. For a detailed description of CSU-RAMS see (Pielke et al.
(1992); Walko et al. (1995); McQueen et al. (1997)) and a Manual of Technical Description (RAMS, 2002)
available at http://www.atmet.com.

CSU-RAMS has a nested grid scheme option that permits higher spatial resolution in selected areas as well
as simulation of scale interactions. This option allows using a finer mesh grid to solve local scale circulation
over an area of interest and a coarser mesh outside of this area for larger scale circulation. Between the
coarsest and the finest mesh multiple mesh layers may be used. A coarse grid may have more than one nested
grid and the number of vertical levels in the nested grid could be less or equal to that of the coarse grid. The
vertical grid structures are based on a terrain-following height coordinate system (Gal-Chen and Somerville,
1975).

Input data for initial and boundary conditions are obtained from the standard datasets available four times
daily, 00 : 00, 06 : 00, 12 : 00 and 18 : 00 UTC at the National Center for Atmospheric Research (NCAR).
Specifically, atmospheric variables obtained from the global NCEP-NCAR reanalysis pressure level data
(defined on a global 2"5° latitude–longitude grid on 17 mandatory pressure levels), the global rawinsondes
and the global surface data. These data include horizontal wind components, relative humidity and air
temperature. Global sea surface temperature (SST) obtained from the optimum interpolation SST analysis
that is produced weekly on a one-degree grid by Climate Diagnostics Center (CDC) of National Oceanic
Atmospheric Administration (NOAA) (Reynolds, 1988; Reynolds and Marsico, 1993 and Reynolds and Smith,
1994). Surface characteristics, global terrain height data and global vegetation type data files obtained from
the Earth Resources Observation Systems (EROS) Data Center of the U.S. Geological Survey (USGS). In
particular, topography is prepared from the digital elevation model (DEM) GTOPO30 that has elevations
regularly spaced at 30-arc seconds longitude–latitude (approximately 1 km) with a global coverage; for the
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DEM of South America (see Bliss and Olsen, 1996); the vegetation is derived from 1 km advanced very high-
resolution radiometer (AVHRR) data spanning a 12-month period (April 1992–March 1993) and is based on
a flexible database structure and seasonal land cover region concepts.

Swedish Hydrologiska Byråns Vattenbalansavdelning model (HBV-HMS)

This conceptual, partially distributed hydrologic model was developed mainly for rainfall-runoff simulation
and hydrological forecasting. The first version of the HBV dates from early 1970s (Bergström and Forsman,
1973). Since then the model has been updated focusing on more reliable routines for automatic model
calibration and a user-friendly interface (Bergström, 1995 and Lindström, 1997). Today, there are a variety
of model versions, with origins from different institutions, and applications have been made in more than 40
countries. Here, the HBV-96 model version is used (Lindström et al., 1997). This version has been calibrated
and implemented by Empresas Publicas de Medellin, Colombia (EPM) for operational hydrology forecasts.

The HBV-Model uses precipitation, air temperature, and potential evaporation data to compute snow
accumulation, snow melt, actual evapotranspiration, soil moisture storage, groundwater and surface runoff
from the catchment. The catchment is divided into elevation bands and temperature and precipitation are
corrected for each band. Main catchment characteristics and parameters required by the model are those
related with orographic precipitation gradient, temperature lapse rate and threshold temperatures for snow
precipitation and melt.

Model implementation

The seasonal simulation mode focuses on describing the general characteristics of the spatial distribution of
precipitation in a large region of the Colombian Andes Mountains, whereas the daily simulation mode focuses
on a detailed (i.e. at high spatial and temporal resolutions) description of the distribution of precipitation in a
smaller region of the Andes Mountains in Colombia. Three seasonal simulations are carried out corresponding
to (i) the entire 1999 calendar year (ii) 6 months of the 1989 calendar year and (iii) 6 months of 1992. Two
daily simulations are carried out simulating two different periods, one in 1998 and the other in 1999.

For the seasonal mode simulation, CSU-RAMS is implemented in a two-grid domain configuration. Both
grids are centred over Colombia at 5°N Latitude and 75 °W Longitude. The coarsest grid is composed of
28 # 28 grid-points with a cell size of 160 km; the second grid is composed of 34 # 34 grid-points with a
cell size of 40 km. Two new grids are added for the daily simulation mode, the third grid is centred over
Colombia at 5"18 °N Latitude and 75"361 °W Longitude, and composed of 50 # 70 grid-points with a 10 km
cell size; and the finest grid is centred over Colombia at 6"575 °N Latitude and 75"136 °W Longitude, and
composed of 54 # 62 grid-points with a 2"5 km cell size (Figure 1 and Table I.) The CSU-RAMS model
considers 8 soil levels, 22 atmospheric levels for the coarsest grid and 29 atmospheric levels for the other
three grids. The vertical grid spacing of the lowest atmospheric level is 250 m for the coarsest grid. Above
this level the vertical grid spacing is increased at a rate of 20% until reaching a spacing of 2000 m, which is
set as the maximum vertical grid spacing permitted. Once this maximum is reached, the vertical grid spacing
is kept constant. Vertical nesting is used in the five lower levels of the coarsest grid to get a smaller height
of the lower vertical levels in the other grids. Therefore, the first two lower levels of the coarsest grid are
split into three levels each and the following three levels into two levels each. Because of this nesting, the
vertical grid spacing of the lowest atmospheric level is around 80 m for the last three finer resolution grids.
A time step of 120 s is used with the coarsest grid. For the other grids, the time step is reduced using a
ratio 1 : 3, successively. Both lateral nudging and top nudging were used. Lateral nudging to the analysed
data was performed on the first seven-grid-points from the lateral boundary of the coarsest grid with a 1800-
snudging time scale. Top nudging was performed above 16-km with a 1000-s nudging time scale. Initial soil
moisture condition of 60% saturation in the deepest soil layer and 50% in the upper soil layer were used.
Kuo convective parameterization (Kuo, 1974), bulk microphysics parameterization (Piotr et al., 1989) and the
Chen and Cotton short wave and long wave radiation parameterization were used (Chen and Cotton, 1983).
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Table I. Location and dimensions of the four-grid domain configuration—seasonal and
daily simulation mode

Description Grid one Grid two

North west point 23"406 °N, 95"46 °W 10"891 °N, 81"027 °W
North east point 23"406 °N, 54"54 °W 10"891 °N, 68"973 °W
Centre point 5"0 °N, 75"0 °W 5"0 °N, 75"0 °W
South west point 13"999 °S, 94"306 °W 0"945 °S, 80"919 °W
South east point 13"999 °S, 55"694 °W 0"945 °S, 69"081 °W
West coordinate (Km) !2160 !660
East coordinate (Km) 2160 660
South coordinate (Km) !2160 !660
North coordinate (Km) 2160 660
Bottom coordinate (m) 0"0 0"0
Top coordinate (m) 25 895"1 25 895"1
!x (m) 160 000 40 000
!y (m) 160 000 40 000
Bottom !z (m) 250 78"3
Number of vertical levels 22 29
!t (s) 120 40

Description Grid three Grid four

North west point 8"277 °N, 77"589 °W 7"260 °N, 75"737 °W
North east point 8"280 °N, 73"137 °W 7"260 °N, 74"535 °W
Center point 5"18 °N, 75"361 °W 6"575 °N, 75"136 °W
South west point 2"072 °N, 77"564 °W 5"888 °N, 75"735 °W
South east point 2"074 °N, 73"155 °W 5"888 °N, 74"536 °W
West coordinate (Km) !285 !81"25
East coordinate (Km) 205 51"25
South coordinate (Km) !325 98"75
North coordinate (Km) 365 251"25
Bottom coordinate (m) 0"0 0"0
Top coordinate (m) 25 895"1 25 895"1
!x (m) 10 000 2500
!y (m) 10 000 2500
Bottom !z (m) 78"3 78"3
Number of vertical levels 29 29
!t (s) 12"33 4"44

RESULTS AND ANALYSIS

Analyses of results of seasonal and daily simulation modes focus on the temporal and spatial distributions
of precipitation over the western Andes Mountains of Colombia. In these analyses, it is necessary to keep in
mind that model results represent area or volume averages, while the actual rawinsondes or surface data are
point measurements. First, we compare model results with reanalysis data to verify that the model is able to
reproduce the general hydrometeorological patterns; second, we concentrate on the model precipitation output
from the second grid for the seasonal simulation and from the fourth grid for the daily simulation mode. The
base of reference is the observed hydrologic surface data available from Colombian monitoring stations.

Seasonal simulation mode

The main goal is to examine how accurately the CSU-RAMS modelling system simulates intra-annual
(i.e. seasonal) and inter-annual variability of precipitation over Colombian territory. In addition, simulated
precipitation values from 1989 and 1992 are contrasted to examine the capabilities of the CSU-RAMS to
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simulate observed spatial and temporal (i.e. monthly) climate patterns in Colombia as driven by specific cold
and warm ENSO phases corresponding to the 1989 and 1992 ENSO events, respectively.

Temperature, Pressure and wind fields for 1999-year simulation. Figures 2, 3 and 4 present surface
temperature, surface pressure and surface wind velocity fields, respectively. This simulation reproduces
well the average behaviour of the reanalysis fields both with respect to spatial and temporal distributions.
Temperature shows high variability in the Andes Mountains region and there are small discrepancies in some
regions; for example, in the southeast plains and the Amazon region, simulated temperature tends to be
a little warmer than reanalysis data. However, the Andes ranges mainly modulate the spatial distribution
of temperature, whereas the temporal distribution at a monthly scale is almost constant. Therefore, these
discrepancies could be associated with a better representation of orography in RAMS than in the reanalysis
data, and with the grid-size. As expected, the surface pressure field is clearly dominated by the presence of
the Andes Mountains. Finally, wind fields show small discrepancies especially inland, but the ability of the
model to reproduce the patterns of the surface wind field even after 1 year of simulation is quite good, as
implied by the agreement shown for the month of November.

Precipitation for 1999, 1992 and 1989-years simulation. Figure 5 shows simulated and observed monthly
precipitation for March, June and August of 1999. Observed precipitation maps were provided by the
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Figure 2. Surface temperature at the end of the month shown (S: simulation; R: reanalysis), UTC time
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Figure 3. Surface pressure at the end of the month shown (S: simulation; R: reanalysis), UTC time

Meteorology and Environmental Studies Institute of Colombia (Instituto de Hidrologia, Meteorologia y
Estudios Ambientales (IDEAM)—www.ideam.gov.co). Observed precipitation is strongly modulated by the
Andes ranges. The main characteristics of the spatial distribution of observed precipitation can be described
as follows: the area between the western and eastern ranges of the Andes is relatively dry with localized areas
of high precipitation; the foothills of the west slope of the western range and the foothills of the east slope
of the eastern range are relatively wet; the area between the Pacific coast and the west slope of the western
range is very wet; the area along the Caribbean coast is relatively dry; and the plains of the Llanos and the
Amazon basin are relatively wet. Despite the existence of this common pattern, precipitation is extremely
variable in space and time, in space because of the orographic factors and in time because of the dynamics
of the ITCZ. The largest temporal variability occurs in the mountain region, whereas the southeastern region
has less variability round the year.

In general, simulated precipitation reproduces fairly well the spatial and temporal distribution of observed
precipitation. As per the observations, simulated precipitation exhibits two main areas of high precipitation,
the first one starting in the Pacific region and reaching the foothills area of the west slope of the western
range; and the second in the foothills area of the east slope of the eastern range. These two zones themselves
exhibit two other zones of relatively high precipitation, one in the north and the other in the south. Even
though simulated precipitation patterns are in good agreement with observations, the simulations are wetter
than the observations in wet areas, and drier than the observations in dry areas (e.g. in the Llanos and Amazon
regions).
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Figure 4. Surface wind velocity at the end of the month shown (S: simulation; R: reanalysis), UTC time

Table II shows a quantitative comparison between observed and simulated cumulative precipitation values
from January, January–March and January–June of 1992 and 1989. These values are obtained from those
areas with adequate rain gauge coverage. Strips of 1° Latitude ranging from 0"5 °N to 9"5 °N are taken and
then each strip is zonally delimited according to the location of the rain gauge available. Then, the root mean
square (RMS) error statistic is evaluated from the differences between observed and simulated values. Relative
to the average observed value of the eight strips considered, the RMS decreases with increasing length of the
simulated period. That is, for the periods January, January–March and January–June, the RMS is around 65,
42 and 35% of the average observed value, respectively.

Contrasts between 1989 and 1992 precipitation. Because of seasonality, the 6-month simulations produced
the same spatial pattern of precipitation for both years, but cumulative amounts are quite different in some
areas. In general, both simulations have two well-differentiated regions; large amounts of precipitation occur
in western Colombia, whereas the central and eastern sections of the country show lesser amounts.

Table III shows the average values of observed and simulated precipitation obtained by considering only
those areas where rain gauges are concentrated (see Table II). Identifying the magnitude of the average values
of precipitation obtained by simulation and making associations between corresponding macroclimatic indices
for both phases of the observed ENSO phenomenon could lead to a potentially useful indicator to classify
a given year as wet or dry. Additionally, it is very important to make a comparison between observed and
simulated average values to determine how accurate simulated values may be, especially for the purposes of
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planning and operation of water resource systems in a specific region. Simulated values in Table III are of
the same order of magnitude as the observed values for each one of the three periods shown. Additionally,
it is clear that, at least for this case, simulated differences between 1989 and 1992 reproduce quite well the
observed differences.

To make comparisons between differences in the spatial distributions of precipitation, an index of
normalized differences (ID) was computed for observed and for simulated cumulative values for the periods
January–March and January–June of 1989 and 1992, as follows

ID D "1989 value ! 1992 value#
1989 value

Positive values of the index correspond to 1989 precipitation amounts greater than the values of 1992.
Figures 6 and 7 show the spatial distribution of the ID for the periods January–March and January–June,

respectively. Because of the relatively small number of gauges used to generate the observed plot (white dots
in the plots), any inferences made from the observed spatial distribution of the index should be evaluated
carefully and the analysis must concentrate on those regions where number and density of rain gauges are
relatively high, as in some areas of the Andes region. The spatial distribution of the index based on simulation
results (lower plot) shows two well-differentiated regions such that positive differences are concentrated in the
western section of the country and negative differences in the eastern section. Although observed differences
also exhibit two well-differentiated regions, these are regions not completely similar to those produced by the
simulations. On the western region, simulation differences show that positive values are concentrated in the
Andes region, while this is not totally clear for observed values. Even though most of the positive differences
for observed values are in the Andes region, there is a large area in the western and central ranges with
negative values. Concentrating only on the Andes region where the number and density of rain gauges are
larger, simulated precipitation differences reproduce quite well the differences in the observations between
both years. The scarcity of rain gauges in the southeastern region of Colombia makes difficult any inferences
for this area. However, the few rain gauges available show more rainfall in 1992, as it is the case for simulated
values, exhibiting a different relationship than that exhibited by the Andes region. These results imply that
the 1992 warm phase of ENSO led to increases in precipitation amounts in the Llanos, the Amazon, and parts
of the Pacific regions, while the Andes region was the region more affected by rainfall deficits.

Daily simulation mode

The main objective of this simulation mode is to examine whether the CSU-RAMS modelling system is
able to capture the diurnal cycle in a specific region of Colombia. The region of analysis is in the Andes
with most of the area of interest located in the central cordillera and characterized by an extremely complex
relief with a range of variation of elevation of around 3000 m (Figure 1, lower right plot). It is expected
that the improved representation of the relief resulting from the reduction of the grid-size used to model the
precipitation process, together with the implementation of four-nested grids, will lead to improvements in the
simulation of the local circulation driving the diurnal cycle in this region.

This section summarizes results for temperature, surface winds and precipitation obtained for the finest
grid during the period 25–30 September 1998, and for precipitation during the period 1–8 February 1999.
The analysis makes emphasis on the temporal distribution of precipitation on the finest grid. Considering
that the finest grid covers an area slightly smaller than a single cell of the coarsest grid, we will ignore any
discrepancies in the spatial location of precipitation within the finest grid.

Temperature and wind fields from 25–27 September 1998. Figure 8 shows a comparison between observed
and simulated temperature for 27 September 1998. Even though observed data were available from 14 sites
only, it is clear that the model replicates well the main characteristics of temperature. As expected, simulated
and observed values keep a strong relationship with topographic characteristics and the simulated temperature
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Figure 5. Monthly cumulative precipitation. Maps of observed precipitation were provided by the Meteorology and Environmental Studies
Institute of Colombia (IDEAM)
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Table II. Cumulative average observed and simulated precipitation; years 1989 and 1992; (RMS: root mean square of the
observed and simulated precipitation differences)

Cumulative precipitation (mm)

Latitude January 1989 January 1992

Simulated Observed Simulated Observed

0"5°N:1"5°N 82 285 91 120
1"5°N:2"5°N 175 115 127 108
2"5°N:3"5°N 78 98 57 182
3"5°N:4"5°N 102 141 61 177
4"5°N:5"5°N 101 100 84 107
5"5°N:6"5°N 102 341 74 89
6"5°N:7"5°N 56 58 54 9
7"5°N:8"5°N 41 57 38 20
8"5°N:9"5°N 14 40 12 18
RMS of the differences 108 61

Latitude January-March 1989 January-March 1992

Simulated Observed Simulated Observed

0"5°N:1"5°N 338 644 395 488
1"5°N:2"5°N 580 374 450 372
2"5°N:3"5°N 245 396 206 440
3"5°N:4"5°N 427 390 229 431
4"5°N:5"5°N 481 343 334 329
5"5°N:6"5°N 507 848 309 285
6"5°N:7"5°N 313 217 234 56
7"5°N:8"5°N 250 313 172 53
8"5°N:9"5°N 76 154 38 51
RMS of the differences 187 132

Latitude January-June 1989 January-June 1992

Simulated Observed Simulated Observed

0"5°N:1"5°N 798 1639 888 1240
1"5°N:2"5°N 1117 1022 1031 961
2"5°N:3"5°N 515 743 542 1049
3"5°N:4"5°N 721 773 578 1044
4"5°N:5"5°N 1037 869 1001 918
5"5°N:6"5°N 1224 1979 1083 924
6"5°N:7"5°N 736 634 790 541
7"5°N:8"5°N 624 782 633 425
8"5°N:9"5°N 273 444 278 507
RMS of the differences 399 297

variation is in good agreement with the observed range. The simulated range of variation of temperature
between high and low elevations in this area is around 21 °C. Consequently, the implied average rate of
decrease of temperature with terrain elevation is around 7 °C km!1 Figure 9 shows the diurnal cycle of
surface temperature during 3 days of simulation. Plots show temperature fields every 6 h highlighting the
diurnal pattern of this variable. Plots from early morning to midday display increasing temperatures, whereas
plots from early afternoon to midnight display decreasing temperatures. Focusing on the Aburra Valley, the
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Table III. Differences between average amounts for simulated and observed precipitation; years 1989 and 1992

Period Observed Data (mm) Simulated Data (mm)

Year 1989
(1)

Year 1992
(2)

[(1)–(2)]/(1)
%

Year 1989
(1)

Year 1992
(2)

[(1)–(2)]/(1)
%

January 151 114 33% 87 70 24%
January–March 431 327 32% 370 280 32%
January-June 1032 992 12% 807 787 3%

narrow area with direction southwest–northeast, and on the southwest area of the region, it is clear that
simulated temperature patterns are in agreement with the observed behaviour of temperature in the region,
and that the diurnal temperature range is less than <10 °C. In addition, this figure shows surface wind fields
every 6 h local time (for Colombia, local time equals UTC time minus 5 h). From these plots it is inferred that,
in general, surface wind has a predominant southward component in the eastern section of the area where
topography is principally longitudinal. Relief is more complex in the western section of the area, causing
a more intricate pattern of the wind field where it is possible to identify areas with dominant wind in all
directions.

Precipitation field, 25–30 September 1998. Focusing on the diurnal cycle of precipitation, we considered
the volume of precipitation for every 3 h during the period of simulation. As shown in Figure 10, a storm
was observed that started on 25 September in the late afternoon and lasted until noon of 26 September.
The simulated storm started late in the night of 25 September and ended after 9 : 00 hours on 26 September.
Therefore, the CSU-RAMS simulation reproduces this storm well, but the simulated intensity and duration are
less than observed. While the duration of the simulated storm is of around 12 h, the duration of the observed
precipitation is approximately 21 h and the observed storm occurs 6 h earlier in time. Observed data also show
a storm starting on 26 September around 18 : 00 and ending on 27 September approximately at 9 : 00 hours.
Once again, the RAMS simulation reproduced this storm but, as for 25 September, the simulated storm started
a little later than its observed counterpart. The simulated storm started on 26 September around 18 : 00 hours
with light rain, then at or about 21 : 00 hours the intensity increased, and then decreased abruptly at 6 : 00 hours
on 27 September, after which precipitation turned to a drizzle until 21 : 00 hours when the intensity increased
once again. As for late 25 September and early 26 September, RAMS is able to model a storm between late
26 September and early 27 September but with lower duration and intensity. In this case, both simulated and
observed data present the maximum intensity between 0 : 00 and 3 : 00 hours 27 September.

Figure 11 shows a comparison between average intensity values in the area of study. For evaluating
these average values, only those stations with observed values and those cells with simulated precipitation
amounts greater than zero for the 3 h period are considered. Observed values show that precipitation tends
to occur during nighttime hours, before the end of the day (15 : 00–21 : 00 h) and at the beginning of the
day (0 : 00–06 : 00), presenting a bimodal distribution in time. As with the observed precipitation, simulated
precipitation tends to show more precipitation during nighttime hours, with much more precipitation between
21 : 00 and 6 : 00 but, as opposed to the observations, the simulated precipitation exhibits only a single peak
and a delay of around 4–6 h with respect to the observed data.

Figure 12, upper plot, shows maximum daily values in the area of study, and the lower plot shows average
cumulative daily values. From these figures we can infer that the simulated daily behaviour is in reasonable
agreement with that of the in situ observations. Maximum cell precipitation amounts produced by RAMS
do not have a general tendency to be less than the maximum observed values during the whole period.
Maximum simulated amounts are lower on some days and higher on others. The average in Figure 12, lower
plot, is evaluated taking into account only those points (observed values) and cells (simulated values) where
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Figure 6. Normalized precipitation differences between cumulative precipitation evaluated as ID D "1989 value ! 1992 value#
1989 value ; period:

January–March of 1989 and 1992

precipitation is greater than zero during the 3 h period. The simulated average values evaluated in this way
compare reasonably well with the observed values, except for 25 and 29 September.

Precipitation field, 1–8 February 1999. Figures 13 and 14 show successively observed and simulated
precipitation every 3 h for the 8 day period starting on 1 February 1999 at 0 : 00 local time. On the basis of
observed precipitation plots, this 8-day period may be classified as dry with only brief episodes of precipitation
of low intensity during the local afternoon and night hours.
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Figure 7. Normalized precipitation differences between cumulative precipitation evaluated as ID D "1989 value ! 1992 value#
1989 value ; period:

January–June of 1989 and 1992

Observations (Figure 13, upper plot) show a short storm starting during the nighttime on 1 February and
ending on 2 February. The time between 9 : 00 and 18 : 00 hours on 1 February are dry followed by a short
storm starting at around 18 : 00 and ending on 2 February. The figure also shows that there are several areas
with drizzle occurring after midday on 2, 3 and 4 February. Simulation results (lower plot) do not reproduce
the storm starting before midnight on 1 February and show that the period 1–4 February is relatively dry.
However, the simulation replicates the storm starting at around 18 : 00 hours on 1 February and ending on 2
February early morning. In addition, the simulation also reproduces some of the drizzle events during 3 and 4
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Figure 8. Surface temperature in the smallest grid used in the simulation

February but the intensity and duration of these drizzles are much lesser than the observed. Finally, they occur
out-of-phase in time with respect to the observed ones. After 5 February, the observations (Figure 14, upper
plot) show a change in the weather with more rainfall than during the first 4 days. There are two storms, one
starting on 6 February and ending on 7 February early in the morning, and the other starting in the afternoon
of 7 February and ending in the morning of 8 February. The CSU-RAMS simulations also produce relatively
more precipitation after 5 February. Similar to the period 25–30 September, there is a clear tendency of
precipitation to occur during nighttime hours, with hours around midday having almost no precipitation at all.

Figure 15 shows that observed data seem to have a tendency to present two periods of maximum
precipitation in the nighttime separated by a period of relatively less precipitation, with high precipitation
before midnight, decreasing rainfall around midnight and then again increasing precipitation in the pre-dawn
hours. Simulated values present a lag of about 3 h in the maximum and do not exhibit the major decrease in
precipitation observed around midnight. Figure 16 shows that the daily behaviour of the simulated amounts
is in reasonable agreement with that of the in situ observations, but with maximum values smaller than those
observed.

Basin hydrologic response to the hydro-climatic forcing from RAMS

The basin of the Guadalupe River, included in the finest grid, is analysed. This basin contains a man-
made reservoir associated with a hydroelectric power system. Streamflow affluences to the reservoir are
measured using the daily operation of the hydroelectric system by applying a simple mass balance equation.
These derived (measured) streamflows (Qreal) are then compared with two simulated streamflows at the
reservoir, (QcalO and QcalS) obtained from hydrologic simulations in which the hydrologic model is driven
with both observed and simulated precipitation, respectively. Comprehensive calibration of the HBV-HMS is
not conducted in this study because the model already has been calibrated and implemented for forecasting
purposes in the area of study by EPM, a public utility in charge of the operation of this particular hydropower
system. HBV-HMS calibration by EPM was based on average precipitation from those stations where records
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Figure 9. Surface simulated temperature and surface wind fields plotted successively every 6 h local time from 25–27 September 1998. The
area corresponds to the smallest grid

are processed every 24 h. Consequently, it is assumed that the model is already calibrated and that the
parameters used are those, which best represent the areas of interest. The input data for the hydrologic
model are obtained as follows: (i) the latitude/longitude range covered by physical stations available on
each watershed is selected (ii) all simulated results at grid-points on the selected latitude–longitude range
are extracted (iii) averages for all variables are computed for every 3-h period based on those points with
precipitation amounts greater than zero (iv) accumulated values for every day is obtained from the average
values and (v) these accumulated values are used as input to the hydrologic model.

According to Figures 17 and 18, average precipitation amounts as obtained above are acceptable to model
daily streamflows. In general, there is no discernible pattern in the differences between simulated and observed
values. Simulated stream flow (QcalO and QcalS) compares reasonably well with the observed stream flow (Qreal)
at the basin outlet (the reservoir); however, it should not be expected that the simulated results compare well
with the observed data at a sub-basin scale because the spatial distribution of precipitation is out-of-phase. In
addition, there is much uncertainty in the soil moisture because no soil moisture observations are available
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Figure 10. Precipitation for 25–29 September 1998; volumes are plotted successively every 3 h, local time
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Figure 11. Diurnal precipitation cycle from 25–30 September 1998
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Figure 12. Diurnal precipitation, 25–30 September 1998 (O: observation; S: simulation)
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Figure 13. Precipitation for 1–4 February 1999; volumes are plotted successively every 3 h, local time
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Figure 14. Precipitation for 5–8 February 1999; volumes are plotted successively every 3 - h, local time
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Figure 15. Diurnal precipitation cycle from 1–8 February 1999
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Figure 16. Diurnal precipitation from 1–8 February 1999 (O: observation; S: simulation)
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Precipitation Sep 25 - 30 of 1998
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Figure 17. Guadalupe watershed 25–30 September 1998. (O: observation; S: simulation; Qreal: streamflow measured in the basin; QCalO:
hydrologic response from observed average precipitation; QCalS: hydrologic response from simulated average precipitation)
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Figure 18. Guadalupe watershed–1–8 February 1999. (O: observation; S: simulation; Qreal: streamflow measured in the basin; QCalO:
hydrologic response from observed average precipitation; QCalS: hydrologic response from simulated average precipitation)
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within the basin. Furthermore, because the model is only a semi-distributed model using the sub-basin scale
as the smallest resolvable scale, the model is not able to account for the spatial variability in the hydraulic
parameters.

DISCUSSION

One of the most important variables used in the optimal planning and management of water resources is
precipitation because it constitutes a measure of the potentially available resource; therefore, comparison
between CSU-RAMS simulation results and observed data focused on this variable. However, precipitation
processes are not explicitly resolved in CSU-RAMS but are parameterized, and the appropriate parameteriza-
tion scheme depends on the grid-size of the model implementation. Therefore, in addition to an assessment of
the simulated precipitation, an assessment based on basic variables and properties of the atmosphere important
in governing the precipitation process was performed. If the basic variables, rather than precipitation itself,
are simulated well, it is assumed that the discrepancy in precipitation is the consequence of an inappropriate
parameterization and that, therefore, either an adjustment is required to the given parameterization or that a
completely different parameterization should be used.

An important characteristic of the temperature distribution in the tropics is that the diurnal temperature range,
generally of around 10 °C, is larger than the annual temperature range measured as the temperature difference
between the warmest and coldest months, generally of around 5 °C. Therefore, because of the particular
temporal scales emphasized in this study (seasonal intra-annual and diurnal scales), relevant measures of
the goodness of the simulation of the heating cycle are the corresponding monthly and diurnal variations in
temperature. It was shown that simulation results compare well with observed data for both seasonal and
diurnal scales. The model replicates reasonably well monthly average temperature distributions as well as
the amplitude between the coldest and the warmest month. Similarly, the model simulates reasonably well
the observed diurnal temperature cycle and, on most simulated days, the model replicates well the 8–10 °C
amplitude of the diurnal temperature oscillation.

As expected from the climate simulations, comparison of wind fields between reanalysis and simulated
maps show better agreement on oceanic areas. Similarity is expected near the model boundaries because of
the nudging imposed in the analysis. Differences in the interior of the simulation domain are determined by
the physics and dynamics of the model. An additional factor contributing to the more localized differences
observed in the interior of the domain, especially over land, may be the difference between grid sizes of
the reanalysis and simulated data, whereas reanalysis data come from a data set with a grid-size of around
300 km, simulated data are obtained from a grid-size of 160 km. Therefore, reanalysis data do not capture
the dynamics of orographically driven circulations because of its higher resolution, the CSU-RAMS model
implementation is able to describe and simulate more adequately. Therefore, these differences inland may be
taken as a good indicator, especially when, as is the case here, they are well correlated with the orography
or other known local forcing. Unfortunately, the available observations were insufficient to check the diurnal
cycle. However, topography influences air motions, actively producing local circulations driven by the trade
winds.

Observations of monthly precipitation in Colombia indicate that enhanced rainfall occurs in western
Colombia, over the Pacific region extending into the foothills of the western slope of the Andes western range.
Similarly, the eastern slope of the eastern range of the Andes and some regions located north of the central
range of the Andes also show relatively higher precipitation. Even though the features of the distribution of
monthly rainfall are replicated well in the model simulation results, the model appears to produce excessive
rainfall in some areas of the Pacific and mountain regions and to underestimate rainfall over the Llanos
and Amazon regions. Given the generally good simulation results for other atmospheric variables presented
above, this disagreement in precipitation could be associated with deficiencies in the parameterization scheme
used, pointing to a need to adjust the existing parameterization or develop new parameterizations to better
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match specific equatorial dynamics. However, despite the above discrepancy, mesoscale comparisons were
very favourable, showing not only the ability of the model to simulate the observed intra-annual variability
of precipitation but also its ability to differentiate between wet or dry years because of large-scale climatic
forcing. On the intra-seasonal time scale, the model simulates relatively well the contrast between observed
precipitation during the opposing ENSO phases of the 1989 and 1992 ENSO events.

An especially important characteristic of weather for the purposes of this study is the mean diurnal cycle
of rainfall. Therefore, an important test of our modelling approach is its ability to simulate the diurnal cycle
of precipitation for the region of interest. Using observations of hourly precipitation, it was shown that
simulated rainfall at 3-h intervals compared well, qualitatively and quantitatively, with observed data during
two short periods of 6 and 8 days. In the area of study, in the central range of the Andes, rainfall tends to
occur predominantly in the late afternoon and night hours, showing two maxima during this period, and then
diminishing through the late morning. Simulated data compare well, but the model tends to produce only
one maximum of precipitation around midnight, and the period of enhanced precipitation starting late in the
afternoon and ending in the early morning hours. Even though quantitative comparisons are difficult on small
scales, the model does a good job, and we may summarize major differences as follows: (i) discrepancies in
the maximum rainfall amounts reach values of up to 50% (ii) the maximum rainfall tends to occur later in
simulations (iii) the nocturnal rainfall over the studied area is lighter and dissipates earlier in the simulation
(iv) the spatial distribution of simulated precipitation is partially out-of-phase and (v) the duration of simulated
storms is shorter, but the cycle among a cascade of storms is preserved.

Regarding the basin hydrologic response to the hydro-climatic forcing from CSU-RAMS, it is important
to take into account that fully distributed hydrologic models (and atmospheric models as well) allow for a
more detailed description of the hydrologic system, the associated processes, and their response, but their
implementation and use is sometimes hampered by the lack of data to characterize the system and its
forcing. This is especially true in Colombia. Measurements and observations of precipitation, soil moisture,
surface pressure, relative humidity and other important hydrometeorological variables are very sparse in
space and in time, or do not exist. Generally, these sparse observations are used to obtain large-scale
averages that are appropriate only as indicators of possible ranges but not sufficient to be used as inputs
for a distributed modelling process. Consequently, an atmospheric model is an excellent tool for making
inferences of information required for a distributed HMS. In this study, we show that the linked modelling
approach has a great potential for developing operational short-term forecasts fundamental for an optimal
water resources project operation. Despite the fact that the HBV-HMS is not a fully distributed model, that
the model was driven by daily average precipitation values from simulations results, and that no calibration
was performed, the results clearly showed that this approach is valid and useful.
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