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Abstract: This study assessed the precipitation recycling and moisture sources in the Colombian
Pacific region between 19802017, based on the monitoring of moisture in the atmosphere through the
Eulerian Water Accounting Model-2 layer (WAM2 layer) and the delimitation of the area contributing
to terrestrial and oceanic moisture in the region is performed using the “precipitationshed” approach.
The results indicate a unimodal precipitation recycling ratio for the North and Central Pacific and
Patia-Mira regions, with the highest percentages between March and April, reaching 30% and 34%,
respectively, and the lowest between September and October (between 19% and 21%). Moreover,
monthly changes in the circulation of the region promote a remarkable variability of the sources that
contribute to the precipitation of the study area and the spatial dynamics of the precipitationshed.
From December to April, the main contributions come from continental sources in eastern Colombia
and Venezuela, the tropical North Atlantic, and the Caribbean Sea, a period of high activity of the
Orinoco Low-Level jet. In September, the moisture source region is located over the Pacific Ocean,
where a southwesterly cross-equatorial circulation predominates, converging in western Colombia,
known as the Choco Jet (C]), decreasing the continental contribution. An intensified Caribbean
Low-Level Jet inhibits moisture sources from the north between June and August, strengthening a
southerly cross-equatorial flow from the Amazon River basin and the southeastern tropical Pacific.
The March—-April (September-October) season of higher (lower) recycling of continental precipitation
is related to the weakening (strengthening) of the CJ in the first (second) half of the year, which
decreases (increases) the contribution of moisture from the Pacific Ocean to the region, increasing
(decreasing) the influence of land-based sources in the study area.

Keywords: moisture transport; evaporation; precipitation; Pacific region; WAM-2 layer;
precipitationshed

1. Introduction

As a result of the interactions between the atmosphere and the Earth’s surface, pre-
cipitation and evaporation processes are generated. Precipitation over the land surface
originates mainly from two mechanisms, advection of water vapor from the oceans and
evaporation of surface moisture, whose contribution to the total precipitation in a region is
called recycled precipitation [1-3]. Most surface hydrology studies are based on analyz-
ing the division of precipitation between runoff and evaporation, describing how water
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molecules fall from the atmosphere to the surface. The concept of recycled precipitation
describes a similar division. Still, in this case, it does not analyze where precipitation falls
but rather the origin of the water vapor molecules that form it [4]. Although the source of
precipitation is difficult to establish due to the variability of the processes that produce it, it
is a fundamental factor in understanding the role of the hydrological cycle in the climate
system. According to Van Der Ent [5], it is estimated that, on average, 40% of terrestrial
precipitation comes from terrestrial evaporation, and 57% of this returns as precipitation
over land.

In recent years, several researchers have developed new definitions of moisture re-
cycling for studies on continental moisture feedback processes [5-8]. Among which is
the one developed by Keys [8], which introduces the concept of “precipitationshed” or
“atmospheric basins”, defined as the surface area of both water and land that provides
evaporation to the precipitation of a specific region. This concept has been used to highlight
areas where livelihoods depend on rainfed agriculture and where changes in the land use
in precipitationshed could have significant consequences on society. The importance of
the “atmospheric basins” approach is the inclusion of evaporation input in distant areas
from the precipitation of a specific region, thus establishing hydroclimatological connec-
tions between remotely separated areas, which often overwhelm political-administrative
divisions [9,10]. Therefore, terrestrial sources and water vapor sinks represent a particular
interest in the hydrological analysis, as well as the understanding of moisture fluxes re-
sponsible for the transport of water vapor, a phenomenon that occurs on several temporal
and spatial scales that generates a spatiotemporal redistribution of precipitation over the
planet [11]. For example, in some regions of South America, precipitation recycling has
been explored finding out that varies substantially in dry and wet years and under the
influence of phenomena such as the North Atlantic Oscillation (NAO) or El Nifio Southern
Oscillation (ENSO) [4,10,12-20].

Otherwise, Van Der Ent [7] indicates that in the tropics and mountainous lands, the
scale of the recycling process can be from 500 to 2000 km, and the timescale ranges vary from
3 to 20 days, except for deserts, where it is much longer. In this regard, Cuartas et al. [2],
evidenced that in the Amazon the moisture recycling can represent between 35% and
50% of the total precipitation where the terrestrial recycling of moisture is essential in
sustaining regional precipitation [13,21], whereas Satyamurti et al. [12] identified that wet
years show about 55% more moisture convergence than dry years in the Amazon basin.
A reduction in moisture inflow across the eastern and northern boundaries of the basin and
an increase in outflow across the southern border at 15° S led to drier conditions. For his
part, Martinez et al. [20] estimated the variability of moisture sources in the La Plata River
Basin (LPB) using an extended version of the Dynamic Recycling Model, finding that 37%
of the mean annual precipitation over the LPB comes from the South Pacific and Atlantic
tropical oceans. The remaining 63% comes from South America, including 23% from local
sources in the LPB and 20% from the southern Amazon.

In Colombia, several researchers have tried to explain some of the climatic and hy-
drological phenomena related to the interaction between the atmosphere and the surface,
finding that the climate of the country, mainly in the center and western part, is strongly
influenced by the physical interactions that occur in the Pacific Ocean, where moisture
influx occurs at the lowest pressure levels (below 800 hPa), mainly due to surface winds or
jets such as the Choco Jet (CJ) located at 925 hPa [22-24], which transports large amounts of
moisture to the region. According to Jaramillo et al. [25], this jet contributes approximately
57% of the total precipitation in western Colombia and the Gulf of Panama. In addition,
Gallego et al. [18] indicate that the CJ is deeply related to the dynamics of the Intertropical
Convergence Zone (ITCZ) in the eastern equatorial Pacific and is responsible for up to
30% of the total precipitation in central and northern South America. Furthermore, in
addition to the significant influence of the humid oceanic masses on the Pacific region’s
climate, it has been determined that the Andes Mountain range is the main determining
factor of the geographic, physical, biological, and hydrological configuration of the Pacific
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sub ecosystem. According to Veldsquez-Restrepo and Poveda [26], these characteristics
make the Pacific an ideal space for understanding the functioning and integrity of the
hydrological cycle, mainly on atmospheric interactions with oceanic and surface processes.

Cuartas [27] and Cuartas and Poveda [2] indicated that the average value of atmo-
spheric moisture input in Colombia is 5716 mm /year, with an important variability during
ENSO phases, coming mainly from easterly and westerly trade winds. On the other hand,
they found that, on average, 31% of the total precipitation in the country is due to evap-
orated moisture from the surface, and for the Pacific region, it is about 18%. Meanwhile,
Hoyos et al. [10] evaluated the sources and processes of moisture transport for Colombia,
finding that moisture from the Atlantic Ocean and terrestrial recycling are the main sources
of moisture in the country; they also found that the CJ plays an important role in the conver-
gence of moisture over western Colombia. Arias et al. [16] examined the primary sources of
moisture during La Nifia 2010-2012, finding that the main sources were the Pacific Ocean
through the CJ and the Caribbean Sea, through the weakening of the Caribbean Low-Level
Jet (CLLJ]) and the development of southward anomalies toward northern South America.

Quantifying the terrestrial evaporation which feeds precipitation over land, i.e., the
magnitude of recycled moisture, is of great importance in the analysis of the interactions
and feedbacks between surface and atmospheric hydrology, being a possible indicator
of climate sensitivity to land use changes [1,4,6,28], which is essential to understand the
impact of anthropogenic activities on climate, as they can modify terrestrial moisture fluxes
through changes in land use and water management.

The understanding of the interactions between precipitation and evaporation has
changed over time. There are several models for calculating recycled precipitation; however,
most of them are modifications of the generalized one-dimensional model of Budyko [29],
which expresses the percentage of recycling in the direction of a single stream of velocity
u and length [ and as a function of regional evaporation (E) and atmospheric moisture
transport (Q). This model was modified by Brubaker et al. [1] by considering the flow
input to a region in two directions, for his part Eltahir and Bras [4] proposed a model that
calculates the local recycling ratio on a spatially distributed grid for monthly or longer time
scales, and Dominguez et al. [30] developed a model derived from the two-dimensional
atmospheric water balance equation, which estimates the local recycling ratio for daily or
longer time scales and only uses the hypothesis of a well-mixed atmosphere. Finally, Van
Der Ent et al. [6] proposed a numerical model based on the atmospheric water balance,
estimating the recycling ratio daily. The latter model labels each water particle to be traced
back to the origin, determining the spatio-temporal distribution of the moisture origin
rather than simply estimating the recycling ratio on a large spatial and temporal scale [7].

Among the most widely used moisture tracking models are Lagrangian models such
as the 2D Dynamic Recycling Model (DRM) developed by Dominguez et al. [30], the
Quasi-Isentropic 3D Backward Trajectory (QIBT) method by Dirmeyer and Brubaker [31],
and others such as FLEXPART and HYSPLIT [7]. Furthermore, the Eulerian models allow
the tracking of moisture on a global scale [6,7] and are highlighted by the speed of the
calculation due to their simplicity, but also due to their Eulerian grid, which allows them to
track the origin of moisture quickly in both large and small areas. An example of such an
Eulerian trajectory model is the WAM-2 layers (Water Accounting Model-2 layers) [7].

Therefore, considering the complexity of the Colombian Pacific region, this study aims
to identify the recycled precipitation and moisture sources in the study area by tracking
atmospheric moisture through the Eulerian Water Accounting Model-2 layer (WAM-2 layer).
This method estimates the recycling ratio of continental precipitation and the contribution
of terrestrial moisture sources to the study area’s precipitation. Additionally, it delimits
the area that contributes both terrestrial and oceanic moisture to the precipitation of the
Colombian Pacific under the “precipitationshed” approach implemented by Keys [8]. This
study contributes to the appropriate management and conservation of water resources in
the Colombian Pacific region, increasing knowledge on land—-atmosphere feedback and
ocean-atmosphere feedback.
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2. Materials and Methods

The percentage of recycled precipitation might be local (p), regional (o,) and continental
(pc) [4,6,13,21,28,32]. Here, we define surface precipitation as a combination of oceanic and
terrestrial moisture sources; this approach makes it possible to analyze the influence of
evaporation from remote locations on the precipitation in a particular geographical area.
Precipitation is defined as:

P(t, x, y) = P:(t, x, y) + Do(t, x, y) (1)

where P. is continental-sourced precipitation (evaporated from a continent region) and P, is
ocean-sourced precipitation (evaporated from the ocean). The recycling ratio of continental
precipitation, which shows the dependence of precipitation at a given location relative to
continental evaporation, is provided as:

Pe(t, x, y)
P(t x, vy)

WAM-2 layers perform 2D (x, ) moisture tracking, globally and regionally, following
the moisture backward (evaporation that will be precipitated in a predefined region) and
forwards (precipitation that evaporated from a predefined region) in time. The model splits
the atmosphere into two layers making moisture tracking more reliable than vertically
integrated moisture fluxes [7]. Van Der Ent et al. [7] showed that the WAM-2 layer model
provides similar results to a complex and highly detailed moisture tracking scheme in a
regional climate model (RCM-tag) [33] but with a lower computational effort [34]. The
WAM single-layer model struggled to estimate the correct moisture flux direction in this
case study. However, by adding another layer, the results were closer to the RCM-tag
method that directly uses highly accurate three-dimensional water tracking (including
phase transitions) within a regional climate model.

The shear layer is approximately at the sigma level, corresponding to around 800 hPa.
The horizontal moisture fluxes in the lower layer are calculated between the surface and
the sigma level, while the horizontal moisture fluxes in the upper layer are calculated from
sigma level to 175 hPa. Moreover, the vertical velocity given at the sigma level of around
800 hPa was used to calculate the moisture transport between the lower and upper layers.
On the preceding basis, moisture is tracked from where it enters to where it leaves the
atmosphere as evaporation and precipitation. Therefore, it is possible to identify when
and where precipitation from a specific region entered the atmosphere as evaporation as
time progresses.

The WAM-2 layer model is open access and requires input data with a daily resolution
specified in Table 1. These input data were taken from the ERA-Interim climate reanalysis
project dataset provided by the European Centre for Medium-Range Weather Forecasts
Interim Reanalysis (ECMWEF/ERA-I) [35,36]. According to Hoyos [10], the ECMWEF/ERA-I
dataset has a good qualitative, and quantitative representation of the Colombian climate
features; depicting more realistically the regional orography when compared to the first-
generation reanalysis data (NCEP/NCAR and ERA-40), allowing a better representation
of regional humidity and atmospheric transport [10,35,37]. Furthermore, previous studies
have used this dataset, presenting results suitable for the analysis of climate variability
at interannual and decadal scales which affect Colombia [16,38,39]. All variables were
obtained for the 19802017 period in the region 20° N-15° S and 120° W-60° W, with a
horizontal resolution of 0.75° x 0.75°. The moisture source and the average recycling ratio
were estimated over the same period. Precipitation and evaporation data at 3 h intervals,
specific humidity, zonal and meridional wind velocity at 24 pressure levels (175-1000 hPa)
(as required by WAM-2 layer), and surface pressure were used to calculate the vertically
integrated moisture flux and precipitable water every 6 h.

pe(t, x, y) = 2)
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Table 1. Variables are included in the WAM-2 layer, with the units described in ERA-I.
Surface Variables
Symbol Variable Unit
P Precipitation m-day™!
E Evaporation m-day~!
TCW Total column water kg-m™
TCWV Total column of water vapor kg-m™
EWVF Vertical integral of eastward water vapor flux kgm~1.s71
NWVEF Vertical integral of northward water vapor flux kgm 1.s71
ECLWF Vertical integral of eastward cloud liquid water flux kgm~1.s7!
NCLWEF Vertical integral of northward cloud liquid water flux kgm 157!
ECFWF Vertical integral of eastward cloud solid water flux kgm~1.s71
NCFWF Vertical integral of northward cloud solid water flux kgm~1.s71
Ps Surface pressure Pa
Pressure levels variables
q Specific humidity kg-kg™!
u Zonal component of wind m-s~!
v Meridional component of wind m-s~!

The fundamental principle for the WAM-2 layers numerical model is the atmospheric

water balance:

aWk - a(Wku) + a(ka)

ot ox ay

where W is the atmospheric moisture storage (precipitable water) in layer k (either the
upper or lower layer), Ey is evaporation flowing into layer k, Py is precipitation leaving layer
k, ¢ is an essential residual to correct the precipitation or evaporation, Qy is the vertical
moisture transport between the lower and upper layers, x is the longitudinal direction
(zonal component) and y is the latitudinal direction (meridional component). Moisture
transport is calculated over grid cell boundaries. The change in atmospheric moisture due
to horizontal transport is defined by:

+ Ex — Pc+ ¢k £ Qv 3)

A(Wu)

_ A(Wo)
_ +
Ax Fox =8

_r _pt
kx’ Ay Fk, o Fk,y @)

where Fj is the moisture flow over the boundary of a grid cell in the upper or lower layer,
which is positive from west to east and from south to north. The superscript “—” represents
the west and south boundaries of the grid cell and “+” represents the east and north

boundaries. The vertically integrated moisture flux (F) is calculated as follows:

Pbottom

sz/ 1 d 5
K= 2o qupdp )
ptop

where L is the length of perpendicular cell to the moisture flow direction, g is the gravity, p
is the density of liquid water (1000 kg-m™2), p is the pressure, g specific humidity and u, is
the horizontal component in either x or y direction. For the top layer, applies ptop = 0 and
pbottom = pdivide. For the bottom layer applies ptop = pdivide and pbottom = psur face.
Where pdivide is the pressure between the upper and lower layer, which corresponds to
81,283 Pa at a standard surface pressure of 101,325 Pa and can be calculated as follows [5]:

Paivide = 7438.803 + 0.728786 X Py face [Pa] (6)

Over the surface, the bottom layer represents about 40-80% of the total moisture
storage in the column, and 30-70% of the total horizontal moisture flow [5]. Evaporation
E enters only the lower layer, so E; = E in this layer while E; = 0 in the upper layer.
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Precipitation is assumed to be removed immediately from moisture storage (there is no
downward precipitation exchange between the upper and lower layer), and the “well-
mixed atmosphere” condition is assumed for precipitation:
Wi
P = PW (7)
where P is the total precipitation and W is the total atmospheric storage in the vertical.
The residual ¢ is the result of the assimilation of the ERA-Interim dataset and the
fact that the decoupled tracking scheme calculates the water balance at gross spatial and
temporal resolution. The vertical moisture transport Qy is difficult to calculate because,
in addition to the transport by the mean wind velocity in the vertical, there is a scattering
moisture exchange due to the convective scheme in ERA-Interim. Therefore, it is assumed
that the vertical exchange is the closing term of the water balance. However, due to the
residual ¢ the water balance cannot be completely closed. Therefore, the closure is defined
by the ratio of upper and lower layer residuals, which is proportional to the moisture
content of the layers:
@ _ Chottom (8)
Wtﬂp Wbottom

From the above equation, the vertical moisture transport can be calculated as:

Whott
QV = I(/)vom (gzmtom + gr()p) - ':Zottom (9)

where ¢} ..., and &y, , are the residuals to be considered before vertical transport.

The same water balance is applied for tracking moisture from a given origin (continen-
tal, regional or local) in WAM-2 layers. For example, the water balance of the evaporation
to be tracked (identified by the subscript ) in the lower layer of the atmosphere for for-
warding tracking (trajectory of moisture from where it evaporates to where it precipitates)
is described by:

al VQ), bottom a(WQ bottomu> a( V VO bottumv)
’ = z =+ . +Eq— P+ =+ ( 2 1
ot ox ay Q (@) CQ V,Q ( 0)

For backward tracking (trajectory of moisture from where it precipitates to where
it evaporates) and upper layer calculation, equations similar to the above are used. Van
Der Ent [7] found that the vertical flow was too small to adequately represent the vertical
transport of the monitored water, which is attributed to the turbulent moisture exchange
between the upper and lower layer. Based on Van Der Ent’s trial-and-error tests [7], this
situation was resolved by keeping Qy as the net vertical moisture flux and using a vertical
flux of 4Qy in the net flow direction and 3Qy in the opposite direction during the tagging
experiments. Despite simplifying turbulent moisture exchange, the authors considered it a
suitable parameterization for the study, and their results were not very sensitive to turbulent
moisture exchange. For further details on the application of this model, refer to https://
github.com/ruudvdent/WAM2layersPython (accessed on 22 July 2022). The specific
structure of commands applied for the model execution and the division of the variables
into atmospheric layers can be explicitly found at https://github.com/ruudvdent/ WAM?2
layersPython/blob/master/Fluxes_and_States_Masterscript.py (accessed on 22 July 2022).

For this study, the Colombian Pacific region was selected as the unit of analysis based
on the seasonality of the monthly mean precipitation in Colombia as defined by the Institute
of Hydrology, Meteorology and Environmental Studies IDEAM) [40] (Figure 1a,b). Out of
the 12 regions defined by IDEAM, we used the North and Central Pacific (NCP) and Patia-
Mira (P-M) regions covering the Colombian Pacific, as shown in Figure 1a. To determine
the recycled precipitation in the Colombian Pacific region, moisture was tracked forward
in time, which allows for determining the amount (percentage) of the total precipitation
from the region that originated from the evaporation of continental sources.
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(a) Colombian Pacific Region

(b) Precipitation regions
in Colombia

| | I Caribbean-Cesar

I:_J Catatumbo
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[ | Medellin-Carare-Opon
- Northern Amazonia

[ Western Orinoco

- Eastern Orinoco

- North and Central Pacific (NCP)
[ patia-Mira (P-M)

I sina-San Jorge-Porce
] Sogamoso-Lebrija-Altiplano
- Amazonian Trapeze

Figure 1. (a) Study area and (b) precipitation regions in Colombia provided by IDEAM [40] file
number 20199050007812 from 11 February 2019.

In this case, the continental precipitation recycling ratio (o) was estimated, as de-
scribed in Equation (2), whose numerical implementation in the model is given by:

tfi”“l Weon
o Zt:fo p w

: (11)
tfinal
ol P

c

where, W, is the atmospheric moisture storage of continental origin. The storage of atmo-
spheric moisture of continental origin is the humidity coming from the evapotranspiration
of the continental (terrestrial) zone. In the model, a layer or mask is added to define the
oceanic and continental region of the study area, which in this case is slightly lower than
the region where the information is downloaded and corresponds to the 15° N-6.75° S and
98.25° W-60.75° W. The region where the forward trajectory of the moisture is calculated
and where the spatial distribution of the evaporated precipitation is obtained corresponds
to the above-mentioned region. For the backward trajectory (where the spatial distribution
of the evaporation that will be precipitated (precipitationshed) is obtained from the model
and based on the loaded layer, the location of the study region (Colombian Pacific region)
is specified.

To calculate the precipitationshed or source region of precipitation in the Pacific,
we use the adaptation carried out by Keys et al. [41] to the WAM-2 layer, which allows
backtracking of precipitation from the source region (in our case, the Pacific region), to
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identify the sources of evaporation or humidity. The backtracking method is based on the
following approach:

P m

PQ(t/ XQ/yQ/ AQ/ AQ) = / / EQ(t/ xi/yi) (12)
i=0;7=0

where P, is the precipitation in the sink region () (defined by longitude xq, latitude yq,
area Aq and shape Aq). Specifically, the amount of evaporation Eq reaching the region
), which traveled through the atmosphere, and ends up as precipitation in that region,
is calculated for each cell. Eq is integrated over all grid cells, where i and j are the cell
indices and p and m are the cell numbers along the parallel and meridian, respectively. Its
numerical implementation in the model is given by:

tfinal

W,
En= Y Eib;\f;"m (13)
t=t

where, W, is the moisture storage tracked or labeled in the lower layer, and W is the
total moisture in all layers. To find the precipitationshed with WAM-2 layer, a backward
tracking in time is performed from the region defined as a moisture sink, which in this
study corresponds to the Colombian Pacific region, whose result allows identifying the
area contributing the highest percentage to the moisture that precipitates in this region.
Nevertheless, the results of the model on their own do not correspond to the precipitation-
shed, because each cell, even if it is quite small or distant from the sink area, can contribute
to the evaporation estimate; therefore, a threshold must be established to define a spatially
explicit boundary of the precipitationshed, based on the evaporation contribution. In this
case, the threshold was defined as the cells that contribute 80% of evaporation or humidity
to the precipitation over the Colombian Pacific; this is based on the topographic limits of
the country that directly affect the behavior of the airflow and on the usefulness of these
limits for future analysis of vulnerability to changes in land use and land cover.
Moreover, indices of water balance variables, precipitation, evapotranspiration, and
moisture convergence (moisture divergence multiplied by -1, hereinafter ConvQ), corre-
sponding to the mean for each region, NCP and P-M separately, were constructed. To
examine the variability of the continental recycled precipitation and its relationship with
the winds coming from the Pacific Ocean, the CJ index was used as the mean of the zonal
winds at 925 hPa in the region between 2° N and 7° N along the 80° W meridian. Several
authors used the zonal winds at 925 hPa in northern South America to characterize the CJ
and the associated moisture transport on monthly and seasonal scales [15,16,24,38,42].

3. Results and Discussion
3.1. Water Balance

The spatio-temporal variability of water balance variables, including precipitation
(P), evapotranspiration (E), moisture convergence (ConvQ), and the ratio between the
precipitation and evapotranspiration (E/P) at annual and monthly scales for the NCP and
P-M regions between 19802017 are presented below.

Figure 2a shows the total annual precipitation over the Colombian Pacific, with mean
values between 10,000 and 12,000 mm-yr~! in the northeast of the study area and precipita-
tion close to 9000 mm-yr~! at the border of the NCP and P-M regions, while in the south the
annual precipitation oscillates between 3000 and 7000 mm. The mean annual precipitation
in the NCP region was 9611 mm-yr~ ! and in P-M, it was 5397 mm-yr~!, exceeding the
country’s annual average of 3189 mm-yr~! reported by Vallejo [11] and consistent with
Ceron et al. [43]. They observed three cores of high precipitation over the Colombian
Biogeographic Choco region.
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Figure 2. Annual and monthly means precipitation in the Colombian Pacific regions for the 19802017
period. (a) Annual; (b) Dec; (c) Jan; (d) Feb; (e) Mar; (f) Apr; (g) May; (h) Jun; (i) Jul; (j) Aug; (k) Sep;
(1) Oct; (m) Now.

On a monthly scale, precipitation processes are conditioned by the latitudinal migra-
tion of the ITCZ, which, combined with the orographic effects created by the Serrania del
Baudo and the foothills of the Western Cordillera, serve as a natural barrier for the air
masses coming from the Pacific Ocean, discharging their moisture on the western slopes of
the mountain ranges as orographic precipitation [15,43-46]. In the NCP region, there is no
defined dry season, and the distribution during the year is relatively uniform (Figure 2b-m);
however, from December to April, precipitation is lower (Figure 2b—f), when the ITCZ
reaches its southernmost position, whereas, between May and November (Figure 2g—m)
the highest precipitation is observed, the moment in which the ITCZ and in general the at-
mospheric systems record their greatest northward displacement [43,47-49]. Furthermore,
in the P-M region, the least rainy season is observed from June to November (Figure 2h-m),
when the country’s ITCZ is located in its most northerly position.

The analysis of evapotranspiration, which is another important component of the
water balance, shows slightly pronounced differences in the study area (Figure 3a), reaching
similar annual values in both regions, 921 rnm-yr*l for P-M and 855 mm-yr’1 for NCP;
the lowest annual evapotranspiration (<650 mm-yr~!) occurs towards the center of the
region, including the hydrographic zone of the San Juan River and the Pacific coast of the
department of Valle del Cauca. The results are consistent with those reported by Vallejo [11],
who indicates mean values between 600 and 800 mm-yr~!. According to Vallejo [11], the
low evapotranspiration corresponds to the low amount of solar radiation that reaches the
area due to the large-scale convective processes and a constant saturation of the atmosphere,
coherent with the high convergence of annual moisture observed in the region (Figure 4a),
in agreement with the studies of Velasco and Frischt [50], Zipser et al. [51], Zuluaga and
Houze [52] and Jaramillo et al. [25]. On a monthly scale (Figure 3b—m), over the NCP
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region, evapotranspiration decreases while precipitation increases from May to November
(<80 mm-month—1; Figures 2g—m and 3g-m), and in coherence with the intensification of
moisture convergence in the same period (Figure 4g—m), at the same time that higher
evapotranspiration values occur in the P-M region (70-100 mm-month ') when precip-
itation and moisture convergence decrease in this region (Figures 2g-m and 4g-m). It
should be noted that the magnitude of evapotranspiration concerning precipitation and
moisture convergence does not show high variability in the two regions, with values below
90 mm-month~! (standard deviation of 8 mm in NCP and 7 mm in P-M).
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Figure 3. Annual and monthly means evapotranspiration in the Colombian Pacific regions for the
1980-2017 period. (a) Annual; (b) Dec; (c) Jan; (d) Feb; (e) Mar; (f) Apr; (g) May; (h) Jun; (i) Jul;
(j) Aug; (k) Sep; (1) Oct; (m) Nov.

According to Cuartas and Poveda [2] and Marengo [53], a region acts as a source
(sink) of moisture to the atmosphere when evaporation is greater (less) than precipitation.
Additionally, Satyamurty et al. [12] and Do Nascimento et al. [54] explain that when
there is moisture divergence (convergence) in a given region, it behaves as a source (sink)
of moisture to neighboring regions. The relationship between evapotranspiration and
precipitation (Figure 5), as an approximation to the regional moisture recycling ratio, shows
that between January and April, the NCP has the greatest contribution of moisture to the
atmosphere, between 11% and 17% of the total precipitation (Figure 5a), related to the
reduction in the moisture convergence towards the region and with the increase in regional
recycling (E/P); the rest of the year, the E/P ratio observed corresponds to 7% of the total
precipitation, which indicates that the moisture recycled during most of the year comes
from in other regions of the continent. In the case of the P-M region (Figure 5b), the region
makes the most outstanding moisture to the atmosphere from June to November (dry
season), when the E/P ratio varies between 18% and 23%, while moisture convergence
decreases; this regional recycling represents almost 100% of the total, highlighting the
regional processes of evapotranspiration over precipitation during the driest season, while
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during the period of higher precipitation, moisture arriving from other regions becomes
more important. This is an indicator of the low rate of regional moisture recycling in the
Colombian Pacific, which suggests that the region behaves as a moisture sink (E < P).
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Figure 4. Annual and monthly means moisture divergence in the Colombian Pacific regions for the
1980-2017 period. Negative values reflect rising motions, and positive values reflect sinking motions.
(a) Annual; (b) Dec; (c) Jan; (d) Feb; (e) Mar; (f) Apr; (g) May; (h) Jun; (i) Jul; (j) Aug; (k) Sep; (1) Oct;

(m) Now.
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Figure 5. Water balance variables (mm month~1) over the (a) North and Central Pacific (NCP) and
(b) Patia-Maria (P-M) regions from 1980 to 2017. The left y-axis is orange for evapotranspiration
(E), black for precipitation (P) and moisture convergence (ConvQ), and the right y-axis for E/P
ratio (blue).
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3.2. Continental Precipitation Recycling Ratio

Based on the results of the WAM-2 layer model implementation and ERA-I reanalysis
data, results concerning the continental precipitation recycling ratio and the delimitation
of the precipitationshed of the Colombian Pacific region are presented. Figure 6a shows
the spatial distribution of the annual continental precipitation recycling ratio (o.), being on
average higher in P-M with 26% per year and lower in NCP with 23%; these low values
ratify the dominance of oceanic moisture sources over continental moisture recycling.
Likewise, the annual recycling ratio increases from north to south and from west to east
(coast to the mountain range). On a monthly scale (Figure 6b—m), the first half of the year
shows a marked latitudinal orientation of the recycling ratio, with the highest values in the
P-M region (south) and decreasing towards the NCP region (north), which may be related to
the migration of the ITCZ from its southernmost position (December-February; DJF) to the
north in the March-May (MAM) quarter. During the second half of the year, the recycling
ratio shows a marked longitudinal orientation, with the highest values near the foothills of
the western cordillera and the lowest near the Pacific Ocean, highlighting the role of the
orographic barrier of the Colombian Andes and the moisture transport associated with the
C]J during the second half of the year [23,42]. The CJ intensifies from June and reaches its
highest velocity from September to November (SON) with values at its core (centered at
5° N along 80° W) of 5-8 m's~ !, in agreement with the maximum precipitation observed in
the region during the second half of the year [16,24,55], and weakens from December to
May with velocities between 2 and 3 m-s~!. The interaction of the CJ with the topography
of the western Andes and the trade winds from the east favors deep convection producing
large amounts of precipitation [15,22,23,56,57].
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Figure 6. Annual and monthly mean continental precipitation recycling ratio (o¢). (a) Annual; (b) Dec;
(c) Jan; (d) Feb; (e) Mar; (f) Apr; (g) May; (h) Jun; (i) Jul; (j) Aug; (k) Sep; (1) Oct; (m) Nov.
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Figure 7a shows the monthly variability of the precipitation recycling ratio for the
NCP and P-M regions. A unimodal recycling ratio pattern is observed in both areas, with
the highest percentages between March and April, reaching 30% and 34% for NCP and
P-M, respectively, and consistent with the spatial pattern shown in Figure 6e,f. Moreover,
the lowest recycling season is between June and October, with the lowest percentage of
NCP recycling occurring between September-October, with a value between 19% and
20%. In contrast, P-M has its lowest recycling ratio in September, corresponding to 21%.
Figure 7b presents the climatological zonal wind values associated with the CJ, showing a
greater wind intensity between September and November, and the interquartile distance
(3rd quartile minus 1st quartile) is greater than during the rest of the year, while the
winds associated with the CJ are less intense from January to April. In this sense, the
season of higher (lower) continental precipitation recycling ratio is related to the weakening
(strengthening) of the CJ in the first (second) half of the year, which decreases (increases)
the contribution of moisture from the Pacific Ocean to the region, increasing (decreasing)
the influence of the contribution of land-based sources in the study area. Furthermore,
the higher continental precipitation recycling ratio in the P-M region can be related to its
higher evapotranspiration concerning NCP and its southern location in the zone of greatest
influence of the CJ, which allows the influence of other phenomena such as moisture
feedback [7,8,49,58].

(a) Continental precipitation recycling ratio ) (b) Boxplot of Choco jet (CJ) index 6
"""" = —NCP --=-----P-M 4
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Figure 7. (a) Continental precipitation recycling ratio (o.) for the North and Central Pacific (NCP)
and Patia-Mira (P-M) regions. (b) Boxplots of the Choco jet index (m-s~!). In (b) each box represents
the range between the first and third quartiles, divided by the median of the sample, with maximum
and minimum values (whiskers) shown by vertical stems.

3.3. Precipitationshed

Figure 8 shows the monthly variability of the main sources that contribute to precipi-
tation in the Colombian Pacific region and the changes in monthly precipitationshed. The
contributions of these different sources change throughout the year, driven by seasonal
changes in circulation. From December to April (Figure 8a—e), the largest contributions
come from northern sources, mostly the tropical North Atlantic (TNA) and the Caribbean
Sea from October to February, and from eastern Colombia and Venezuela; a period when
the Orinoco Low-Level jet (OLL]) exhibits its maximum wind speed, with values around
8-10 m-s—! during DJF [59]. According to Builes-Jaramillo et al. [59], the OLL]J transports
atmospheric moisture from TNA, linked to an area of moisture flux divergence located
over northeastern South America. During June to August (Figure 8g—i), the ITCZ migration
to its northernmost position results in an area of moisture flux convergence over TNA
and the Caribbean Sea, which strengthens the CLLJ and inhibits the entrance of mois-
ture from northerlies; thus, the southerly cross-equatorial flow from the Amazon River
basin and the southeastern tropical Pacific predominates, as has been documented by
Arias et al. [16] and Builes-Jaramillo et al. [59]. In September (Figure 8j), a southwesterly
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cross-equatorial circulation predominates, converging over the eastern Pacific and western
Colombia, consistent with the spatial pattern associated with the easterly low-level jet,
also known as the CJ [15,18,23,42]. The CJ transports moisture in the lower troposphere,
interacting with the Colombian orography, inducing moisture convergence and convection
in western Colombia, which leads to high precipitation over the Colombian Pacific [10,16],
with greater intensity during the September to November quarter [23].

(a) December (b) January (c) February

70°W

(h) July

Figure 8. Seasonal variability of precipitationshed in the Colombian Pacific region and vertically
integrated moisture fluxes (vectors) from 1980 to 2017 for (a) December, (b) January, (c) February,
(d) March, (e) April, (f) May, (g) June, (h) July, (i) August, (j) September, (k) October, and (1) Novem-
ber. The white line represents the threshold whereby the grids with the higher values account for 80%
of the tracked moisture. The grids compose the Primary Source region, also known as the precipita-
tionshed. The color bar represents the contribution ratio of the moisture sources to the precipitation.
The arrows represent the 1000-175 hPa vertically integrated moisture flux (Kg~m_1 .s~1) over the
study area.
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These seasonal changes in the region’s circulation drive a remarkable spatio-temporal
variability of precipitationshed (Figure 8), which is significantly more dynamic than the
relatively static limits of the surface watersheds since they depend on a defined threshold
and the variability of climatic phenomena at multiple scales. Figure 8 highlights the
large spatio-temporal variability of the 80% threshold of tracked moisture. The most
significant contrast of moisture sources occurs during April and September (Figure 8e,j),
representing the highest and lowest continental precipitation recycling ratio (Figure 7a).
During April, the largest source region is located on the continent, reflecting the strong
influence of northeastern Colombia and Venezuela and the transport of moisture from
the Atlantic Ocean; while in September, the continental recycling ratio is reduced, and
the moisture source region is located mainly in the Pacific Ocean, and the continental
contribution decreases.

Even though the ocean is highlighted as the main source of moisture for the delimited
atmospheric basin, these regions are located near the continent, which coincides with the
results of Van Der Ent and Savenije [14], who found that ocean moisture source areas are
more intense closer to the land surface. As shown in Figure 8, terrestrial sources of moisture
encompass a larger area than oceanic sources; however, this is not directly related to the
amount of moisture input [14]. This finding can also be related to those found for the
precipitation recycling ratio, which indicates that in the NCP, this recycling comes from
other regions, which are identified according to the precipitationshed as neighboring and
in greater extension towards the northeastern part of the study region, covering almost all
of the Andean region, the Orinoquia and the Colombian Caribbean.

4. Conclusions

The objective of this paper was to assess precipitation recycling and moisture sources
in the Colombian Pacific region during the 1980-2017 period. We have used the atmo-
spheric moisture tracking model WAM-2 layers to track moisture fluxes, as well as used
the precipitationshed approach for the delimitation of the area contributing to terrestrial
and oceanic moisture in the study area. We summarize our findings as follows: (1) The
results show that on average, the Colombian Pacific region acts as a moisture sink (E < P),
where convergence is mainly from the Pacific Ocean and represents the largest contribution
to the precipitation production, in contrast to the regional (E/P) and neighboring areas.
(2) Precipitationshed and its moisture sources present a significant monthly variability, with
continental sources from eastern Colombia and Venezuela, and the tropical North Atlantic
from December to April; the Pacific Ocean takes preponderance in these contributions dur-
ing September-October, when the CJ intensifies and the continental contribution decreases;
while the Amazon basin and the southeastern tropical Pacific make their greatest contribu-
tions during June and August. The importance of the “precipitationshed” approach in the
analysis of the hydroclimatology of the Pacific region is the inclusion of the contribution of
evaporation from remote land surfaces to the region’s precipitation, a factor that, to our
knowledge, had not been considered before. This could become an input for analyzing the
impacts that changes in land cover and land use may have on evapotranspiration ratios
in this region. Furthermore, the alterations that climate change could represent, such as
variations in moisture transport, could affect the interactions between the source regions
and the continental Pacific.

Further research could address the analysis of moisture recycling by considering other
atmospheric monitoring models, such as those developed under a Lagrangian approach,
the comparison of both results will improve the accuracy of the results. In addition, the
analysis should be carried out considering the impacts of climate change and climate
variability events such as the ENSO phases, which affect the region’s climatic conditions
and the country to a great extent. Research involving land cover and land use scenarios is
recommended to explore the vulnerability of moisture recycling in the precipitationshed of
the Pacific region.
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