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Abstract: Droughts in the Amazon region are expected to increase in frequency and intensity, which
would negatively affect the tropical forest, leading to a positive climate-forest feedback loop that
could potentially result in the collapse of this ecosystem. In this study, extreme drought conditions
were identified in the Peruvian Amazon region for the period 2000-2024, using the maximum
cumulative water deficit (MCWD) index, which is related to the tropical forest water stress. The
ERA5, CHIRPS and MSWEP datasets were used to estimate precipitation, while ERA5 data were used
for evapotranspiration. This study focuses on the specificities of droughts and the differences across
study areas. Six study areas were specified, three of them located in the Loreto department (northern
Peruvian Amazon), another centered in the Moyobamba city (western Peruvian Amazon), another in
Ucayali, in the central Peruvian Amazon and the other in Madre de Dios (southern Peruvian
Amazon). It was found that the drought events are more frequent and intense in the central and
southern region of the basin. Based on the combined effect of the regional severity of the drought and
its spatial extent we identified the hydrological years of 2023-24, 2022-23, 2009-10 and 2004-05 as
extreme droughts.

Keywords: Peruvian Amazon region; precipitation; evapotranspiration; drought; maximum
cumulative water deficit

1. Introduction

Over the the last two decades, the Amazon basin has experienced several periods identified in
the scientific literature as extreme drought, such as those in 2005, 2010, 2015-2016 and recently in 2023
and 2024 (Papastefanou et al., 2022 [1]; Espinoza et al., 2024 [2]; Marengo et al., 2024 [3]). The increased
frequency of extreme droughts, combined with heightened deforestation, could soon lead the
Amazon rainforest to a critical “tipping point”, where accumulated environmental stresses could
trigger irreversible changes, such as transitioning into a savanna-like ecosystem. (Nobre et al., 2016
[4]; Galaz et al., 2024 [5]). The carbon sink effect of the Amazon basin, which is essential for the
mitigation of global warming, has also been in steady decline in the last decades (Brienen et al., 2015
[6], Hubau et al,, 2020 [7], Papastefanou et al., 2024 [8]). According to previous studies, extreme
droughts in the Amazon basin are usually associated with El Nifio in the tropical Pacific and warm
conditions in the tropical North Atlantic, or a combination of both anomalies (Marengo and Espinoza,
2016 [9]; Aragao et al., 2018 [10]).

Additionally, the “flavors” of El Nifio result in different impacts in the Peruvian Amazon
(Jiménez et al., 2019 [11]), with reduced summer (DJF) precipitation with El Nifio in the central Pacific,
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while El Nifo in the eastern Pacific is associated with substantial precipitation reduction in the
northwestern Peruvian Amazon in winter (JJA).

The severe 2005 drought was considered by Zeng et al. (2008) [12] as a rare extreme climatic
event, caused by a warm tropical North Atlantic Ocean that modified the Hadley circulation,
reducing moisture transport into the Amazon basin, in combination with a slow soil drying process,
which extended from the El Nifio event of 2002, altering surface moisture balance in the region. After
5 years, an even more extreme drought event took place in 2010, which was the strongest since 1903,
as a consequence of the coincidence of El Nifio event and the warming of the tropical North Atlantic
that produced a northward displacement of the intertropical convective zone (ITCZ) relative to its
climatological position and an increase of the length of the dry season, which seriously affected the
hydrology of the Amazon River in the spring (Espinoza et al., 2011 [13]; Marengo et al., 2011 [14]).
The next extreme drought that extended over the Amazon basin occurred after four years, extending
from 2015 to 2016, coincident with a strong El Nifio event both in the Central Pacific and in the Eastern
Pacific, and with extremely high temperatures in the Amazon basin (11; 15]Jiménez et al. 2018; 2019).

Papastefanou (2022) [1] studied the variation in the spatial extent, location, and season of the
drought events in the entire Amazon basin for the years 2005, 2010 and 2015-2016. According to their
evaluation, the area affected by severe drought varied between 0% and 39%, depending on the
precipitation dataset and drought index used.

The recent generalized drought and warmth situation extending from 2022 to 2024 was studied
by Espinoza et al. (2024) [2.3] and Marengo et al. (2024), who concluded that it was in close
relationship with the transitional situation between La Nifa during the 2022-23 and El Nifio
conditions in the austral winter and spring of 2023, and the general warming of the world oceans,
including the north tropical Atlantic. La Niha was associated with dry conditions in southwestern
Amazonia during the onset of the 2022-23 hydrological year, including the South American Altiplano
(Gutierrez et al., 2024 [16]; Milla et al., 2025 [17]), while El Nifio and warm conditions in the tropical
North Atlantic were linked to drought in central and northern Amazonia during the austral winter
and spring of 2023 (Espinoza et al, 2024 [2]). This event also occurred during a widespread
anomalous warming over the worldwide ocean primarily driven by El Nino event (Jiang et al., 2024
[18]). Several authors have raised the question of the possible link between droughts in Amazonia
and global warming (Doblas-Reyes et al. 2021 [19]; Parsons 2020 [20]; Agudelo et al., 2023 [21]; Clarke
et al.,, 2024 [22]), evaluations of the intensity and the characteristics of these droughts have been
developed (Jiménez et al. 2019 [11]; Jiménez-Munoz et al. 2016 [23]; Marengo et al. 2008 [13,24], 2011;
Marengo and Espinoza 2016 [9]; Espinoza et al., 2021 [25]) and its impact has been discussed (Aragdo
et al. 2007 [26]; Malhi et al. 2008 [27], Marengo et al., 2018 [28]; Jimenez et al., 2024 [29]).

Aragdo et al. (2007) [26] proposed the application of the Maximum Cumulative Water Deficit
index to the evaluation of drought conditions in the Amazon basin. They used MCWD to study the
impact of droughts on Amazon forests, demonstrating its effectiveness in capturing the cumulative
effects of water deficits on vegetation. This index has also been used in several other works and has
proved to be a valuable tool for investigating droughts in the Amazon basin due to its ability to
capture the cumulative water stress experienced by ecosystems over time, and to its relationship with
tree mortality (Malhi et al. 2009 [30]; Lewis et al. 2011 [31]). MCWD has been shown to correlate
strongly with ecological responses in the Amazon basin, such as reduced photosynthetic activity,
increased tree mortality, and higher fire susceptibility. This makes it a more reliable indicator of
drought impacts on tropical forests than other indices, such as SPEI, which is very useful from a
climatological or hydrological point of view but does not always align as closely with ecological
outcomes in the Amazon due to its standardization and lack of focus on cumulative deficits (Phillips
et al., 2009 [32]; Brando et al., 2014 [33]).

Papastefanou et al. (2022) [1] selected several precipitation and evapotranspiration datasets to
evaluate these droughts and their effects, studying the possible influence of the different
manifestations of El Nifio and the warming of the Atlantic surface on their development. They used
precipitation data from several sources, including those derived from satellite-based radar
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measurements, global observations, general circulation models, and atmospheric reanalysis. To
evaluate the severity of droughts and their spatial extent, they applied several indices highlighting
the convenience and simplicity of using the maximum cumulative water deficit index (MCWD).

All these works have been focused on the whole Amazon Basin, including in some cases part of
Peru as one of the subregions, so that the general conclusions are not necessarily valid for Peruvian
Amazon, where particular climate conditions exist, such as in the transition between the forest and
the Andes mountains (Espinoza et al., 2009, 2015 [13,34]; Sulca et al.,, 2024 [35]). Additionally,
Papastefanou et al. (2022) [1] considered a standardized variant of the MCWD index, in relative terms,
which does not allow the assessment of the drought stress on the forests in the different regions of
Pert.

The present work is aimed at evaluating the severity and spatial extension of the most extreme
droughts in Peruvian Amazon region throughout the XXI century using the MCWD index in absolute
terms. In addition, we provide a regional approach, highlighting the different expressions of drought
in areas characterized by different rainfall annual cycle and the impacts on water deficit and surface
energy fluxes. The study period extended from 2000 to 2024, where four extreme droughts have been
reported for the entire Amazon basin, but which degree of influence for the Peruvian territory has
not been conclusive.

2. Materials and Methods

2.1. Data Sources

To estimate the drought related variables, we used monthly mean data from the ERA5 reanalysis
(https://cds.climate.copernicus.eu/datasets/reanalysis-era5-single-levels-monthly-
means?tab=download; Bell et al., 2020 [36]; Hersbach et al. 2020 [37]), which includes precipitation,
air and land surface temperature, evapotranspiration and surface energy flux data. ERA5 is the fifth
generation of the European Centre for Medium-range Weather Forecasts (ECMWF) atmospheric
reanalysis of the global climate, and it is produced by the Copernicus Climate Change Service (C3S)
at ECMWF.

For precipitation information, we decided to use several databases that combine satellite, model
and in situ information, because of the scarcity of pluviometric data in the Peruvian Amazon region.
The Peruvian Interpolation data of the PERUVIAN Hydrometeorological Service, SENAMHI's
Climatological and Hydrological Observations (PISCO) database (Aybar et al., 2019 [38]; Huerta et
al., 2022 [39]) was initially considered, but in the end, it was not used, because previous evaluation
showed that the absence of surface rainfall stations in the southern Peruvian Amazon region caused
misrepresentation of the rainfall distribution. The IMERG (Global Precipitation Mission Integrated
Multi-satellite Retrievals for GPM) database (Huffman et al., 2024 [40]), obtained from the compatible
information from the satellite constellation radiometers and the radar on board the main GPM
satellite was tested too, but preliminary comparison with other databases showed that this dataset
seems to overestimate precipitation in the Peruvian Amazon basin, so it was discarded.

Consequently, for precipitation information, the Climate Hazards Group InfraRed Precipitation
with Station data (CHIRPS 2.0) precipitation database was used (based on 0.05° resolution satellite
imagery, and in-situ station data, aimed at trend analysis and seasonal drought monitoring
https://earlywarning.usgs.gov/fews/datadownloads/Global/CHIRPS%202.0; Funk et al., 2015 [41]).
Another precipitation data source that was used is the Multi-Source Weighted-Ensemble
Precipitation (MSWEP), which is a global precipitation product with a 3 hourly 0.1° resolution
merging gauge, satellite, and reanalysis data (Beck et al., 2019 [42]). The monthly precipitation
product of ERA5 was also used., (https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-
land-monthly-means?tab=form. To obtain water deficit, the evapotranspiration from ERA5 was
combined with precipitation of the three datasets.

Table 1. Data sources and variables.
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Sour | URL Variable Units
ce
ERA- | https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis- | Total mm
5 era5-land-monthly-means?tab=overview Precipitation

(tp)

Evapotranspi | mm

ration water
(Evaporation, | equival
e) ent
Surface W/m?2

shortwave

radiation
downwards
(ssrd)
CHIR | https://coastwatch.pfeg.noaa.gov/erddap/griddap/chirps20Glo | Precipitation | mm
PS balDailyP05 Lon0360.html

MSW | https://www.gloh20.org/mswep/ Precipitation | mm
EP

2.2. Study Area

This study focuses on the Peruvian Amazon region, specifically within the area that extends
from 160S to 10N and 820W to 68oW. This region is limited to the west by the Andes Mountain range
(4000-5000 masl) and to the east, north and south by Peruvian borders. It is characterized by a
complex spatial distribution of rainfall related to the north-south extension and the presence of the
Andean mountains (Espinoza et al., 2009 [34]). In the Andean foothills of the southern Peruvian
Amazon region, we find “hotspots” with maximum precipitation at altitudes of 400-700 masl],
accumulating more than 4000 mm annually (Espinoza et al. 2015 [43]; Chavez and Takahashi, 2017
[44]), fed by the moisture transport from the South American low-level jet.

In association with the mature phase of the South American Monsoon system, the wet season in
central and southern Peruvian Amazon occurs during December-March, and the dry season extends
from June to September (Espinoza et al., 2011 [13]). Consequently, the hydrological year for the
Amazon River region in Peru (e.g., in Tamshiyacu station in Loreto) is taken to be from September to
August, with lowest river level in September and maximum values in April-May (Espinoza et al.,
2011 [13]; Valenzuela et al., 2023 [45]).

As for the entire Amazon basin, droughts have been reported over this region in 2005, 2010 and
2015-16 (Espinoza et al., 2011 [13]; Jimenez et al., 2016 [23]), so that the high spatio-temporal
variability of the precipitation regime in this region is an important characteristic of the Peruvian
Amazon region.

To study the temporal evolution of the variables, six square areas of the Peruvian Amazon
region, sized 2 x 2 degrees each, were chosen. The first of them (LOR1) covers the northeast of the
Loreto department, where the maximum precipitation records are registered, other two regions cover
the western (LOR2) and southern (LOR3) areas of Loreto, where rainfall is also high, and the fourth
region convers the forest border transitional region in the eastern slopes of the Andes, centered in the
Moyobamba city, in the department of San Martin (MOY). The last two regions cover the southern
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part of the Peruvian Amazon forest, in the departments of Ucayali (UCA) and Madre de Dios (MD).
These regions have different regimes not only of precipitation, but also of evapotranspiration
(Espinoza et al., 2009 [34]; Zanin et al. 2024 [46]). Table 2 and Figure 1 show the boundary coordinates
and geographical location of the study areas.

Table 2. Coordinates and acronyms of the study areas.

Study area | Longitude Latitude Approximate Acronym
location
1 72°-70° W 4°-2° S Loreto Northeast | LOR1
2 76° —74°W 4°-2° S Loreto Northwest | LOR2
3 75°-73 W 7°-5° S Loreto South LOR3
3 77°—=75°W 7°-5° S Moyobamba MOY
3 73°-75° W 10°-8° S Ucayali UCA
4 69.5°-71.5° W 13°-11° S | Madre de Dios MD
Study Area
L F
28 y [
7
4S
6S
8S
103 1 18
12S 1
14S

BOW 78W 76W 7AW 72W 70W

Figure 1. Locations of the study areas in the Peruvian Amazon forest region. LOR1:Loreto Notheast;
LOR2:Loreto Northwest; LOR3: Loreto South; MOY: Moyobamba; UCA: Ucayali; MD: Madre de Dios.

2.3. Obtaining the MCWD Drought Index

The “Maximum Cumulative Water Deficit (MCWD)” index is obtained after the calculation of
the water deficit (WD), which is the difference at each grid point between monthly precipitation (Pr)
and evapotranspiration (Et). Subsequently, for the hydrologic year (HY), which in Peru is considered
from September to August, the cumulative deficit is calculated as the sum of the deficits of all the
months when monthly evapotranspiration is greater than monthly precipitation.

The monthly water deficit WD for month j (j=1, ... 12) is given by:

WDj= Etj- Pr;
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If WD)j is negative, it means that precipitation has been sufficient to meet the evapotranspiration
demand and recharge soil water. If WD) is positive, it indicates a water deficit, i.e., precipitation has
not covered water demand, and the soil has experienced a period of water stress.

Next, from the WDj values, the accumulated water deficit is calculated month by month. This
accumulation considers the existing deficit in the soil and how it increases or decreases with each
month based on precipitation and evapotranspiration. That is, for each j starting from j=1:

J
CWD; = Z WD; x H(WDy)
i=1

where H is the Heaviside step function. Thus, if the water deficit value resulted negative (i.e., there
is a surplus of water in the soil), it would be reset to zero, since the moisture in the soil is sufficient to
cover the deficit. Otherwise, if the WD value is positive, it continues to accumulate to record the water
deficit the following month. After calculating the accumulated CWDj balance for each month of the
year or study period, the MCWD is defined as the maximum value reached by CWDj during that
period, which represents the greatest water deficit experienced by the soil in that period and,
therefore, the point of greatest water stress for vegetation.

MCWD = max(CWD1,CWDs.,...,.CWDx2)

The larger the MCWD value, the more intense the accumulated water deficit and, therefore, the
greater the stress experienced by the ecosystem. A high MCWD value (e.g.,, MCWD>200 mm)
indicates a significant water deficit, meaning that the soil has been under considerable water stress
and vegetation may have had difficulties accessing sufficient water (Aragao et al., 2007 [26]), so that,
following Malhi (2009) [30], a rainforest would tend to become a seasonal forest, while MCWD>300
mm would correspond to a savanna. MCWD values close to zero suggest that the water deficit was
low, and vegetation did not experience significant stress. However, the allocation of objective
thresholds associated with drought is a complex problem and depends on regional conditions (Malhi,
2009 [30]). This problem has been approached in diverse ways, and sometimes, a standardized
variant of the index has been used to designate the thresholds (Papastefanou et al., 2022 [1]).

The MCWD value is determined for each hydrologic year in each area, which corresponds to the
mean value of the index for the grid points within the area. In this work, the index is used in its
absolute variant, since this is more relevant to the effects of drought on vegetation and its
interpretation is much clearer than in the relative case, which is strongly determined by the local
rainfall climatology, and can lead to the paradox of diagnosing severe drought where rainfall totals
are normal for sustaining the forest and moderate or weak drought in regions with critical rainfall
totals. According to Malhi et al. (2009) [30], drought assessment is determined by both the MCWD
and the accumulated precipitation. Although the MCWD index provides a measure of the moisture
that the soil has lost because of the rainfall deficit, cumulatively throughout the months of the
hydrological cycle, which occurs most frequently in the dry period, the water reserve of surface and
underground reservoirs also depends on the accumulated rainfall in the rainy season, which is not
considered in the index. It is considered that evergreen forests tend to predominate if the dry season
is weak, i.e,, MCWD<200 mm. However, if the accumulated precipitation AP is greater than 1500
mm, forests still predominate, even for higher values of MCWD. If AP<1500 mm, savannahs
predominate for MCWD<400 mm, and there is a wide transition zone for 200 mm < MCWD < 400
mm. From this it is inferred that an approximate drought criterion for a tropical forest is MCWD>200
mm. In this work, 30mm, 110mm and 140mm were used as absolute thresholds close to those derived
by Papastefanou, 2022 [1], from their distribution functions have been used, corresponding to their
relative thresholds and the 200 mm threshold was added as an additional one to highlight the most
extreme drought regions at a regional level. In the case of the model output, a very extreme threshold
was added to account for zones of extremely high values of MCWD appearing in the model output,
which appears to overestimate drought conditions in some cases.
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Unlike Papastefanou (2022) [1], who apply the assumption of a fixed value of Et=100 mm, based
on the argument that this is a correct estimation for tropical forest conditions, in this work we use the
evaporation variable “e” from ERA5 monthly reanalysis to estimate the evapotranspiration.

3. Results

3.1. Annual Precipitation and Evaporation in the Study Areas

The first approximation to the problem of droughts in the Peruvian Amazon is the analysis of
the interannual precipitation variability in the study period. Figure 2 shows the records of annual
precipitation and evaporation for the six study areas from each dataset. A general feature is the
relatively low interannual variability of the evaporation record, whose variations are hardly noticed
in the figure, except for the decreasing trend in the last two years of the record in all of the study
areas and has been identified as a characteristic for the entire Amazon basin in 2024 ([3}Marengo et
al., 2024). The interannual variability is mainly dominated by precipitation, with differences across
datasets, particularly the low precipitation values estimated by CHIRPS for the LOR3 and MOY areas
in the first half of the period (2000-2009). The annual precipitation maxima correspond to hydrologic
years 2007-2008, 2011-2012 and 2014-2015 for most areas and the minima was found in 2005-2006,
2009-2010, 2015-2016, and 2023-24. In general, over almost all the period, precipitation in the areas of
the Loreto department was greater than in the rest of the areas, particularly in LOR1 and LOR?2, that
will be shown to be consistent with less drought conditions. Annual precipitation is almost always
well above annual evaporation, but it must be emphasized that this is not held for monthly
precipitation, which undergoes periods where evaporation surpasses precipitation, mainly in the dry
seasons, which can be associated with drought and cause the cumulative water deficit (see Figure 6
below
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Figure 2. Interannual variability of precipitation (Pr) and evaporation (Et) records for the six study areas,
obtained from ERAS5 (precipitation and evapotranspiration) and the precipitation datasets CHIRPS and MSWEP
for the period 2000-2024. The color lines in the legend refer to the different data sources.

The average annual cycle of the water deficit in the different study areas and estimated by
different precipitation datasets is shown in Figure 3.

A WD. Annual Cycle. ERAS B WD. Annual Cycle. MSWEP
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Figure 3. Annual cycle of the water deficit (WD) in the different study areas as estimated from different
precipitation (Pr) and evapotranspiration (Et) datasets. A. ERA5. B. MSWEP C. CHIRPS.

Most of the water deficit is obtained for the dry season, including the June-August period, which
is the end of the hydrological year, and particularly in August, which is its last month. This is
especially evident in the observational datasets MSWEP and CHIRPS (Figure 3 B and C), while the
semi observational ERA5 shows more dispersion, but with a clear mode in August (Figure 3 A). This
behavior differs from the Brazilian Amazon region, for which the hydrological year ends in
September (Papastefanou, et al., 2022 [1]).

3.2. Determination of Drought Periods

To determine the drought periods characteristic of the Peruvian Amazon region and their
extension and intensity in different parts of the region, we evaluated the areal average MCWD from
2000 to 2024 for each of the study areas (Figure 4).

The identification of drought periods was carried out based on the MCWD index, calculated
from the different data sources, wherein important differences were found across the precipitation
datasets. Figure 4 shows the record of the index value for every hydrological year of the study period,
calculated after averaging the values of MCWD on the grid points of each study area. The lines in
different colors represent the different study areas. For instance, following ERA5 (Figure 4A), the
higher values of the record for most of the period were obtained by MD, followed by UCA, and the
greatest peaks were obtained for MD in 2009-10 and for LOR3 in 2023-24. LOR 1, LOR2 and MOY
show relatively low values for this database. For4 MSWEP (Figure 4B), UCA shows clearly the highest
MCWD record, followed by MD, but for the second half of the period, MD is not much higher that
LOR3 and MOY. In this case, the higher peaks are for 2023-24 and for 2004-05. The CHIRPS (Fig4C)
record shows again that UCA gas the highest record, followed by LOR3 and MD, and peaking in
2022-23, in the case of UCA and 2006-07 in the case of LOR3.

The threshold values were considered as close to those obtained by Papastefanou et al., 2022 [1],
from the distribution functions of their relative MCWD values to make possible the intercomparison


https://doi.org/10.20944/preprints202504.1451.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 April 2025 d0i:10.20944/preprints202504.1451.v1

9 of 23

of results and considering the evaluations of Malhi et al. (2009) [30]. Based on this, the value of 30
mm is considered as threshold 1, the lower threshold, the middle (threshold 2) is 110 mm, and the
higher threshold (threshold 3) is 140 mm, and an extreme threshold of 200 mm (threshold 4) has been
considered to show up the most severe drought regions. The most relevant aspect of the MCWD
index series is its high temporal variability, with peaks in the dry years for the given region, as well
as across regions, with the largest MCWD values in the southern areas (UCA and MD), followed by
MOY and LORS3 further north, while the water deficit is not so stressful in the LOR1 and LOR2
regions, with climatologically higher precipitation.
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Figure 4. Annual MCWD for the hydrologic years of the period 2000-2024 for the six study areas defined in
Figure 1 and Table 2. A. Precipitation and evaporation from ERA5. B. Precipitation from MSWEP and
evaporation from ERAS5. C. Precipitation from CHIRPS and evaporation from ERA5. The color lines in the legend
refer to the different study areas. LORI, IOR2 andLOR3 refer to the three study areas in the Loreto region.
MOY refers to Moyobamba, UCA to Ucayali and MD to Madre de Dios study areas.
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Figure 5. Average annual MCWD of the six study areas defined in Figure 1 and Table 2. for the hydrological
years of the period 2000-2024 f A. Precipitation and evaporation from ERAS5. B. Precipitation from MSWEP and
evaporation from ERAS. C. Precipitation from CHIRPS and evaporation from ERA5. D. Average from the three
datasets.

For each of the datasets, the average MCWD, including all the study areas, is shown in Figure 5.
The HYs with greater average MSWD are not the same for every dataset. Considering the four higher
MCWD values for each dataset, according to ERA5 (Figure 5A), the higher average MCWD
corresponds to 2023-24, 2022-23, 2015-2016 and 2009-2010, while for MSWEP (Figure 5B) they
correspond to 2023-24, 2004-05, 2009-10 and 2006-07. On the other hand, for CHIRPS, the greater
MCWD are those of 2022-23, 2006-07, 2004-05 and 2023-24 (Figure 5C). As a result, the only common
HY is 2023-24.

To reach a general criterion, MCWD values from the three observational datasets were averaged,
obtaining the distribution shown in Figure 5D. The rankings of the MCWD average values in Figure
5 are shown in Table 3, where column 1 shows the HYs, sorted from higher to lower average MCWD
value, column 5 shows the corresponding average HCWD for each HY, and columns 2-4 show the
values for each of the datasets. To classify the severity of the droughts, we consider the statistics of
this average MCWD, which has a mean value of 53.8 mm and a standard deviation of 22.6 mm. From
this, we identify the HYs with greater average MCWD values (Figure 5D), 2023-24, 2022-23, 2009-10
and 2004-05 as extreme droughts (red characters in Table 3), since their MCWD is greater than the
mean plus one standard deviation. The years 2006-07 and 2015-16, with MCWD below this, but above
the 70% percentile were, are considered as moderate droughts for the Peruvian Amazon region (green
characters in Table 3).

The comparison between the average precipitation and evaporation annual cycles for the years
with extreme drought and the climatology of the whole period, using different datasets, can be seen
in Figure 6 where the rows show the cycles for the three datasets and the model for the LOR1 (Column
1), UCA (Column 2) and MD (Column 3) study areas. From all the panels, the variability of
evaporation is much less than the one of precipitation. It is also apparent that, for the dry seasons in
UCA and MD, the evaporation for the extreme drought cycles is higher than precipitation. This
doesn’t hold for LOR1, because drought impact is not very high in this area, as follows from the low
MCWD values. This shows that the characterization of extreme drought HYs, obtained from Table 3
is qualitatively correct, as the characterization made for individual HYs emerges on a climatological
scale. Another consequent feature of Figure 6 is that precipitation records for extreme droughts are
lower than climatology in most of the dry season, particularly in UCA and MD.

Table 3. Average MCWD across study areas for each of the datasets. Column 5 shows the average of columns 2-
4, which is the average across study areas and datasets, and it the sorting criterion. The four first rows, in red
characters, correspond to the years with extreme drought and the rows 5 and 6, in orange characters, correspond
to moderate droughts.

1 2 3 4 5

HY ERA5 MSWEP CHIRPS Average
2023-24 96.0 116.8 98.2 103.7
2022-23 77.3 64.2 139.3 93.6
2009-10 70.6 91.5 90.8 84.3
2004-05 42.6 98.1 100.4 80.4
2005-06 42.6 734 82.1 66.0

2007-08 38.4 69.9 89.8 66.0
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2010-11 56.4 61.5 51.8 56.5
2018-19 45.6 59.8 60.2 55.2
2020-21 56.8 56.6 48.0 53.8
2016-17 43.9 58.8 52.8 51.9
2003-04 53.7 40.6 57.5 50.6
2011-12 40.0 54.4 56.8 50.4
2000-01 34.5 43.9 72.4 50.2
2002-03 8.9 42.3 77.2 42.8
2019-20 43.8 46.5 33.1 411
2001-02 27.2 31.2 49.7 36.0
2021-22 17.6 23.0 57.3 32.6
2008-09 13.4 247 57.6 31.9
2014-15 212 222 47.9 30.4
2013-14 14.1 28.6 47.8 30.2
2012-13 14.4 19.3 30.9 215
2017-18 10.8 16.1 254 17.4

ERAS Pr_Et LOR1 ERA5 Pr_Et UCA ERAS Pr_Et MD

Month

Month
CHIRPS-ERAS Pr Et LOR1 CHIRPS-ERAS Pr_Et UCA CHIRPS-ERAS Pr_Et MD

MSWEP-ERA5 Pr_Et LOR1 MSWEP-ERAS Pr_Et UCA MSWEP-ERAS Pr_Et MD

— Pr-eD — Pr-CLIM — Et-ED — Et-CLIM

Figure 6. Average annual cycles of precipitation (Pr) and evapotranspiration (Et) for the extreme drought (ED)
hydrological years (2004-05, 2009-10, 2022-23 and 2023-24) and the climatology (CLIM) of the study period (2000-
2024). The legend shows the colors of the lines corresponding to evaporation and precipitation for the two

classifications.

3.3. Spatial Distribution of Drought Regions

The spatial distributions of the estimated MCWD in the Peruvian Amazon region are shown in
Figure 7, for the years classified as extreme drought, as obtained from ERA5 precipitation and
evaporation data, and by the CHIRPS and MSWEP precipitation data, combined with ERA5
evaporation. The upper row of panels shows the spatial distribution of MCWD according to ERA5.
In this case, the droughts of 2004-05 and 2009-10 emerge as the ones with the most extended area
inside the two higher thresholds (3 and 4, orange and red colors), but if the 2nd threshold is
considered, the 2023-24 turns to be the most extended. It is important to note that, following this
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dataset, only in 2022-23 and 2023-24 can a drought signal in the northern part of the Loreto region be
found. In the four HYs, the main drought areas were in the Madre de Dios and Ucayali regions, while
in the forest eyebrow region, the lower threshold was accomplished. The CHIRPS dataset was
characterized by a more extended threshold 4, including all the forest eyebrow region, while Madre
de Dios and Ucayali were also affected by drought, which reached the southern extreme of Loreto.
Only in 2022-23, most of Loreto was affected by drought, within its lower threshold. The distribution
for MSWEP was very similar to CHIRPS for the two first HYs but showed relatively weak drought
for 2022-23 and the strongest signal in 2023-24, covering all the Peruvian eastern border area and
extending threshold 2 till most of Loreto.

MCWD _ ERA _AH2004_05 MCWD _ ERA _AH2009_10 MCWD _ ERA _AH2022_23 ERA_MCWD_AH2023_24
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30 110 140 200

Figure 7. Spatial distribution of MCWD for the Peruvian Amazon region for the extreme drought hydrological
years and using three different datasets. ~Row 1: Precipitation and evaporation: ERA5. Row 2. Precipitation:
MSWEP, evaporation: ERA5. Row 3: Precipitation: CHIRPS, evaporation: ERA5. Column 1: HY 2004-05.
Column 2: HY: 2009-10. Column 3: HY 2022-23. Column 4. HY 2023-24.

The climatological distribution of MCWD, estimated by the three datasets is shown in Fugure 8.
considering the study period, from HY 2000-01 to 2023-24. It evidences that that the dry conditions
in the southeast of Peru are a climatological feature that gets worse in conditions of extreme drought
This conditions can also be found in the central-south Andes eyebrow region, in the Apurimac
department, as can be seen from the ERAS5 dataset. However, the satellite-based datasets CHIRPS


https://doi.org/10.20944/preprints202504.1451.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 April 2025 d0i:10.20944/preprints202504.1451.v1

13 of 23

and MSWEP show high MCWD values all along the right slope of the Andes, which could be an
artifact from an underestimation of precipitation which is characteristic of satellite based datasets
(Dinku et al., 2018 [47])

MCWD AVERAGE 2001-2024 MCWD AHERAGE 2001-2024
A AVERAGE MCWD 2001-2024
MSWEP-ERAS CHIRPS-ERAS -

125

148

W 79W 78W 77W 76W 75W 74W 73W 720 71W 70K 63W 68

OW 79N 78W 77W 76W 75W 74W 73W 720 71W 70N 69W 68 OW 79W 78W 77W 76W 75W 74W 73W 72W 71W 70N 63W GEW

~lE o
30 110 140 200
Figure 8. Climatology of the spatial distribution of MCWD for the Peruvian Amazon region fron different
datasets. Left: ERA5 . Center: MSWEP-ERA5 Right: CHIRPS-ERAS.

The evaluation of the area affected by each level of drought, corresponding to MCWD ranges
delimited by the thresholds, inside the Peruvian Amazon region obtained from each of the datasets
for the HYs with extreme drought was calculated from the number of grid points within each range.
The results are shown in Figure 9. There is no consensus across datasets about the most extended of
the extreme droughts, but it can be asserted that the lower threshold (1)(MCWD > 30mm) attained
around 80% of the area of the region for all datasets and the higher threshold (4) of (MCWDz2 200
mm), reached around 10-20 %. According to ERA5 and CHIRPS, the most extended maximum
threshold corresponded to 2023-24, but according to MSWEP. It corresponded to 2004-05 and 2009-
10.
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Figure 9. Percentages of the Peruvian Amazon basin area covered by the different drought threshold intervals
for the extreme droughts of 2004/05, 2009/10, 2022/23 and 2023/24. A. According to ERA5. B. According to
MSWEP. C. According to CHIRPS. Thresholds: 1: MCWD230 mm. 2: MCWD2110 mm; 3: MCWD>140 mm
4:MCWD2200mm.

3.4. Annual Cycles of Energy Fluxes According to ERAS5 in Extreme Drought Conditions in the Peruvian
Amazon

The surface radiation fluxes are tightly related to the precipitation regime and with the
occurrence of drought in the tropical climate. To investigate the consistency of the annual cycle of
three of the main energy flux components with the occurrence of drought, their average annual cycle
was plotted for extreme drought hydrologic years in contrast with the climatological cycle. Figure 10
shows the plots of the average annual cycle of the sensible and latent heat flux and the net solar
radiation for LOR1, UCA and MD, as obtained from the ERA5 data. The net solar radiation for the
extreme drought years is greater than climatology, but the general form of the cycle is similar,
showing a minimum for the dry season. The climatological cycles of sensible and latent heat show
similar behavior for the three regions, and the bulk Bowen ratio (Bowen ratio for monthly totals)
shows values within the rank characteristic of tropical forest, though they are lower for LOR1, and
higher for MD, which is coincident with the higher precipitation averages in LOR1. The extreme
drought plots show relevant absolute maxima in August for UCA and MD, clearly different from
climatology, which are present in individual HYs records. Consequently, the bulk Bowen ratio plots
for extreme droughts are clearly different, showing extreme values of less than 0.3 for LOR1, and of
almost 0.5 for UCA and MD, all of them more than 0.1 greater than climatology, which are consistent
with the measurements of Malhi et al., 2002 [48] for the dry season in Brazil.
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Figure 10. Average annual cycles of three energy fluxes and the bulk Bowen ratio from ERA5 data for Northeast
Loreto (LOR1), Ucayali (UCA) and Madre de Dios (MD). Upper row. LOR1. Middle row: UCA. Lower row: MD.
Column 1: Sensible heat flux. Column 2: Latent heat flux. Column 3: Solar surface net radiation. Column 4. Bulk

Bowen Ratio. The curves refer to the averages for extreme drought (ExD), and the climatology (CLIM).

4. Discussion

The droughts of 2004-05 and 2009-10, classified in this paper as extreme, had been previously
considered as two of the most severe of the century, as well as the 2022-23 and 2023-24 droughts. The
2015-2016 drought, that has been considered as the longest in this century for the entire Amazon
basin, (Papastefanou et al., 2022 [1], Marengo et al., 2008 [9,24], 2016; Espinoza et al., 2011 [13]; Lewis
et al, 2011 [31]), is classified here as moderate for the Peruvian Amazon region, with a lesser impact.
Another drought period, also classified as moderate in Table 3, was found in 2006-2007, with high
values of MCWD in the two observational datasets. This period had not been classified as drought
before, probably by its local character and because it has not been cited with an important effect on
river hydrology (Espinoza et al., 2011 [13]).

Papastefanou et al., 2022 [1] found the Peruvian territory covered by moderate drought and
some regions, mainly in the northern Loreto region, with local severe and extreme drought, but they
only evaluated the distribution of the relative MCWD index, and only for the pre-determined years
considered as extreme droughts for all the basin. In this paper, we have evaluated the absolute
MCWD indices, which allowed to clarify the more severe impact of the drought on the southern areas
of the region, and the importance of this situation for the forest eyebrow region.

The comparison between the spatial distribution of MCWD for these droughts for the different
rainfall datasets is shown in Figure 7. In the estimation of MSWEP, the 2004-05 and 2009-10 droughts
show the greatest high threshold area in the forest eyebrow region, but in 2023-24, most of Loreto
was covered by drought conditions, followed by 2022-23.

Even if the general pattern is similar, significant differences arise in the spatial distribution of
MCWD across the datasets. The ERA5 estimation shows that higher MCWD values are mainly
concentrated in UCA and MD, except in 2022-23, when these areas extend to all the region of Loreto
and MOY. CHIRPS and MSWEP show high MCWD areas also in the forest eyebrow region bordering
the Andes Cordillera and show unusual drought conditions in Loreto in 2022-23. This result is
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consistent with extreme dry and warm conditions observed in northern Amazonia during the austral
winter and spring of 2023 (Espinoza et al., 2024 [2]; Marengo et al., 2025 [49]).

The annual cycle of radiation near the Earth’s surface depends on cloud cover and is therefore
related to precipitation and drought. As a result of the interaction of solar radiation with the
atmosphere, the surface is heated by a net positive radiation balance during the day and cooled by a
negative radiation balance at night and the surface temperature, which is the result of the radiative
balance, oscillating almost between a minimum at dawn and a maximum in the afternoon. Under
rainforest conditions, the daily net radiation balance is positive, and the average daily temperature is
determined by the balance of daily mean surface energy, which involves not only the short and long-
wave radiation components but also heat transfers to the atmosphere. On the other hand, the
magnitude of the diurnal temperature range is related to factors such as the nature of the underlying
surface and vegetation and water phase changes, which nature depends on climatological conditions.
The rate of increase in soil temperature during the day depends on the latent and sensible heat fluxes.
On a humid surface, because of frequent and abundant rains, the latent heat flux related to
evaporation prevails and the warming is lower, while on a dry surface, sensible heat prevails, and
the warming is greater (Brimelow et al., 2011 [50]). These diurnal variations are related to the cloud
cover and precipitation characteristics of the different seasons along the year, which differ for every
region and are closely related with the climatologic conditions of dry or wet periods. This suggests
that the annual cycle of the main components of the surface radiative balance depend on the possible
drought condition, so in the present work the possible changes of the cycle related to this

phenomenon are investigated.
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Figure 11. Annual cycles of water deficit (WD) for the six study areas for the CHIRPS-ERA5 dataset. The right
column of panels contains the WD distributions for the extreme and moderate drought hydraulic tears (HYs)

and the left column contains the HYs preced

ing each drought HY.

The monthly evolution of sensible and latent heat fluxes and solar radiation were analyzed
during years of extreme and moderate drought, comparing them with climatological cycles in LOR1,
UCA and MD. The climatological cycles of sensible and latent heat are similar across the regions,
although LOR1 has lower values and they were higher for MD, coinciding with their precipitation
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levels. In extreme droughts, absolute maxima are observed in August and notable differences in the
bulk Bowen ratio.

To understand the particularities of each drought period, Figure 11 shows the distribution by
month of the water deficit in every HY classified as extreme or moderate drought, as estimated by
CHIRPS-ERAS. The panels in the right column contain the clustered bar distributions for the extreme
and moderate drought years and the left panel contains the distributions for the corresponding
preceding year. In all cases, the water deficit was obtained mainly in the dry season, in the months of
May-August, and the higher WD values were concentrated in August and July. However, in every
case, there is a contribution of WD from the first month of the HY, that has a degree of continuity
with the preceding year. In the period 2004-2007, a continuity of WD conditions can be noticed from
the dry season of 2004, which contributed to the extreme drought in 2004-2005, corresponding with
Central Pacific El Nifio conditions and relatively dry conditions in the beginning and the end of the
2005-2006 HY, leading to the moderate drought of 2006-2007, also favored by Central Pacific El Nifio
conditions at the beginning of the HY, from September to February. However, most of the WD
occurred in the dry season, coincident with Central Pacific La Nifia, but moderately high Tropical
North Atlantic temperature (https://www.worldclimateservice.com/2024/09/11/tropical-north-
atlantic-index/). In the case of 2004-2005, El Nifio conditions were also present at the beginning of the
HY, switching to La Nifa in the dry season, but the Tropical North Atlantic temperature in this period
was very high, which favored an extreme drought. In the cases of 2009-2010 and 2015-2016, it is also
observed that the preceding year was affected by significant WD in the dry season. The period of
2022-2024 has been the most severe in the century, with continuous dry conditions since July 2022,
when a very dry period extended to September, ending as the very dry HY of 2022-2023 with the
higher WD in the dry season of 2023. This occurred after a 2021-2022 HY totally covered by Central
and Eastern Pacific La Nifia, extending until February 2023, when a swift switch to El Nifio conditions
occurred, prevailing until the beginning of 2024, together with very high air temperatures, as
discussed by Espinoza et al. (2024) [2]; Marengo et al. (2024) [3], in relation with the drought
conditions and heatwaves (Marengo et al., 2025 [48]) in the entire Amazon basin. The HY of 2023-
2024 began as moderately dry in September, but the WD was again very high in the dry season, from
May to August.

5. Summary and Conclusions

Precipitation, evaporation, and energy fluxes records from different data sources have been
analyzed for the period 2000-2024 to investigate the intensity and extension of major droughts in the
Peruvian Amazon. The sources of data for the identification of the presence of drought conditions
were ERAS5 reanalysis for evapotranspiration, precipitation and surface fluxes and precipitation
datasets CHIRPS and MSWEP. To evaluate drought conditions, the Maximum Cumulative Water
Deficit (MCWD) index was used, based on the difference between precipitation and evaporation
records.

Differences were found in the extreme drought hydrologic years identified with the three
datasets, so that the statistical distribution of the average values of MCWD across the datasets was
considered to rconclude that that the hydrological years of 2004-05, 2009-10, 2022-23 and 2023-24,
were classified as extreme droughts, while the hydrologic years of 2006-2007 and 2015-2016 were
classified as moderate droughts. Regarding the area covered by different drought thresholds, it also
depends on the applied dataset. Using the estimations of the ERA5 and CHIRPS, the lower threshold
(MCWD 2= 30mm) attained around 80% of the area of the region and the higher threshold of (MCWDz=
200 mm), reached around 20 %. The hydrologic year with the most extended maximum threshold,
using ERA5 and CHIRPS was 2023-24, but according to MSWEDP, it corresponded to 2004-05 and 2009-
10.

The moderate drought of 2006-07 had not been identified before, and the second, of 2015-16, had
been generally considered as extreme drought for the entire Amazon basin. However, this 2015-16
drought was studied by Jimenez-Mufioz et al., (2016) [23] who found that high precipitation rates
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were recorded in part of the Peruvian Amazon, which gave a dry-wet bipolar characteristic of this
hydrologic year for Peru, consistently with our classification as moderate drought for the Peruvian
Amazon region.

Six study areas inside the Peruvian Amazon were defined, including boxes of 2 x 2 degrees in
northeastern Loreto (LOR1), northwestern Loreto (LOR2), southeastern Loreto (LOR3), the
Moyobamba (MQY) area, including areas of the Peruvian Amazon regions of San Martin, Amazonas
and the easternmost part of Loreto and two other boxes in Ucayali (UCA), at the central part of
Peruvian Amazon region, and Madre de Dios, (MD), at the southern part of the region. Time series
of precipitation, evaporation and MCWD were constructed for each. In general, all the databases
showed similar drought patterns, with most of the water deficit concentrated between June and
August, focusing on the higher values of MCWD in the Ucayali and Madre de Dios regions, but they
differed in the degree of extension of severe drought conditions to the forest eyebrow region east of
the Andes. A contribution of this paper is the evaluation of the predominant weight of the drought
conditions in the southern areas of Perti, and the forest regions in the Andes-Amazon transition,
relative to the northern part of the Peruvian Amazon, which has been much less affected, except for
the most recent drought period.

It is important to underline the weight of the uncertainty of the precipitation dataset in the
Amazon drought diagnose, considering the scarcity of measurements This problem has been
approached here with the use of three different datasets, but will be revisited in the future, together
with the influence of of the uncertainty caused by the evapotranspiration data sources. Different
drought indices will also be applied in future work to the diagnose of drought conditions in the
Peruvian Amazon region to compare with the present results.
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Abbreviations

The following abbreviations are used in this manuscript:

WD Water Deficit

CWD Cumulative Water Deficit

MCWD Maximum Cumulative Water Deficit

H Heaviside step function

Pr Precipitation

Et Evapotranspiration

HY Hydrologic Year

ERA5 Fifth generation ReAnalysis of the ECMWEF

ECMWF European Centre for Medium-range Weather Forecasts
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CHIRPS Climate Hazards group Infrared Precipitation with Station data

MSWEP Multi Sourde Weighted Ensemble Precipitation

ITCZ Inter-Tropical Convergence Zone

SPEI Standardizes Precipitation and Evapotranspiration Index

SENAMHI  Servicio Nacional de Meteorologia e Hidrologia del Pert

PISCO Peruvian Interpolated data of the SENAMHI's Climatological and hydrological Observations

GPM Global Precipitation Mission

IMERG Integrated Multi-satellitE Retreivals of the GPM

LOR1 Study area in the northeast of the Loreto department

LOR2 Study area in the northwest of the Loreto department

LOR3 Study area in the south of the Loreto department

MOY Study area in the forest eyebrow region centered in the Moyobamba city

UCA Study area in the Ucayali department, in the central-southern part of the Peruvian Amazon
region

MD Study area in the Madre de Dios department, in the southern part of the Peruvian Amazon
region

ED Extreme Drought

CLIM Climatology
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