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Abstract
The timing and length of the dry season is a key factor governing ecosystem productivity and the carbon
cycle of the tropics. Mounting evidence has suggested a lengthening of the dry season with ongoing
climate change. However, this conclusion is largely based on changes in precipitation (P) compared to its
long-term average (P ̅) and lacks consideration of the simultaneous changes in ecosystem water demand
(measured by potential evapotranspiration, Ep, or actual evapotranspiration, E). Using several long-term
(1979-2018) observational datasets, we compared changes in tropical dry season length (DSL) and
timing (dry season arrival, DSA, and dry season end, DSE) among three common metrics used to de�ne
the dry season: P < P ̅, P < Ep, and P < E. We found that all three de�nitions show that dry seasons have
lengthened in much of the tropics since 1979. Among the three de�nitions, P < E estimates the largest
fraction (49.0%) of tropical land area likely experiencing longer dry seasons, followed by P < Ep (41.4%)
and P < P ̅ (34.4%). The largest differences in multi-year mean DSL (> 120 days) among the three
de�nitions occurred in the most arid and the most humid regions of the tropics. All de�nitions and
datasets consistently showed longer dry seasons in southern Amazon (due to delayed DSE) and central
Africa (due to both earlier DSA and delayed DSE). However, de�nitions that account for changing water
demand estimated longer DSL extension over those two regions. These results indicate that warming-
enhanced evapotranspiration exacerbates dry season lengthening and ecosystem water de�cit. Thus, it is
necessity to account for the evolving water demand of tropical ecosystems when characterizing changes
in seasonal dry periods and ecosystem water de�cits in an increasingly warmer and drier climate.

Introduction
Tropical ecosystems, especially rainforests, serve a pivotal role as a natural buffer against global climate
change by storing one half of Earth’s carbon (C) and capturing 1.6±0.5 Pg of C per year1-3. The vegetation
dynamics and ecosystem functions of tropical systems are sensitive to seasonal rainfall1,4-6, with a
distinct temporal transition between the dry and wet seasons. As the dry season progresses, declining soil
moisture levels caused by precipitation de�cit and strong evaporative water loss could shift tropical
ecosystems from radiation-limited to moisture-limited7 and suppress photosynthesis7,8. Hence, in a
warmer climate, longer and more intense dry seasons, and the associated enhanced risk of short-term
droughts9 and �res10,11 could reduce tropical ecosystem productivity12. Reduced primary productivity and
elevated forest mortality due to extended dry seasons could exacerbate forest fragmentation and
savanization, which are already of particular concern for tropical rainforests6,13, and could exacerbate
global warming via biogeochemical and biophysical feedbacks.

The tropical “dry season” is often de�ned as the period when precipitation (P) is persistently lower than
the multi-year average precipitation ()10,14-16. Using this de�nition, previous studies have consistently
suggested a lengthening of dry seasons over the tropics, for example, by ~6.5 d decade-1 in southern
Amazonia10and by 6.4-10.4 d decade-1 in the Congo Basin16. However, the long-term dynamics and
seasonality of surface water availability are highly complex17,18. Land surface dryness depends not only
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on the supply of precipitation, governed primarily by large-scale atmospheric circulation patterns19,20, but
also on the rate at which the atmosphere is recycling moisture from the land, which can be measured as
potential evapotranspiration (Ep) or actual evapotranspiration (E)17,21. As the global climate changes, the
increasing evaporative demand of the warmer atmosphere (i.e., increasing Ep) may drive faster soil
moisture depletion and cause land surface drying22,23. On the other hand, the actual evaporative water
loss (E) doesn’t necessarily follow the increasing atmospheric demand24-26, since it is highly responsive
to alterations of ecosystem biophysical properties such as soil moisture, vegetation cover and stomatal
conductance27,28.

Recent studies have increasingly accounted for the balance between water supply (P) and demand (e.g.,
Ep or E) in analyzing the climatology of dry seasons4,7,12. However, this balance has rarely been
considered when assessing temporal changes in dry seasons. These three metrics (, Ep and E) consider
different land- or near-surface processes and emphasize different aspects of water balance29. Hence,
changes in dry season length, timing and intensity are likely to vary spatially and temporally, depending
on which de�nition of “dry season” is used. Inconsistent de�nitions can limit synthesis and inhibit
understanding of the impacts of common ecological phenomena30. Thus, understanding how the extent
of dry season lengthening varies among de�nitions is necessary for more accurate assessments of the
spatiotemporal variations in tropical seasonal water de�cit, and for taking effective management
measures to mitigate water shortages and associated ecosystem impacts in seasonally dry regions.

In this study, we characterized variations in dry season length (DSL), dry season arrival (DSA) date, and
dry season end (DSE), as well as the severity of water de�cit over the global tropics (23.5°S-23.5°N),
among different de�nitions of the dry season during the period of 1979-2018, using seven observational
precipitation datasets. In particular, we considered three widely used de�nitions of “dry season”: (i) P < Ep,
a comparison of water supply vs. atmospheric water demand, (ii) P < E, a comparison of water supply vs.
actual ecosystem water consumption, and (iii) P <  a comparison of water supply vs. the long-term mean
water supply. Our goal was to understand how the length and timing of the dry season have been
changing across the tropics, and how the extent of such changes varies depending on the metric used to
de�ne the “dry season”. Our results highlight the need to account for atmospheric water demand and
vegetation in�uence when assessing changes in the length of the tropical dry season.

Results
Dry season occurrence and seasonality are consistent among de�nitions

We found that the majority (91.6%) of tropical lands have one distinct dry season per year (i.e., harmonic
analysis of entire daily time series of P from seven observational datasets indicated a ratio of amplitudes
of harmonics <1.0, see Methods, Fig. 1a), though the timing differs between the northern and southern
tropics. This pattern was mainly shaped by the seasonal progression of the Inter-Tropical Convergence
Zone (ITCZ)14. December, January and February were the driest months in the northern tropics, whereas



Page 4/20

June, July and August were the driest months in the southern tropics (Supplementary Fig. 1a-d, Fig 2b). A
small proportion of the tropics experienced two dry seasons per year (ratio>1.0; Fig 1a), predominantly
areas located near the equator such as the Congo Basin, the Somali Peninsula, northwest Amazonia and
southeastern Asia. The driest months in these regions usually occurred during June - August and
December - February (Supplementary Fig. 1a, c). Analyses using P < Ep and P < E produced similar results
(Supplementary Fig.2), indicating that all three de�nitions were generally sensitive to seasonal transitions
between dry and wet periods.

DSL, DSA and DSE vary among de�nitions

DSL varied among the three different de�nitions (see Methods, Fig. 2a). DSL de�ned as P < Ep or P < E
ranged from 0 (i.e., no “dry season”) in Amazonia and southeastern Asia rainforests, to longer than 200
days (i.e., “dry season” lasting most of the year) in areas with very low precipitation such as sub-Saharan
Africa, the Arabian Peninsula and Australia (Fig. 2a). DSL de�ned both as P < Ep and as P < E followed a
latitudinal gradient similar to the latitudinal pattern of precipitation decrease from the tropical lows to
subtropical highs. The longer dry season at higher latitudes was a result of both earlier DSA and delayed
DSE (Fig.2b-c). By contrast, analysis using P <  showed relatively homogeneous spatial patterns of DSL,
with over 86% of tropical areas falling within the range of 150-240 days (Fig. 2a). In particular, for humid
regions, such as rainforests, where the other two de�nitions indicated a short or nonexistent dry season, P
<  indicated a dry season lasting >150 days, comparable to regions with relatively dry climates. These
patterns were consistent for areas that experience both one and two dry seasons per year (Fig. 2d-e).

We also examined differences in DSL variation among de�nitions for each precipitation dataset (Fig. 2,
Supplementary Fig. 4). We found larger differences in DSL, DSA and DSE among datasets when
comparing P with E (Fig. 2). For instance, the ERA-interm precipitation dataset had a positive bias for dry
season precipitation over Amazonia and central Africa31, generating an abnormally short dry season
compared to the other six datasets (Supplementary Fig. 4). In contrast, DSL de�ned as P <  was not
sensitive to the selection of precipitation dataset, as the  self-adjusted for different precipitation datasets.

Differences in DSL among de�nitions vary by climate and by vegetation type

We found that the differences in DSL among de�nitions varied according to regional mean annual
precipitation (MAP). Approximately 39.2% of the tropical grids, mostly regions with MAP between 1000-
1500 mm yr-1, showed little difference in DSL between any two de�nitions. In regions with MAP<1000
mm yr-1, DSL was similar when de�ned as either P <  or P < E but was longer when de�ned as P < Ep. This
difference increased from 30-40 days with MAP ~1000 mm yr-1 to 170-190 days with MAP ~200 mm yr-1.
By contrast, in regions with MAP>2000 mm yr-1, DSL was similar when de�ned as either P < E or P < Ep
but was longer when de�ned as P < . This difference increased from 60~120 days in areas with MAP of
2000~2500 mm yr-1, to >120 days with MAP > 2500 mm yr-1.
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The dependence of the inter-metric DSL difference on climate suggested that it may also vary with land
cover type (i.e., rainforests, woodland, savannas, grassland and cropland, Fig. 3b). We found that, for
vegetation types found in more arid areas (woodland, savannas, grassland and cropland), DSL de�ned as
P < E was 20-40 days shorter than DSL de�ned as P < , and both were shorter than DSL de�ned as P < Ep,
especially in grasslands, where the difference in DSL among de�nitions exceeded 100 days. In a more
mesic biome, tropic evergreen rainforests, DSL was similar when de�ned as either P < E or P < Ep
(approximately 120 days) but was longer when de�ned as P <  (approximately 180 days). Thus, this
�nding was generally consistent with the results of our MAP analysis. For non-water-limited conditions,
actual water consumption (E) was smaller than Ep. In arid climates, since precipitation is primarily
balanced by E, E could however be closer to the multi-year average rainfall.

Extent of dry season lengthening varies among de�nitions

We next examined the performance of the three de�nitions for detecting long-term trends in dry season
length and timing (DSL, DSA and DSE) as well as the water de�cit (WD, de�ned as the cumulative
difference between P vs. Ep, E, or ) during the dry season. All three de�nitions indicated widespread drying
trends over the tropics, consistent with numerous previous studies10,14,16. However, the extent of land
area affected by drying varied considerably among the different de�nitions. The fraction of tropical land
area with lengthening dry seasons was largest when dry season is de�ned as P < E (49.0%), followed by P
< Ep (41.4%), and was smallest for P <  (34.4%). Accordingly, a smaller fraction of regions was likely
experiencing shorter dry seasons (thus longer wet seasons), accounting for ~21.7%, 14.8% and 24.4% of
tropical lands when dry season was de�ned as P < Ep, P < E and P < , respectively (Fig. 4a). We also
found that the extension of the dry season was accompanied by an increase in the cumulative WD during
the dry season. The percent of tropical land area experiencing increasing dry season water de�cit
(~50.8%, 52.8% and 37.6% for P < Ep, P < E and P < , respectively) was larger than that experiencing
decreasing water de�cit (~20.4%, 15.5%, 24.6% for P < Ep, P < E and P < , respectively). It should be noted
that this result (Fig. 4) considered only the longer dry season for regions with two dry seasons, and
differences for the shorter dry season were generally not signi�cant (Supplementary Fig. 10).

The three de�nitions consistently identi�ed some regions with robust dry season lengthening (more than
3 out of 6 datasets agree), including the southern Amazon, central Africa, and a small part of the Sahel
region (Fig.4). The increased DSL in southern Amazon (4.60-10.55, 3.61-11.88 and 9.66-10.45 d decade-1

when de�ned as P < Ep, P < E and P <, respectively, Table S2,) was mainly attributed to a delayed DSE
(Supplementary Fig. 8). In the northern part of central Africa, the length of the December - February dry
season was increasing by 2.95-13.55, -2.42-11.63 and 6.27-15.82 d decade-1 when de�ned as P < Ep, P <
E and P <, respectively; and in the southern part of central Africa, the length of the June - August dry
season was increasing even more, by 5.12-14.44, 6.51-15.90 and 7.47-11.20 d decade-1 when de�ned as
P < Ep, P < E and P <, respectively (Fig. 4, Table S2). This dry season extension in central Africa was due
to both a delayed DSE and an earlier DSA (Supplementary Fig. 8). For both southern Amazon and central
Africa, the dry season lengthening and associated increased water de�cit were greatest under the
de�nition of P < Ep, followed by P < E, due to the increase in Ep and E (Supplementary Fig 11).
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In southwestern Africa, different de�nitions suggested different trends. Five out of six datasets indicated
dry season lengthening (8.44-13.98 d decade-1) due to delayed DSE, when de�ned as P < E. However, a
shortening of DSL (-7.00 -10.80 d decades-1) was indicated when dry season was de�ned as P < Ep, and
no signi�cant change in DSL was indicated when the dry season was de�ned as P < (Fig. 4, Table S2).
This was primarily due to the inconsistent trends of ecosystem E (signi�cant increases by ~0.14 mm d-1

decade-1) and Ep (decreases by ~0.17 mm d-1 decade-1), while P showed little changes (Supplementary
Fig. 11). In all cases, the de�nition of dry season based on P <  showed the least prolongation of the dry
season, indicating that the underestimation of dry season lengthening based on P <  may be larger.

Compared to the widespread drying trend, the wetting trend was mainly scattered in the Amazon
rainforest, central America, southeastern Asia and the coastal areas of India. The shortening of the dry
season (approximately 5-15 d decade-1) over these regions was generally caused by a delayed DSA as
well as an advanced DSE (Supplementary Fig. 8).

It is worth noting that a large proportion of tropical land area (36.9%, 36.2%, 41.2% under the de�nitions
of dry season as P < Ep, P < E and P <, respectively) was not decisively experiencing a longer dry seasons
(labeled as “uncertain” or “no change” in Fig.4). This could be due to inter-data discrepancy of
precipitation changes during DSA and DSE (Fig. 5), the paucity of rainfall observation gauges32, short
duration of available satellite remote sensing33 and/or biases of the models for reanalyzing34. In
particular, the uncertain precipitation changes in the Sahel (during DSA) and Amazonia Basin (both DSA
and DSE) (Fig. 4) was the primary source of the disagreement in DSA, DSL and WD trends in these
regions (Fig. 3). This highlights the need for a more focused effort to improve the accuracy and
consistency of rainfall observations and reanalysis estimations in tropics.

Discussion
We compared three de�nitions of tropical dry season (P < Ep, P < E and P < ) and found that
spatiotemporal patterns across the tropics vary among these de�nitions. The de�nition of dry season as
P < , which only requires precipitation as input and thus measures seasonal de�cits of atmospheric water
supply, is extensively used in studies assessing tropical dry season changes and associated ecosystem
responses10,14-16. This metric divides the whole year into the relatively dry and wet periods, roughly half
by half (Fig. 2), and shows a robust signal of dry season lengthening over the tropics10,14,16. Precipitation
observations show a strong lengthening of the dry season in the southern Amazonia10,24 and the Congo
Basin16, which is usually interpreted by the changes of large-scale atmospheric circulation35, as well as
feedbacks of regional deforestation on precipitation36-38.

However, our study reveals that the extent of dry season lengthening over the global tropics varies
depending on the de�nition of “dry season”. The extension of the dry season was longer and more
widespread when the dry season was de�ned as P < Ep or P < E (vs. P < ). These two metrics de�ne dry
and wet conditions according to a balance between water supply vs. demand or evaporative water loss at
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the surface7,12. We found that the greatest differences in DSL among the three de�nitions occurred in the
most arid and most humid regions of the tropics (Fig.3). In a warming and drying climate, the faster
depletion of surface moisture has a greater impact than decreasing precipitation in some regions23, such
as southwestern Africa (Fig. 4). Hence, the numerous previous studies that are based only on P <  and
lack consideration of the increasing water demand of the atmosphere or ecosystems in a warmer climate
may underestimate the prolongation of the dry season and the exacerbation of the ecosystem water
de�cit. In the future, the further warming and drying of the will accelerate soil moisture depletion and thus
further lengthen the “dry seasons”. It is thus necessary to account for the faster moisture recycling by the
atmosphere when characterizing future changes in seasonal dry periods over land in future warmer and
drier climate.

Further, studies which only consider precipitation change may not fully capture ecosystem responses to
prolonged dry seasons, as ecosystem dynamics can be affected by water supply as well as water
demand. For example, in the tropical wet-dry transition season, extended periods of high atmosphere
water demand (measured by the vapor pressure de�cit) have been acknowledged as a primary driver of
large-scale tree mortality and wild�re in forest ecosystems11,39-41. Previous work has also indicated that,
during the dry season, photosynthesis and vegetation productivity in tropical rainforests are mainly
constrained by water demand7. Thus, because primary production in the tropics plays an essential role in
global C cycling and the size of the land C sink, global C dynamics have likely been altered by changes in
tropical DSL and dry season water availability. We suggest that future studies consider the impacts of
changes in not only changing water supply, but also changing water demand, on the ecosystem water
de�cits and functioning under changing climatic conditions.

The actual rate of ecosystem water consumption E may be decoupled from Ep on seasonal to longer time
scales24-26,42-44. Ep is calculated by assuming the land surface is not water-limited, hence it cannot
capture E changes in relatively dry periods or over extremely dry regions24,43. For example, in southern
Amazonia, DSL de�ned as P < Ep is longer than, but DSL de�ned as P < E is shorter than, DSL de�ned as
P < , due to the increasing soil moisture limitations on evaporative water loss42. Human land-use
activities could have a more substantial impact on E than on P or Ep. For example, widespread forest
clearing over the tropics may reduce precipitation37,45-47, but the actual water limitation is eased since the
degraded ecosystems demand less water for growth42,48.

It is also important to note that plant leaves can partially close their stomata under the drier atmosphere,
decreasing transpirational water loss49-51. This increasing vegetation water-use e�ciency may, to some
extent, alleviate the increasing water de�cits of tropical ecosystems52,53. However, this effect is currently
absent in available empirically- or physically-based E products54, and thus cannot be explicitly considered
in this study. Although the leaf- to ecosystem-level increase of water-use e�ciency under higher CO2 have

been well-studied with laboratory and �eld experiments13,52,55,56, the effects of this process on surface
water availability at broader spatial scales remains unknown53,57. We encourage research assessing past
and future dry season changes and ecosystem response using, for example, fully coupled Earth system
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models48,53 that explicitly consider the hydrological consequences of plant physiological responses to
rising atmospheric CO2.

In summary, our study reveals that the extent of dry season lengthening over the global tropics varies
depending on the de�nition of “dry season”. Considering changes in water demand as well as water
supply exacerbates tropical dry season lengthening. It is necessity to account for the evolving water
demand of tropical ecosystems when characterizing changes in seasonal dry periods and ecosystem
water de�cits in an increasingly warmer and drier climate.

Methods
Climate and land cover data

Our study of tropical dry season dynamics required climatic variables with high temporal resolution (i.e.,
daily) and full coverage of tropic regions. We included four gauge-based precipitation observation
datasets (CHIRPS58, GPCC59, CPC-U60 and TRMM33), as well as three reanalysis precipitation products
(ERA-interm34, MERRA-261 and PGF62), to reduce uncertainties associated with different precipitation
products. We excluded the TRMM precipitation dataset from the trend analysis, due to its short temporal
coverage from 1998 to near present33. We derived daily evapotranspiration data from the Global Land
Evaporation Amsterdam Model (E, GLEAM v3.3a63). We calculated potential evapotranspiration (Ep)
using the FAO Penman-Monteith equation64, which requires meteorological inputs of wind speed, net
radiation, air temperature, dewpoint temperature and surface pressure. We derived these meteorological
variables from the ERA-interm dataset34 with a 0.25˚ spatial resolution and 12-hourly temporal resolution
for the 1979-2018 period.

where Ep is the potential evapotranspiration (mm day-1). Rn is net radiation at the surface (MJ m-2 day-1),

T is mean daily air temperature at 2 m height (°C), u2 is wind speed at 2 m height (m s-1), (es - ea) is the
vapor pressure de�cit of the air (kPa), ∆ is the slope of the saturation vapor pressure temperature
relationship (kPa °C-1), γ is the psychrometric constant (kPa °C-1), G is the soil heat �ux (MJ m-2 day-1, is
often ignored for daily time steps G ≈ 0). We remapped all datasets to a common 0.25° × 0.25° grid. The
mean annual precipitation values in Fig. 3 were an average of all the seven precipitation datasets, and the
mean annual temperature values were derived from the ERA-interm datasets. We calculated DSA, DSE
and DSL under each de�nition for each dataset, and we calculated the mean DSA, DSE and DSL under
each de�nition. We examined the uncertainty by calculating the standard deviation (SD) among the
different precipitation datasets under each de�nition. For trend analysis, we combined the calculated
trends among the six different data sources and determining con�dence level based on the consistency
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among the different data sources. The main characteristics of the datasets mentioned above are
summarized in Table S1.

We used land cover maps from the Moderate-Resolution Imaging Spectroradiometer (MODIS, MCD12C1
C565) based on the IGBP classi�cation scheme to analyze the differences in dry season characteristic
among land cover types. We calculated the proportion of each vegetation type from the 0.05° × 0.05°
product in each 0.25° × 0.25° grid cell to determine the dominant land cover type. We selected �ve
dominant tropical vegetation cover types for our study (i.e., evergreen broadleaf forest, woodland,
savannas, grassland and cropland), and we excluded water-dominated and sparely-vegetated pixels (like
Sahara, Arabian Peninsula).

De�ning dry season length and timing

For each grid cell and each dry season de�nition (P < Ep, P < E and P < ), we conducted a harmonic
analysis to de�ne the number of dry and wet seasons experienced per year, through a Fourier transform
of the entire daily time series15,16,66. We calculated the ratio of harmonic amplitudes at frequencies of
one and two cycles per year to determine seasonality (Fig 1a, Supplementary Fig. 2). A ratio greater than
1.0 indicates that the harmonic of two cycles per year (i.e., two dry and wet seasons, Fig.1 c) may �t the
time series better, otherwise (ratio < 1.0) there is more likely a single dry/wet season (Fig.1 b).

The three de�nitions of “dry season” that we assessed were: (i) the period when daily precipitation (P) is
persistently less than daily potential evapotranspiration (Ep), i.e., P < Ep, (ii) the period when daily
precipitation is persistently less than daily actual evaporation (E) i.e., P < Ep, and (iii) the period when
daily precipitation is persistently less than the multi-year average daily mean precipitation), i.e., P < . Other
de�nitions of ‘dry season’ (e.g., based on a speci�c rainfall threshold67,68) have been used in previous
research. We chose these three de�nitions because they can be applied across the entire tropic land area
(i.e., they are not locally determined by metrics such as a speci�c local rainfall threshold value). We
adjusted the widely-used P <  dry season algorithm15,16, to identify the arrival and end of the dry season
for all the three de�nition, based on the calculation of P < Ep, P < E and P < . First, we calculated the mean
P, Ep and E for each day (j) of the calendar year (Pj, Epj and Ej) and the daily mean rainfall  for all datasets
for 1979-2018. To reduce the synoptic noise, we smoothed P, Ep and E with a 30-day running window.
Then, we calculated cumulative P - Ep, P - E and P -  on day d, ranging from 1 Jan to 31 Dec, as:
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A(d), B(d) and C(d) increase at day d when the daily precipitation is above the daily mean rainfall, daily
potential evapotranspiration or actual evaporation, and decrease when the daily precipitation is below the
corresponding diagnostic criterion. We de�ned the day of maximum A(d), B(d) or C(d) as the arrival of the
climatological dry season (DSA) and the day of minimum cumulative value as the end of the
climatological dry season (DSE). For regions with two or more dry seasons per year, we detected all days
of maximum and minimum in the cumulative curve (Figure 1c), but we used only the four days marking
arrivals (dsa1, dsa2) and ends (dse1, dse2) of the two longest dry seasons for our analysis, usually a
boreal summer (June – August) dry season and a boreal winter (December – February) dry season.

To assess temporal changes, we calculated the arrival and end dates individually for each year from
1979-2018. We calculated the cumulative A(d), B(d) and C(d) for each day from DSA − 60 to DSE + 60 for
each year instead of the entire calendar year from 1 Jan to 31 Dec, to ensure the correct season was
captured. Since the dry season may potentially span multiple calendar years, the dry season arrival and
end are not computed for the �rst and last year of each record. For regions with two dry seasons, the
arrival and end dates were determined for the two dry seasons separately. For those regions, we
calculated the cumulative function A(d), B(d) and C(d) for each day during DSA1-45 to DSE1+45 (for the
�rst dry season detection) and DSA2-45 to DSE2+45 (for the second dry season detection). We used a
shorter period (45 days, as opposed to 60 days used for regions with one dry season) in order to better
capture the characteristics of the two dry seasons. Accordingly, DSL in days can be calculated as the
difference between DSE and DSA, or between DSE1+ DSE2 and DSA1+ DSA2 for cases of two dry
seasons. We calculated Water De�cit (WD) as the cumulative sum of P - , P - Ep or P - E (dashed area in
Figure 1.a), from the dates of DSA to DSE.

Long-term trend analysis

To assess temporal changes, we calculated annual dry season diagnostics (DSL, WD, DSA, DSE)
individually for each year from 1982-2016. We estimated the trends of dry season diagnostics and
climatic variables from the ordinary least squares linear regression. We de�ned each trend as the slope of
this linear regression, and we determined statistical signi�cance (P value) using two-tailed Student’s t-
tests. We used the non-parametric Mann–Kendall trend test to detect whether a signi�cant monotonic
increasing or decreasing trend exists, and to provide additional veri�cation for the robustness of the linear
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regression trend analysis, as it is less sensitive to the beginning and end of the analysis period16. In
addition, we calculated the time series of DSL, DSA, DSE, and WD at the regional aggregated level using
area-weighted averaging over the southern Amazon, northern and southern central Africa and
southwestern Africa, to maximize large-scale features while minimizing local-scale variability and
noise16. We estimated the linear trends at the regional level as at the grid level (Supplementary Table 2).

Considering the inconsistency of trends across precipitation datasets, we judged the level of  consistency
with the following criterion29: ‘‘very likely’’ if the sign of the trend was the same in �ve or six precipitation
datasets and no signi�cant changes in the others, ‘‘likely’’ if the sign of the trend was supported by three
or four precipitation datasets, ‘‘possibly” if the sign of the trend was supported by one or two, ‘‘uncertain’’
when con�ict trends (i.e. both signi�cant increase and decrease trends existed) were found among
different precipitation data sources, and “no change” when no signi�cant changes for all of the six
datasets were detected.

Declarations
Data availability

All observational and reanalysis data sets that we used are publicly available. The daily CHIRPS
precipitation datasets are available from the following location: ftp://chg-
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Figures

Figure 1

Precipitation seasonality and dry season de�ned as P < P ̅. a, The mean ratio of P amplitudes of the
harmonics at frequencies of two and one cycle per year via Fourier Analysis of whole daily time series
(1979-2018) for each grid box based on the seven precipitation datasets. The blue dashed line marks the
boundaries with the ratio of 1.0, inside which grid boxes have two wet seasons and two dry seasons per
year. b-c, Daily mean rainfall (light blue) for each day of the year, smoothed using a 30-day running
windows (blue), the multi-year average daily mean precipitation (red horizontal line) and cumulative P
anomaly value (green) for the grid box centered at 11.125°S, 57.875°W (left, point 1 in a) and 1.375°N,
12.875°E (right, point 2 in a) according to the daily CHIRPS precipitation dataset for the period 1981-2018
(see Eq. 3). Blue dots mark the arrival of dry seasons (DSA), while red dots mark the end of dry seasons
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(DSE). The solid black shaded area represents the water de�cit, calculated as the cumulative difference
between P and P ̅ during the dry season. The two longest seasons are assumed to be the two seasons of
interest for the biannual region (c). Similar patterns and de�nitions for P < Ep and P < E are shown in
Supplementary Fig. 2 and Fig. 3.

Figure 2

Spatial pattern of tropical dry season length (a), arrival date (b, d) and end date (c, e), according to each
of the three de�nitions of “dry season”. The green line indicates the boundary of regions with two dry
season per year in a. Summer (June - August) dry season timing is shown in b-c, and winter (December -
February) dry season timing is shown in d-e. Results from ERA-interm are excluded in the multi-data
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average spatial pattern due to its overestimation of the dry season precipitation over Amazonia and
central Africa. The hatched area in a-e indicates that the standard deviation of DSL is longer than 30 days
(in a and b) or the standard deviation of DSA or DSE is longer than 15 days (in d and e).

Figure 3

Differences in dry season length (DSL) among the three de�nitions, by mean annual climate (a) and
landcover type (b). Pixels for each MAT and MAP interval in a and the tropic Landcover from MCD12C1
for b is shown in Supplementary Information.
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Figure 4

Consistency of trends in DSL and WD for each de�nition, from 6 data sets (1982-2016). The consistency
of wetting (green) or drying (pink) trends under each of the three de�nitions of “dry season” was assessed
as the variation among the six datasets. ‘‘Very likely’’, ‘‘likely’’ and ‘‘possibly” indicate that the sign of the
trend was the same in six or �ve, four or three and two or one precipitation datasets, respectively, while
the other datasets showed no change. “Uncertain’’ indicates con�icting trends among datasets, with some
showing a signi�cant increase and some showing a signi�cant decrease. “No change” indicates that all
six datasets showed no signi�cant change. For regions with two dry seasons, only the changes for the
longer one are shown. The histogram shows the percent area with wetting or drying trends.
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