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Abstract

Global coffee production is at risk from synchronous crop failures, characterised by wide-
spread concurrent reductions in yield occurring in multiple countries at the same time. For
other crops, previous studies have shown that synchronous failures can be forced by spa-
tially compounding climate anomalies, which in turn may be driven by large-scale climate
modes such as the El Nifio Southern Oscillation (ENSO). We provide a systematic analy-
sis of spatially compounding climate hazards relevant to global coffee production. We
identify 12 climate hazards from the literature, and assess the extent to which these haz-
ards occur and co-occur for the top 12 coffee producing regions globally. We find that the
number of climate hazards and compound events has increased in every region between
1980 and 2020. Furthermore, a clear climate change signature is evident, as the type of
hazard has shifted from overly cool conditions to overly warm. Spatially compounding haz-
ards have become particularly common in the past decade, with only one of the six most
hazardous years occurring before 2010. Our results suggest that ENSO is the primary
mode in explaining annual compound event variability, both globally and regionally. El
Nifio-like sea-surface temperatures in the Pacific Ocean are associated with decreased
precipitation and increased temperatures in most coffee regions, and with spatially com-
pounding warm and dry events. This relationship is reversed for La Nina-like signatures.
The Madden Julian Oscillation also shows a strong association with climate hazards to
coffee, with increased activity in the Maritime Continent related to a global increase in the
number of cold or wet hazards and a decrease in the number of warm or dry hazards. With
climate change projections showing a continued rise in temperatures in the tropics is likely,
we suggest that coffee production can expect ongoing systemic shocks in response to
spatially compounding climate hazards.
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1 Introduction

Coffee production supports the livelihoods of tens of millions of farmers in developing coun-
tries [1]. Annual coffee exports were worth an estimated USD 35.6 billion in 2018, a more than
fourfold increase from 1991 [2]. The vast majority of the world’s coffee is made up of two spe-
cies, Coffea arabica (Arabica) and Coffea canephora (robusta). Coffee, especially Arabica, is
considered a sensitive crop, vulnerable to climate variability and change [3-5].

Broadly speaking, there are two ways in which the climate influences coffee cultivation.
First, the local climatology dictates a region’s suitability to growing coffee. The optimal annual
temperature range for growing coffee is commonly cited as between 18°C and 22°C (for Arab-
ica), or between 22°C and 28°C (for robusta) [6-8]. Likewise for annual precipitation, optimal
ranges are between 1400 mm and 2000 mm (Arabica), or between 2000 mm and 2500 mm (for
robusta) [6]. These climatic values are derived from historical surveys on the distribution of
these species and are used to infer the climatic conditions suitable for coffee (i.e. if the species
is able to survive and reproduce). Substantial departures from these climatic ranges are taken
as an indication that an area is either currently, or in the future under climate change, unsuit-
able for growing coffee [3].

Anthropogenic climate change is expected to alter the global distribution of coffee suitabil-
ity. The area of land suitable for coffee cultivation may be reduced by up to 50% [3]. Globally,
rising temperatures are the main driver of these projected losses, but regional studies indicate
that changes in precipitation totals and seasonality is crucial [5]. Production could in theory
be moved to more suitable regions, such as to higher altitudes. However, many farmers, and
especially small land holders, often lack the resources and flexibility to relocate [2]. Such a
large scale change in land use would result in significant socio-economic and environmental
challenges.

The other way that climate affects coffee cultivation is through the impacts of inter-annual
variability on the annual production cycle and on yields (as opposed to suitability studies,
which are based on the presence and/or absence of coffee farms). During any given year, cli-
mate hazards such as heatwaves, droughts, frosts and floods can each affect coffee yield [8-14].
Sub-optimal temperatures and precipitation deficits have negative effects on yield and bean
quality, and climate acts as a control on pests and diseases [5]. The timing is also important, as
the vulnerability of coffee to climate variables changes depending on the stage of the plant’s life
cycle [8, 15].

As with other crops, a systemic risk to the global coffee trade is posed by synchronised crop
failures. These failures are characterised by large-scale yield deficits, and can arise as a result of
widespread, spatially compounding climate anomalies [16-20]. For coffee productivity, how-
ever, the impacts of climate variability are typically analysed on national or regional spatial
scales [5, 8, 10, 13, 14]. On a global scale, the historical variability and changes in the frequency
of spatially compounding events that affect coffee production is unknown.

It is likely that large-scale climate modes play a role in forcing spatially compounding events
[21-24]. However, the extent to which climate modes explain spatially occurring climate haz-
ards important for coffee production has not been investigated. The El Nifio Southern Oscilla-
tion (ENSO) is the dominant mode of Pacific Ocean sea-surface temperature (SST) variability
that influences tropical precipitation and temperature [25, 26]. ENSO has been directly linked
to world coffee production and prices [27-30], and has been implicated in forcing synchro-
nous crop failures [16, 17, 19]

Aside from ENSO, previous studies have highlighted the teleconnection of modes of vari-
ability in the Atlantic and Indian Oceans to surface conditions in the tropics. The Indian
Ocean Dipole (IOD), the Atlantic Nifio, and the Tropical North and South Atlantic (TNA and
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TSA) modes have varying influence across coffee-growing regions [22, 31-34]. The Madden-
Julian Oscillation (M]JO) is the primary mode of intraseasonal variability in the tropics that
modulates global convection [35]. MJO activity plays an important role in driving tropical pre-
cipitation and temperature variations [36, 37], including during crop flowering seasons [38].
To what extent the MJO affects climate hazards important for global coffee production is an
open research question.

In this article, we present analysis of spatially compounding climate hazards relevant to
global coffee growing area suitability and production. We consider a range of coffee-producing
regions, each with their respective production cycles. From the literature, we identify the cli-
mate processes that influence coffee productivity and a region’s suitability for cultivation,
which we term ‘climate hazards’. These broad-ranging factors, incorporating various hazards,
regions and seasons, are synthesised in an approach that allows us to concisely explore the
changes over time of spatially compounding events.

We also assess the relationship between these compound events and potential drivers of the
tropical climate, and highlight which climate modes are most important in driving compound
event occurrences. The article is structured as follows. In Section 2, we detail the data and
methods used. We provide a description and discussion of the results in Section 3. The article
concludes in Section 4 with a summary of the presented work.

2 Data and methods
2.1 Selecting coffee regions

We select the top 12 coffee-producing countries according to 2019 yield data from the United
States Department of Agriculture (Fig 1a) [39]. These countries together account for 90% of
global production. While some countries grow both Arabica and robusta, we only consider the
primary species for the regions here. Due to Brazil’s size and importance to global coffee sup-
ply, we split the country into northern and southern Brazil. Southern Brazil is the top global
grower of Arabica (53% of total Arabica supply), while northern Brazil is second only to Viet-
nam in producing robusta (26% of robusta supply; Fig 1b).

The production cycle of coffee varies by region. We consider two stages of production: the
flowering season and the growing season. These seasons are shown in (Fig 1b). Colombia and
Uganda have two distinct production cycles and we represent both here. We estimated the
flowering and growing (i.e. cherry and fruit development) seasons for each country based on
the literature [13, 40-43].

2.2 Identifying climate hazards

From the literature, we select 12 climate hazards, six for each coffee species (Table 1). These
hazards are defined as when some variable surpasses a biophysical threshold. Growing season
average temperature and annual precipitation ranges reflect the suitability of a region to grow-
ing coffee [6-8]. Growing season vapour pressure deficit (VPD) and average maximum daily
temperature thresholds are chosen as hazards important for Arabica production [44]. For
robusta production, too-cold minimum daily temperatures in the flowering season, and too-
warm minimum daily temperatures in the growing season, have been identified as important
variables [13]. As we will show, the hazards do not necessarily reflect extreme climate condi-
tions. Instead, the thresholds represent sub-optimal conditions, where if surpassed could have
a detrimental effect on coffee growing suitability and yield.
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Fig 1. Coffee regions and production cycles. (a) Percentage of 2019 coffee yield by primary coffee species per region. Robusta regions are to the right
of the red line, plus northern Brazil. Dashed lines indicate regions used to calculate ocean modes indices. (b) Flowering and growing seasons, with
percentage of 2019 coffee yield by species shown on the right-hand axis. The map base layer is available from Natural Earth at https://www.
naturalearthdata.com/downloads/110m-physical-vectors/110m-coastline/.

https://doi.org/10.1371/journal.pcim.0000134.g001

2.3 Calculating climate hazard events

We obtain monthly averages of daily maximum, daily minimum, and daily mean temperatures
from the Berkeley Earth Surface Temperature data set [45], with a 1°x1° spatial resolution.
Monthly precipitation data on the same grid are from the Global Precipitation Climatology
Centre FD_M_V2020_100 [46] data set. Monthly mean VPD (with units of kPa) is calculated

Table 1. Details of the climate hazards used in this study.

Climate variable Statistic Hazard Species Type Source
Vapour Pressure Deficit Growing mean VPD,, > 0.82 kPa Arabica Dry [44]
Daily maximum temperature Growing mean Tinaxgr > 29.5°C Arabica Warm [44]
Daily minimum temperature Flowering mean Trming < 15.8°C Robusta Cold [13]
Growing mean Tiningr > 18.6°C Robusta Warm
Daily mean temperature Growing mean Ty < 18°C Arabica Cold [6-8]
Ty >22°C Arabica Warm
T <22°C Robusta Cold
Ty >28°C Robusta Warm
Precipitation Annual total P,, < 1400 mm Arabica Dry [6]
P,, > 2000 mm Arabica Wet
P,, <2000 mm Robusta Dry
P,, > 2500 mm Robusta Wet

https://doi.org/10.1371/journal.pcim.0000134.t001
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as

_ T _ ¢ T,
VPD = ¢ <exp LS m T} exp {—Cg " Td:| ), (1)

where ¢; = 0.611 kPa, ¢, = 17.5, ¢; = 240.978°C, T is monthly mean temperature (*C) and T, is
monthly mean dew-point temperature (°C) [47]. VPD is calculated using the ERA5 reanalysis
product [48], with a spatial resolution of 0.25° x 0.25°. For all data we consider the period
1979 through 2020.

The temperature variables and VPD are aggregated to flowering and growing season means
according to the months shown in Fig 1b. Precipitation is aggregated by accumulating the data
over a 12 month period ending on the last month of the growing season. Where seasons cross
over calendar years, they are labelled according to the year in which the last month falls. This
process yields annual data for the flowering and growing seasons for the 41-year period 1980-
2020.

Grid cell-level climate hazard events are defined as when a variable surpasses the thresholds
listed in Table 1. Only grid cells that correspond to coffee growing regions are considered. We
use a mask of coffee production intensity in 2010 provided by the Spatial Product Allocation
Model with a spatial resolution of 0.083° x 0.083° [49]. This mask is aggregated to the spatial
resolution of the relevant variable to exclude grid cells that do not grow coffee. A lower-resolu-
tion grid cell is counted as coffee-producing should any grid cell from the high resolution
mask fall within it. Climate hazard events at the grid cell-level will be used to assess the regions’
overall (climatological) susceptibility to the hazards, and in the calculation of region-level
events.

As we are concerned with widespread climate events likely to have impacts on national and
global scale production, we consider a region-level climate hazard to occur when the propor-
tion of a region’s area that surpasses the threshold is greater than one standard deviation above
the 41-year mean. These region-level hazards are therefore indicative of systemic risk to coffee
production, rather than local risk.

We use a relative threshold here, rather than an absolute threshold (e.g. exceeding 50% of
the region’s area), because we are interested in changes in climate hazard susceptibility. There
is substantial variation in the regions’ susceptibility to the climate hazards (Table A in S1
Text). For example, the mean areal percentage of Colombia 2 experiencing too-high precipita-
tion totals is 70%. An absolute threshold of, say, 50% would result in an event every year for
Colombia 2, without showing any potential changes (for example from 60% to 80% between
1980-2020). It is this reasoning that led us to choose a relative measure.

A consequence of our choice of threshold is that a region-level event can be triggered by a
small number of grid cells. In regions with little year-on-year variation, this standard deviation
threshold is small (Table A in S1 Text), with only a few additional grid cells required to exceed
it. However, a small number of grid cells difference year-to-year has much bigger implications
for small regions than large regions. In the largest region, northern Brazil, a grid cell accounts
for at most 0.47% of total coffee-growing land. In the smallest region, Nicaragua, this figure is
12.6%.

We assessed the sensitivity of our results to the choice of threshold by using alternative defi-
nitions, of the 41-year mean areal proportion plus 5%, 10% and 20% of the region’s area (as
opposed to the additional increment of the standard deviations shown in Table A in S1 Text).
While our results did show some sensitivity to the choice of threshold, those from the 5%
and 10% increments do not change the overall message. A 20% increment is much stricter
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than the other thresholds, and did not yield enough region-level events from which to draw
any conclusions.

To test whether there has been a temporal shift in the type (e.g. from cold to warm) and fre-
quency of climate hazards, we test for a monotonic trend in the global number of region-level
hazards per year. Following [24], we calculate the Mann-Kendall test statistic, S, [50, 51] on the
observed data as

=33 sgn(x; - X)), )

i=1 j=it1

where
1, X < X
sgn(X;, —X) =410, x=x 3)
-1, x> X,
where X = {X;, X,, . .., X1} is the time series of annual hazard events. The test statistic is com-

pared with 10,000 test statistics computed on samples generated using a circular block boot-
strap procedure [52]. Block bootstrapping is used to try and mitigate the effects of serial
correlation, which is a common feature of meteorological time series and which violates the
assumption of the Mann-Kendall test that the data are independent and identically distributed.
The block size is estimated using

B= (n— B4 1) (4)
where 7' is the effective sample size given by

1—p
nWa~n——=>=~

s 5
" (5)

n is the sample size and p, is the lag-1 autocorrelation coefficient.

The procedure is “circular” because the first B values of the time series are appended to the
end of the time series. This avoids the problem of under-sampling the tails of the time series
when bootstrapping.

The block size for the hazard frequencies is B = 4 years. We deem the observed test statistic
as statistically significant if it is smaller the the 5th percentile or greater than the 95th percentile
of the distribution of bootstrap test statistics.

2.4 Climate mode indices

We explore the role of six tropical climate modes in driving the occurrence of climate hazards
to coffee production. For this part of the analysis, we first remove the climate change signal by
linearly detrending variables used to calculate the climate hazards (temperature, precipitation
and VPD) and climate mode indices. As the biophysical thresholds can’t be applied to these
detrended data, we use relative thresholds of one standard deviation from the mean (above or
below the mean as appropriate for the hazard).

For five ocean modes, we use SST observations from the Met Office Hadley Centre Sea Ice
and Sea Surface Temperature data set [53] for the period 1979-2020. SST anomalies are com-
puted by removing the mean of the whole period. We represent ENSO with the Nifi03.4 index,
defined as the SST anomaly averaged over 5°N-5°S, 120°-170°W. The Dipole Mode Index
(DMI) quantifies the Indian Ocean Dipole (IOD), computed as the difference between SST
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anomalies averaged over western (10°N-10°S, 50°-70°E) and south-eastern (0°-10°S, 90°-
110°E) regions in the Indian Ocean. We use three indices of the tropical Atlantic Ocean. The
Tropical North Atlantic index (TNA) is the SST anomaly averaged over 25°N-5°N, 55°-15"W.
The Tropical South Atlantic index (TSA) is the SST anomaly averaged over 0°N-20°S, 30°-
10°W. The Atlantic Nifio index is the SST anomaly averaged over 5°N-5°S, 20°-0°W.

To represent the MJO, we use eight indices defined as the number of days per month that
the MJO is in each of its eight phases, expressed as anomalies relative to the long-term average.
We use the method described in [54] to obtain a daily representation of the MJO using ERA5
velocity potential data. For a full description see the text, Figs A and B in S1 Text. The eight
MJO phases represent the west-to-east path of the MJO through four general regions (Fig B in
S1 Text): the western Hemisphere and Africa (phases 1 and 8), the Indian Ocean (2 and 3), the
Maritime Continent (4 and 5), and the western Pacific (6 and 7). Our monthly MJO indices
for each phase are denoted as MJO;, fori=1, ..., 8.

The monthly ocean and MJO indices are averaged over the growing seasons for each region.
We are therefore assessing the concurrent relationship between climate hazards and potential
drivers. Lagged relationships are not considered, as the growing seasons are long enough (min-
imum four months) to assume that any influence of the drivers on the hazards would manifest
over those time scales. We do not consider the Ty, 1 climate hazard as it is relatively less
important than growing season climate hazards [13].

2.5 Regression analysis

To explore which climate modes are the most important in explaining compound climate haz-
ards for each coffee growing area, we fit regression models to the number of region-level haz-
ards per year and region. Following the hazard classifications provided in Table 1, we assign
‘warm’ or ‘dry’ events a value of 1, and ‘cold’ or ‘wet’ events a value of —1, and sum for each
region and year. For example, if a region experiences one dry and one warm event during a
particular year, that year will have a value of 2. A value of 2 could also be obtained by the
occurrence of three warm or dry hazards plus one cold or wet hazard. A value of 0 indicates
that either no hazards occurred, or there was one cold or wet hazard, plus one warm or dry
hazard. We will show that these instances of cancellation are few.

The response variable, y, is therefore an integer in the interval [-2, 4] for Arabica regions,
and in the interval [-2, 3] for robusta regions. While y is best described as ordered categorical
data, the number of categories (six or seven) suggests that treating the data as continuous is
appropriate [55]. We therefore fit a Gaussian generalised linear model (GLM) with the identity
link (equivalent to multiple linear regression).

To test the continuous data assumption, we also fit a GLM with a multinomial conditional
distribution and the cumulative logit link function (i.e. ordinal regression). We describe results
only for the Gaussian GLM, as model performance (see below) is worse when using ordinal
regression for all regions except Indonesia and Uganda 1, but with similar sets of explanatory
variables in the best-fitting models.

For each model, we consider the five ocean mode indices and the eight MJO indices as
explanatory variables. We fit every possible combination of explanatory variables, except if any
pair of explanatory variables have an absolute Spearman correlation greater than 0.7 to avoid
potential collinearity issues [56]. The strength of the correlation changes depending on the sea-
son, and so depends on the growing season of each region. The total number of unique sets of
explanatory variables ranges between 1,042 (Mexico) and 4,082 (Peru). Prior to model fitting,
all data are standardised by dividing by their standard deviation in time. This ensures the
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relative importance of the regression coefficients can be assessed [57]. We consider the best
models as those that minimise the small-sample corrected Aikake’s Information Criterion
(AICc).

3 Results and discussion
3.1 Climatology of climate hazards

As mentioned in Section 2.2, the biophysical hazard thresholds are not always ‘extreme’ values
of each variable. The historical frequency of each climate hazard varies greatly by region (Fig
2). In some regions, some hazards have never occurred in the period 1980-2020. The vast
majority of coffee regions never experience too-cold growing season temperatures, for exam-
ple (Fig 2c). Conversely, there are regions in which a hazard occurs every year, such as growing
season temperatures over 22°C in southern Brazil (Fig 2d). In these cases, the ‘hazard’ is just a
feature of the climate that must be managed to attain the best possible yields given those condi-
tions. For example, regions with too-high temperatures often use shading as a management
technique [58], while irrigation is employed to mitigate water stress in regions that do not
receive optimal precipitation [59, 60].

Southern Brazil exhibits the greatest spatial variability, with varying degrees of susceptibility
to VPDg,, Trnax,gr and low Py, (Fig 2a, 2b and 2e). As by far the largest grower of Arabica,
global coffee production is heavily dependent on favourable climate conditions in southern
Brazil, or on effective management of poor conditions.

VPDg > 0.82kPa  Tminn<15.8 °C Tmaxgr>29.5°C  Tmingr> 18.6 °C

Frequency [years]

Fig 2. Susceptibility to climate hazards. Number of years between 1980 and 2020 during which climate variables surpass
biophysical coffee thresholds for (a) high growing-season VPD (VPDy,) or low flowering-season minimum temperature
(Timin,n)> (b) high growing-season maximum temperature (Tmayg:) Or minimum temperature (Tin,gr)> (¢) and (d) low and
high growing-season mean temperature (Tj,), (¢) and (f) low and high annual precipitation (P,y,). Robusta regions and
corresponding hazard definitions are to the right of the red line, plus northern Brazil. The map base layer is available from
Natural Earth at https://www.naturalearthdata.com/downloads/110m-physical-vectors/110m-coastline/.

https://doi.org/10.1371/journal.pcim.0000134.9002
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Fig 3. Average number of climate hazards per year 1980-2020. Robusta regions and corresponding hazard
definitions are to the right of the red line, plus northern Brazil. The map base layer is available from Natural Earth at
https://www.naturalearthdata.com/downloads/110m-physical-vectors/110m-coastline/.

https://doi.org/10.1371/journal.pcim.0000134.g003

Due to its higher inter-annual variability, precipitation could be the most important vari-
able that affects large-scale coffee production due to the spatial heterogeneity of P,, hazards.
This is apparent for too-dry conditions in northern and southern Brazil (Fig 2e) and for too-
wet conditions in Colombia, Peru and Indonesia (Fig 2f). By comparison, the majority of
regions either never experience temperature-based hazards, or they are a feature of the
climate.

The north of southern Brazil and eastern Ethiopia are the regions most susceptible to cli-
mate hazards, experiencing close to the maximum four hazards every year (Fig 3). In general,
everywhere experiences at least one hazard per year on average. Robusta regions appear to suf-
fer from fewer hazards per year on average, though this may be due to the differences in hazard
types. As we will show later, it is not uncommon for Arabica regions to experience VPDg, and
Tnax.gr hazards concurrently, but it is rare for robusta regions to have too-cold minimum tem-
peratures in the flowering season followed by too-warm minimum temperatures in the grow-
ing season (i.e. Trmina < 15.8°C followed by Tryin g > 18.6°C). Arabica is native to Ethiopia,
and so unsurprisingly parts of this country do not usually experience any hazards during the
year.

3.2 Changes in climate hazard and compound event occurrences

Changes in temperature-related hazards show a clear climate change signal. Arabica regions
are now much more likely to experience widespread high maximum temperatures and VPD
(Fig 4a). Until around 2000, robusta regions were susceptible to cold overnight temperatures
in the flowering season. Since then, these hazards have become less common, replaced by
warm minimum temperatures in the growing season. A similar picture is evident in growing
season mean temperatures across all regions, with a clear shift over time from below- to above-
optimal temperatures (Fig 4b). In contrast, changes in sub-optimal precipitation totals do not
display a clear trend (Fig 4c).

Region-level hazard events occur when a relatively large proportion (here, above one stan-
dard deviation) of the region’s grid cells experience a hazard. This definition means that there
are no region-level events in regions for which the hazard is an ever-present feature of the cli-
mate. One example is for southern Brazil, which has never suffered a region-level event for T,
(Fig 4b). This is because no grid cell has ever had growing season temperatures below 18°C
(Fig 2¢). In addition, as virtually all grid cells are above 22°C every year (Fig 2d), there is never
a situation in which the proportion of the region experiencing the hazard is large enough to
satisfy the definition of a region-level event. Changes in these events therefore reflect whether
a region is becoming more or less susceptible to a hazard, rather than the region’s general suit-
ability for coffee cultivation.
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Fig 4. Regional events by climate hazard 1980-2020. Time series show the occurrence of climate hazards for each region, for (a) growing season VPD
(VPD,,) and maximum temperature (Tyax g Arabica), and minimum temperature in the flowering (T i) and growing (T nin gr) Seasons (robusta),
(b) growing season mean temperature (Ty,) and (c) annual precipitation (Pyy).

https://doi.org/10.1371/journal.pcim.0000134.9004

The annual number of hazards globally has increased since 1980 (Fig 5). Most regions, with
Uganda and India being the exceptions, appear to have experienced a greater number of haz-
ards in the past decade. Since 2010, there have been five years during which at least 20 hazards
occurred across all regions, compared to just once prior, in 1998 (top bar plot of Fig 5). This
implies a greater risk to large-scale coffee supply from spatially compounding climate hazards.
In 2016, for example, every region experienced at least one hazard, with most of the top grow-
ing regions (northern and southern Brazil, Colombia and Indonesia) experiencing multiple
hazards simultaneously.

The climate change signal evident for individual hazards is stark for compound events, with
a clear shift towards warm or dry hazards. This shift is supported by trend test results. We find
that the Mann-Kendall test yields a statistically significant (p = 0.0003) upward trend for the
annual number of warm or dry hazards per year, and a significant (p = 0.001) downward trend
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Fig 5. Regional events for all climate hazards 1980-2020. The main panel shows the number of hazard events per region and year. Shading indicates
whether the majority of hazards are ‘warm or dry’ (brown) or ‘cold or wet’ (green) according to Table 1. On four occasions, one hazard from each of
these classifications occurred (pink). The right-hand bar plot shows the number of hazards per region over the whole period. The top bar plot shows the
number of hazards per year across all regions. These bar plots are shaded according to whether they are ‘warm or dry’ or ‘cold or wet’.

https://doi.org/10.1371/journal.pcim.0000134.9005

for the number of cold or wet hazards per year. With the lack of evidence for trends in precipi-
tation hazards, the increasing number and shift in the type of hazard is driven by increasing
temperatures (and related increases in VPD).

Southern Brazil, the world’s most productive Arabica producing area, has experienced
among the fewest climate hazards, with only seven years featuring hazards between 1980 and
2013 (right-hand bar plot of Fig 5). This implies that, by and large, the majority of coffee pro-
ducers in southern Brazil have not often had to adapt cultivation practices or implement miti-
gation strategies, at least for the hazards analysed here.

However, the region has experienced a concerning number of hazards since 2014. Since
then, only two years have been hazard-free, with four years featuring multiple concurrent haz-
ards. If the past seven years are indicative of the future, farmers may have to adapt to a hotter
and drier climate to avoid negative impacts on coffee production.

3.3 Drivers of climate hazards and compound events

Fig 5 suggests that years with high numbers of climate hazards might be related to strong
ENSO events. In particular, there were significant El Nifio events in 1998, 2015, 2016 and
2019, and these years also featured high numbers of warm or dry hazards. To try and isolate
any possible influence of the climate modes on the hazards from the climate change signal, we
analyse their relationship using detrended data. Time series of the detrended region-level haz-
ards are shown in Fig C in S1 Text.

Of the tropical ocean modes, ENSO is the most strongly correlated with precipitation and
temperature (Fig 6). El Nifio-like conditions favour warmer and drier conditions for every
region except Southern Brazil, in which wetter conditions are more likely. The IOD has a rela-
tively weak association with surface conditions. The strength of the IOD typically peaks in
August to October, but the weak teleconnection is not to do with timing. This is because the
growing seasons of each country, including those near the Indian Ocean where a strong tele-
connection might be expected, span a wide array of months. The TNA exhibits similar (but
weaker) relationships to surface variables as ENSO. The TNA and Atlantic Nifio have similar
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Fig 6. Relationship between climate modes and surface variables. Spearman correlation between detrended growing
season ENSO (measured by Nifio3.4), Indian Ocean Dipole (DMI), Tropical North Atlantic index (TNA), Madden-Julian
Oscillation indices for phases 1 and 4 (MJO; or MJO,), and detrended growing season mean temperature (left column) or
annual precipitation (right column). Robusta regions are to the right of the red line, plus northern Brazil. The map base
layer is available from Natural Earth at https://www.naturalearthdata.com/downloads/110m-physical-vectors/110m-
coastline/.

https://doi.org/10.1371/journal.pcim.0000134.g006

teleconnection patterns to each other, and to the IOD. The exception is for Mexico, Central
America and Colombia, for which the correlation sign is opposite (Figs D and E in S1 Text).

The MJO is quite strongly related to variations in temperature and precipitation, particu-
larly in northern Brazil and Indonesia (Fig 6g—6j). The magnitude of these correlations
does not vary greatly as a function of the MJO phase (also see Figs F and G in S1 Text), but
the direction does. When the MJO is in phase 1 more often than normal, the majority of
regions experience warmer temperatures and reduced precipitation, except in southern
Brazil. Conversely, anomalously more frequent phase 4 days are linked to cooler and wetter
conditions.

Our results do not feature the typical MJO teleconnection dipole pattern, whereby precipi-
tation is enhanced over one half of the globe and suppressed in the other [35-37]. For example,
we might expect MJO,, which indicates the extent to which the MJO is active (promoting pre-
cipitation) in the Maritime Continent, to be positively correlated with precipitation in Indone-
sia and negatively correlated with precipitation in northern Brazil. However, we see a positive
correlation almost everywhere, including northern Brazil. This behaviour is potentially
because the growing seasons over which we aggregate our MJO indices are much longer (four
to nine months) than the time the MJO takes to traverse the planet (one to two months).
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Fig 7. Detrended climate hazards and mode indices time series. (a) Number of hazards per year across all regions. Circles and triangles denote
years that featured above average numbers of ‘cold or wet’ and ‘warm or dry’ hazards, respectively. (b) Mode indices averaged across all regions’
growing seasons. The indices are standardised by dividing by their standard deviation in time. The mode indices are for Nifio3.4 (ENSO), the Indian
Ocean Dipole Mode index (IOD), the Atlantic Nifio index (Atl. Nifio), the Tropical North and South Atlantic indices (TNA and TSA) and the
Madden-Julian Oscillation indices for each of the eight phases (MJO, through MJOy).

https://doi.org/10.1371/journal.pcim.0000134.g007

The El Niflo year of 1998 is even more apparent in the detrended data than in the original
series (Fig 7 and Fig C in S1 Text). Over all regions, 40 hazards occurred, 37 of which were
warm or dry. As well as El Nifio, that year saw positive values for the IOD, Atlantic Niflo, TNA
and TSA indices. In addition, there was a higher frequency of MJO activity near Africa, at the
expense of activity over the Maritime Continent and western Pacific.

Other years with a strongly positive Nifi03.4 index, such as 1983, 1987, 2015 and 2016, also
coincide with larger numbers of warm and dry climate hazards. Conversely, La Nifa-like years
such as 1989, 1999, 2000, 2008 and 2011 may be associated with some of the highest totals of
cold and wet hazards.

As with so many studies analysing the ENSO teleconnection to surface climate, there is
no one-to-one mapping of the ENSO phase to the climate hazards. The resultant Nifi03.4
index after averaging across years with anomalously high numbers of warm/dry or cold/wet
hazards (triangles and circles in Fig 7a) is around 0.6 or —0.7, respectively (Fig 8a). While
the magnitude of these anomalies may seem small, they are statistically significant (accord-
ing to a circular block bootstrap procedure carried out in the same manner as for the trend
tests). As such, there is a clear association between ENSO phase and strength with the
number and type of annual hazards (Fig 8b). An El Nifio-like SST pattern tips the odds in
favour of an increased number of warm or dry hazards globally, and vice versa for La Nifa
signature.

Of the remaining ocean modes, the TNA has the highest magnitude anomalies on spa-
tially compounding years, with an average anomaly of —0.38 during cold or wet years (Fig
8a). However there is not an obvious distinction in TNA index magnitude or phase between
cold/wet and warm/dry years (Fig 8d). Given that a cooler TNA has been associated with
June-September droughts across tropical regions [22], we might have expected a negative
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https://doi.org/10.1371/journal.pcim.0000134.9008

relationship between the TNA index and the number of warm or dry hazards. However, we
tind a potentially opposite relationship, although it is weak and likely influenced by the out-
lier year of 1998. The differences in results we find compared to [22] are perhaps not surpris-
ing due to the different regions and seasons analysed, plus we consider temperature variables
as well as precipitation.

After ENSO, the MJO exhibits the strongest changes in behaviour during spatially com-
pounding years. When these compound years are characterised by cold and wet hazards, the
MJO is more active than usual in the Maritime Continent (phases 4 and 5) at the expense of
activity in the western Hemisphere and Africa (phases 1 and 8; Fig 8a, 8c and 8e). During
years where hot and dry hazards dominate, this activity is reversed.

These results implicate ENSO, and to a lesser extent the MJO, as the climate modes most
influencing global climate hazards important for coffee production. However, as ENSO and
the MJO are correlated it is difficult to isolate the effects of each of these climate modes. Still,
while the overall relationship between ENSO and the MJO is difficult to ascertain, El Nino
events have been shown to modulate MJO amplitude in boreal winter [35, 61].

For the growing seasons considered here, we find Nifi03.4 to be relatively strongly corre-
lated with the MJO in phases, 1, 4 and 8 (Spearman correlation between |0.48| and |0.94],
depending on the growing season), and modestly correlated with phases 3, 5 and 7 (between
|0.38] and |0.84|; Fig H in S1 Text). The MJO indices are correlated with each other, as
expected given their construction. The TSA index is positively correlated with the Atlantic
Nifio index, which is unsurprising given the spatial overlap (Fig 4a).

We use regression analysis, excluding strongly correlated mode indices as explanatory vari-
ables, to identify the relative importance of the climate modes in explaining hazard frequencies
for each region. In general, we find the Gaussian GLM performs reasonably well, as indicated
by the apparent normality of the residuals (Figs I and J in S1 Text).

ENSO is the most important mode, as it has the largest absolute standardised coefficient,
for explaining climate hazard occurrences in tropical South American regions (i.e. excluding
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southern Brazil) and for Indonesia (Fig 9). ENSO is also an important predictor for Vietnam
and Mexico, although no more or less important than the IOD (for Vietnam and Mexico) and
the Atlantic Nifo, phase 1 MJO and phase 6 MJO indices (for Vietnam only). In some regions
for which ENSO is not selected in the models (Ethiopia, Guatemala, Uganda 2 and India),
MJO phases that are strongly correlated to Nifi03.4 are present.

Southern Brazil being relatively less influenced by ENSO may be important in mitigating
systemic risk to global coffee supply. Colombia, Vietnam, northern Brazil and Indonesia are
also major producers, yet are susceptible to climate hazards during El Nifio-like conditions.
With southern Brazil’s production power, it may be capable of making up for other regions’
shortfalls during El Nifio events.

Despite the weak correlation of the DMI to temperature and precipitation (Fig 6), and its
ambiguous relationship with spatially compounding hazard years (Figs 7 and 8a), the regres-
sion models imply the IOD is important in explaining climate hazard frequency variability in
seven of the 15 regions (Fig 9). A positive IOD is associated with higher numbers of cold or
wet hazards near the eastern Indian Ocean (Vietnam and India), plus Peru. The central and
north American regions, on the other hand, may experience an increase in warm or dry haz-
ards during a positive IOD.

4 Conclusions

We analysed the climatology, changes and drivers of climate hazards to global coffee produc-
tion and cultivation suitability between 1980 and 2020. Focusing on 12 hazards identified from
the literature, we showed that there is substantial variation in which hazards are experienced
by the top 12 coffee-producing nations. A particular hazard may never have occurred in some
regions. Conversely, in some places a ‘hazard’ may be an ever-present feature of the climate,
implying cultivation practices such as irrigation or shading are used to ensure optimal produc-
tivity. Major Arabica regions in the far southeast of Brazil and southwest Ethiopia are amongst
the least susceptible regions to climate hazards.

We find that spatially compounding climate hazards have increased in frequency since
1980, implying a greater systemic risk to global coffee production. The occurrence of these
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spatially compounding events has become particularly acute over the past decade, with 5 of the
6 most hazardous years occurring since 2010. This change is driven by the increasing fre-
quency of temperature and VPD hazards. Furthermore, in the first half of the period 1980-
2020 regions were more prone to experiencing too-cold temperatures in the flowering and
growing seasons. The current climate, however, is characterised by too-hot conditions in every
region.

We find that some large-scale tropical climate modes have preferential states during spa-
tially compounding years, despite the wide range of hazards, regions and seasons analysed.
ENSO is the most important climate mode in explaining yearly variations in spatially com-
pounding events. A warm-phase ENSO is associated with an increase in warm and dry climate
hazards, and a cold-phase ENSO with an increase in cold and wet climate hazards. However,
this is not a one-to-one relationship, as not all El Nifio- or La Nifa-like years are notable for
the numbers of climate hazards globally.

The MJO is also strongly associated with spatially compounding events, with the strength
and direction depending on the MJO phase. An MJO active in the western Hemisphere and
Africa more often than usual typically coincides with an increase in warm or dry hazards glob-
ally, and vice versa for MJO activity in the Maritime Continent.

The relationship between these climate modes and the hazards is confounded by the rela-
tively strong correlation between ENSO and the MJO. Once this correlation is accounted for,
we find ENSO to be an important predictor of hazards in tropical South America, Indonesia
and Vietnam. Elsewhere, one or more phases of the MJO are the most important mode.

This includes southern Brazil, which may be a key region in offsetting El Nifo-related risks
to global coffee supply. As the world’s top coffee grower, the apparent lack of relationship
between ENSO and climate hazards in the region could help to dampen production shocks felt
elsewhere during significant ENSO events.

Over the coming decades, average temperatures and VPD are projected to increase in
response to radiative forcing [62], increasing the likelihood of experiencing the related climate
hazards analysed here. Moreover, climate change may alter the variability and surface telecon-
nections of key modes such as ENSO [63-65]. Taken together, the recent changes and future
projections of the climate suggest coffee production can expect ongoing systemic shocks as a
result of sub-optimal growing conditions.
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