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ABSTRACT: Northern Mexico is home to more than 32 million people and is of significant agricultural and economic im-
portance for the country. The region includes three distinct hydroclimatic regions, all of which regularly experience severe
dryness and flooding and are highly susceptible to future changes in precipitation. To date, little work has been done to
characterize future trends in either mean or extreme precipitation over northern Mexico. To fill this gap, we investigate
projected precipitation trends over the region in the NA-CORDEX ensemble of dynamically downscaled simulations. We
first verify that these simulations accurately reproduce observed precipitation over northern Mexico, as derived from the
Multi-Source Weighted-Ensemble Precipitation (MSWEP) product, demonstrating that the NA-CORDEX ensemble is
appropriate for studying precipitation trends over the region. By the end of the century, simulations forced with a high-
emissions scenario project that both mean and extreme precipitation will decrease to the west and increase to the east of
the Sierra Madre highlands, decreasing the zonal gradient in precipitation. We also find that the North American monsoon,
which is responsible for a substantial fraction of the precipitation over the region, is likely to start later and last approxi-
mately three weeks longer. The frequency of extreme precipitation events is expected to double throughout the region, ex-
acerbating the flood risk for vulnerable communities in northern Mexico. Collectively, these results suggest that the
extreme precipitation-related dangers that the region faces, such as flooding, will increase significantly by the end of the
century, with implications for the agricultural sector, economy, and infrastructure.

SIGNIFICANCE STATEMENT: Northern Mexico regularly experiences severe flooding and its important agricul-
tural sector can be heavily impacted by variations in precipitation. Using high-resolution climate model simulations that
have been tested against observations, we find that these hydroclimate extremes are likely to be exacerbated in a warm-
ing climate; the dry (wet) season is projected to receive significantly less (more) precipitation (approximately610% by
the end of the century). Simulations suggest that some of the changes in precipitation over the region can be related to
the North American monsoon, with the monsoon starting later in the year and lasting several weeks longer. Our results
also suggest that the frequency of extreme precipitation will increase, although this increase is smaller than that pro-
jected for other regions, with the strongest storms becoming 20% more frequent per degree of warming. These results
suggest that this region may experience significant changes to its hydroclimate through the end of the century that will
require significant resilience planning.
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1. Introduction

Changes in precipitation resulting from anthropogenic global
warming are already putting significant stress on human activi-
ties, and simulations of future climate scenarios project that the
burden of extreme weather and precipitation events is likely to
worsen over the coming decades (Donat et al. 2016; Tabari
2020). Adapting to these changes will be a major challenge for a
wide variety of stakeholders, and requires detailed and reliable
projections of future precipitation. A growing number of studies
have sought to provide such projections, primarily focusing on
the United States and Europe, where most climate research is
carried out (Rajczak et al. 2013; Lopez-Cantu et al. 2020;

Nazarian et al. 2022). Unfortunately, this has left large gaps, espe-
cially in the Global South, where some of the world’s most vul-
nerable populations reside. Filling out our projections of future
changes in precipitation to include regions outside those tradi-
tionally studied is important to ensure these areas have access to
climate information in order to adapt to potential future changes.

Observations and reanalysis products suggest that precipi-
tation has increased over northwestern Mexico (Gutiérrez-
Ruacho et al. 2010), with some studies tying the increase in
precipitation to the North American monsoon (Diem et al.
2012; Lahmers et al. 2016; Pascale et al. 2019). Similarly, simu-
lations over the historical period have likewise captured the
increase in extreme precipitation over northwestern Mexico
due to the North American monsoon (Luong et al. 2017). Fur-
thermore, observations have suggested that summertime ex-
treme precipitation has increased in both northwestern and
northeastern Mexico due to tropical cyclones (Colorado-Ruiz
and Cavazos 2021). Simulations of future climate scenarios in-
dicate that the burden of extreme weather and precipitation
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events is likely to worsen over the coming decades (Caparas et al.
2021). Several modeling studies utilizing a high-emissions sce-
nario suggest changes in the North American monsoon by the
end of the twenty-first century, with some suggesting a drier mon-
soon (Pascale et al. 2017; Colorado-Ruiz et al. 2018; He et al.
2020; Ashfaq et al. 2021), thus reducing seasonal precipitation
over vast areas of central and northwestern Mexico (Almazroui
et al. 2021), while others project a delayed monsoon (Cook and
Seager 2013; Meyer and Jin 2017). However, there is uncertainty
about the sign of precipitation changes in other regions of North-
ern Mexico (Caparas et al. 2021; Almazroui et al. 2021) and evi-
dence suggesting future shifts in the seasonality of the North
American monsoon (Ashfaq et al. 2021) warrant further study of
projected precipitation scenarios.

In this study, we take advantage of an ensemble of high-
resolution climate simulations originally designed to study climate
change over the United States, and use it to provide detailed
projections of changes in mean and extreme precipitation over
northern Mexico (see territorial definition in Fig. 1), which is
home to 32 million people and includes numerous areas with
high risk of and and vulnerability to drought, heatwaves, and
flooding (Ortega-Gaucin and Velasco 2013; Dı́az Caravantes
et al. 2014; Aguilar-Barajas et al. 2019). The region accounts for
27% of Mexico’s gross area dedicated to agriculture and 32% of

its agricultural revenue (INEGI 2020), and without proper adap-
tation, substantial precipitation changes as a result of future
warming could lead to major social and economic disruptions
(Magaña et al. 2021). Policies for climate adaptation in this region
must account for possible changes in mean and extreme precipi-
tation patterns over the coming decades, and while some studies
have been important in providing some projections for future
trends in the hydroclimate of northern Mexico (Cavazos and
Arriaga-Ramı́rez 2012; Seager et al. 2013; Torres-Alavez et al.
2014; Colorado-Ruiz et al. 2018), significant questions remain.

To study future trends in mean and extreme precipitation over
the region, we use the Coordinated Regional Climate Downscal-
ing Experiment (CORDEX) ensemble, which consists of dynam-
ically downscaled global climate model (GCM) simulations,
derived from the latest Climate Model Intercomparison Project
(CMIP5) ensemble (Giorgi and Gutowski 2015). Earlier studies
have illustrated the “added value” that dynamically downscaling
GCM simulations using high-resolution regional climate models
(RCMs) provides by capturing smaller-scale processes as com-
pared to using GCMs alone (Diffenbaugh et al. 2005; Di Luca
et al. 2012; Ashfaq et al. 2016; Lucas-Picher et al. 2017). Of par-
ticular relevance here, RCMs better capture the mesoscale phe-
nomena, such as mesoscale convective systems (MCS) or
monsoonal moisture surges, that lead to extreme precipitation.

FIG. 1. Comparison between (a),(b) mean and (c),(d) R99 daily precipitation in historical (a),(c) NA-CORDEX
simulations and (b),(d) MSWEP data. The correlation coefficients r and root-mean-square error (RMSE) quantify
the agreement between model output and observations. The black dashed line denotes the Sierra Madre highlands.
We define the historical period as 1986–2005.
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Furthermore, RCMs provide better representation of orogra-
phy, (Leung et al. 2003), which is critically important in setting
up the hydroclimate of northern Mexico, and better capture the
atmosphere’s regional-scale circulation, both of which con-
tribute to more realistic projections of extreme precipitation.
We note, however, that neither GCMs nor RCMs are able
to accurately simulate convectively driven extreme precipitation
(O’Gorman 2015; Prein et al. 2017; Muller and Takayabu 2020).

We focus specifically on the NA-CORDEX ensemble, which
provides downscaled simulations over the North American re-
gion (with approximate longitudinal bounds of 628–1698W and
latitudinal bounds of 198–688N), including northern Mexico.
NA-CORDEX has been used to investigate future climate
change over the United States (Bukovsky and Mearns 2020;
Lopez-Cantu et al. 2020; Nazarian et al. 2022), but to our knowl-
edge has not previously been used to study climate change over
Mexico specifically. Other studies using CORDEX-CAM, which
covers Central America, the Caribbean, and Mexico, have been
used to analyze changes in precipitation over Mexico (Cavazos
et al. 2019; Luna-Niño et al. 2021), although they have not ex-
clusively focused on the northern region as we do here. The
NA-CORDEX domain does not extend over the entire country of
Mexico, but does include a significant portion of the country, in-
cluding the entirety of northern Mexico. Precipitation climatology
over northern Mexico is be characterized by high precipitation on
the Gulf of California and Gulf of Mexico–facing slopes of the
Sierra Madre highlands where moist upslope flow occurs, with the
highest levels of precipitation occurring in the Gulf of California
side due to the North American monsoon during mid- to late
summer (Hastings and Turner 1965; Adams and Comrie 1997;
Cavazos 1997; Mendoza et al. 2005; Gochis et al. 2006; Stahle et al.
2009). Furthermore, the eastern side of the Sierra Madre highlands
experiences peaks in summer and fall precipitation driven by
convective systems, easterly waves, and tropical cyclones (Breña
Naranjo et al. 2015; Colorado-Ruiz et al. 2018), as well as easterly
moisture transport from the Gulf of Mexico (Jáuregui 2003).

We begin by assessing the ability of the NA-CORDEX to
simulate present-day precipitation over northern Mexico by
comparing historical simulations with observations derived from
the Multi-Source Weighted-Ensemble Precipitation (MSWEP)
product in section 3. After demonstrating that NA-CORDEX
accurately reproduces observed rainfall statistics, we quantify
future trends in mean and extreme precipitation over the region
in sections 4a and 4b, respectively. Given the role of the North
American monsoon on the seasonality of extreme precipitation
over northern Mexico, we investigate changes in the characteris-
tics of the monsoon in section 4c, including its onset timing and
length. In section 4d, we focus on five cities, representing differ-
ent regions of northern Mexico, as case studies for future trends
in extreme precipitation. We provide a synthesis of results and
discuss implications in section 5.

2. Methods

a. The NA-CORDEX ensemble

To diagnose future changes in precipitation over northern
Mexico, we use the dynamically downscaled NA-CORDEX en-
semble. CORDEX downscales a suite of GCMs from CMIP5
using a number of RCMs (see Table 1 for a list of the GCM and
RCM pairings). CORDEX is ideal for studying regional
changes in hydroclimate and has been employed in numerous
studies of other regions (Lopez-Cantu et al. 2020; Rendfrey et al.
2021; Nazarian et al. 2022).

We use the NA-CORDEX simulations run at 0.228 (;25-km)
horizontal resolution, as previous studies have shown that higher-
resolution models provide more accurate estimates of precipita-
tion (Lucas-Picher et al. 2017) [see the data availability statement
for instructions for accessing the NA-CORDEX data and
Bukovsky and Mearns (2020) for a description of NA-CORDEX].
The only set of NA-CORDEX simulations conducted at higher
resolution were forced with reanalysis data, and so cannot be
used to make climate projections. A 0.228 resolution is suffi-
ciently high to capture hydroclimate variations over northern
Mexico, which we define to include the states of Baja Califor-
nia, Baja California Sur, Sonora, Chihuahua, Durango, Sina-
loa, Nuevo León, Tamaulipas, and Coahuila (see Fig. 1 for an
illustration of this region). All variables are taken at the sur-
face; data at higher atmospheric levels are not publicly available.
We use data that have been bias-corrected using the daily Day-
met observational dataset, which is accepted practice for studying
climate impacts (Kirchmeier-Young et al. 2017; Cannon 2018;
McGinnis and Mearns 2021; Nazarian et al. 2022). Notably, the
Daymet bias-correction process does not remove all bias, and
there are still differences in the model climatologies.

While the NA-CORDEX simulations span 1950–2100, we fo-
cus on two 20-yr periods. We take the “historical” period to be
1986–2005, the “projected” period to be 2081–2100, and report
changes as the difference between the two (i.e., projected minus
historical). Unless otherwise stated, we use daily-averaged values
for all variables. The simulations are forced with the RCP8.5
emission scenario (i.e., a “high-emissions” scenario) for the pe-
riod 2006–2100. While it is too soon to know which emissions
pathway we will follow through the end of the century, we utilize

TABLE 1. Global and regional model pairings of the 12
NA-CORDEX simulations with daily output that have been bias-
corrected using the Daymet observational dataset. All model
pairings considered here have 0.228 (;25-km) resolution and are
forced with the RCP8.5 scenario. The equilibrium climate sensitivity
(ECS; the temperature increase due to a doubling of CO2), was
previously diagnosed by the NA-CORDEX team (see https://na-
cordex.org/simulation-matrix.html) and is provided here for each
model.

Global model Regional model ECS (8C)

CanESM2 CanRCM4 3.7
CRCM5-UQAM 3.7

GEMatm-Can CRCM5-UQAM 3.7
GEMatm-MPI CRCM5-UQAM 3.6
GFDL-ESM2M RegCM4 2.4

WRF 2.4
HadGEM2-ES RegCM4 4.6

WRF 4.6
MPI-ESM-LR CRCM5-UQAM 3.6

RegCM4 3.6
WRF 3.6

MPI-ESM-MR CRCM5-UQAM 3.4
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RCP8.5 since there are more NA-CORDEX simulations con-
ducted using this emissions scenario than there are for the other
emissions scenarios. Pendergrass et al. (2015) showed that the
fractional change in extreme precipitation (the percent change
per degree of warming) is generally independent of the emissions
scenario, so we do not expect that our use of RCP8.5 has a sig-
nificant impact on our findings. In total, data from 12 simula-
tions are available (Table 1), but we exclude one model pairing
(CanESM2, CRCM2-UQAM) that produces an exceptionally
large drying over the entire region. Investigating why this pair-
ing produces such outlier behavior is a topic of future work.

Even with one simulation excluded, the range of equilib-
rium climate sensitivities across the simulations is 2.48–4.68C,
which provides nearly the same range in climate sensitivity as
the full CMIP5 ensemble [2.08–4.78C] (Andrews et al. 2012;
Flato et al. 2013). Additionally, the spread in projections of
annual-mean North American precipitation from the dynamically
downscaled NA-CORDEX simulations is greater than that of
the driving GCMs, and close to that of the full CMIP5 ensemble
(Bukovsky and Mearns 2020). Regardless of the global or re-
gional model used, however, all simulations slightly underestimate
the magnitude of average annual, accumulated precipitation over

northern Mexico [approximately 0.473 m, as calculated from the
MSWEP (see description of this observational product in the next
section)].

b. MSWEP

MSWEP (version 2.8) is a global precipitation product that
uses a combination of gauge-, satellite-, and reanalysis-based
data (Beck et al. 2017, 2019). The MSWEP dataset begins in
1979 and continues through the present. MSWEP is ideal for
studying regional hydroclimate given both its high spatial
(0.18) and temporal (3-h) resolution and, as such, has been used
in a number of earlier studies (Sharifi et al. 2019; Xu et al. 2019;
Li et al. 2022). Furthermore, it is the only product to use a combi-
nation of gauges, satellites, and reanalyses to derive precipitation
observations, which has been shown to particularly enhance its
performance over convective- and frontal-dominated weather re-
gimes (Beck et al. 2017). Additionally, the MSWEP data use an
algorithm to account for gauge reporting times, which minimizes
the mismatch between gauge observations and satellite/reanalysis
estimates. We refer the reader to Beck et al. (2019) for more in-
formation about the data.

FIG. 2. Comparison between seasonal (a)–(h) mean and (i)–(p) R99 daily precipitation in historical NA-CORDEX simulations and
MSWEP data. The correlation coefficients (r) and root-mean-square error (RMSE) in (e)–(h) and (m)–(p) quantify the agreement be-
tween model output and observations. As in Fig. 1, the black dashed line denotes the Sierra Madre highlands.
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Like the NA-CORDEX historical output, we take the
MSWEP data from 1986 to 2005. MSWEP and NA-CORDEX
have different resolutions (0.108 vs 0.228, respectively), so we re-
grid MSWEP to a 0.228 grid to conduct all calculations. We eval-
uate the skill of the NA-CORDEX ensemble by calculating the
correlation coefficients between the NA-CORDEX ensemble
average and the average of MSWEP observations. We do not
detrend the MSWEP observations nor NA-CORDEX simula-
tions to perform this comparison since we are conducting this
comparison over the historical period.

c. North American monsoon timing metrics

The North American Monsoon (NAM) is responsible for
providing approximately 70% of the annual precipitation
over portions of northwestern Mexico (Reyes et al. 1994;
Ramos-Pérez et al. 2022). While the dynamics governing
the NAM are unique from other monsoons (notably the
Indian monsoon), it is nevertheless characterized as a mon-
soon by its confinement to the summer months and its re-
versal of the surface winds (Barlow et al. 1998; Boos and
Pascale 2021).

To study the projected changes in the NAM we define the
NAM region to include the states of Baja California Sur, So-
nora, Sinaloa, Chihuahua, and Durango, although we note
that the precipitation each of these states experiences due to
the monsoon may vary significantly. To calculate the timing of
the NAM, we utilize the metric of Zhang et al. (2002), which
defines the start of the monsoon as the first day on which a
5-day running-mean rainfall index exceeds 2 mm [this value is
modified from the original Zhang et al. (2002) metric given
the amplitude of the NAM relative to other monsoons] and
persists continuously for 5 days. The monsoon state is defined
as the period over which at least 10 out of every 20 days re-
ceive more than 2 mm of precipitation, with the end of the
monsoon defined as when this criterion is no longer satisfied.
We note that this metric is similar to that of Geil et al. (2013),
although we use a slightly larger threshold value (2 mm com-
pared to their 1.3 mm) due to the NA-CORDEX climatology.

For each simulation, as well as for the MSWEP record, the
monsoon start and end dates are calculated each year before
any averaging is conducted.

d. Extreme precipitation metrics

While a number of metrics for extreme precipitation are
used in the hydroclimate literature, such as the annual maxi-
mum daily precipitation, the number of a days in a year with
precipitation exceeding 10 mm, and the threshold of the 99th
percentile of precipitation (R99) (Nazarian et al. 2022), we
use the R99 metric throughout our analysis, as it is of most
use to planners and water managers. We calculate extreme
precipitation statistics (Ban et al. 2015; O’Gorman 2015) using
all days, rather than only wet days, since earlier studies have
shown that the frequency of wet days is not constant in a
warming climate (Schär et al. 2016).

Furthermore, we perform a similar frequency analysis as in
Martinez-Villalobos and Neelin (2019) by considering daily,
regionally averaged (weighted by area) mean and extreme
precipitation for each simulation. Values are then averaged
across the 11 simulations to derive the ensemble average. As
in Nazarian et al. (2022), we calculate fractional changes in ex-
treme precipitation using the local rate of warming rather than
the global rate of warming. Specifically, we use local warming
in order to provide regional stakeholders with a localized met-
ric for planning. Additionally, we argue that the local change
in temperature is more useful for diagnosing the drivers of
changes in extreme precipitation at the spatial scales consid-
ered here.

3. Model assessment

There are two prominent wet areas in northern Mexico:
one on the western side of the Sierra Madre highlands that is
influenced by the NAM (Adams and Comrie 1997; He et al.
2020) and another along the eastern side for which late sum-
mer precipitation is governed by tropical cyclones and mois-
ture fluxes from the Gulf of Mexico (Jáuregui 2003) and for

FIG. 3. Seasonal evolution of (a) mean daily and (b) R99 precipitation over all of northern Mexico in MSWEP data
(black), historical (blue), and end-of-century (red) simulations. Solid lines indicate the multimodel means, while shad-
ing represents the 90% confidence intervals.
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which prior observations indicate a double peak in summer-
time precipitation (Perdigón-Morales et al. 2018; Garcı́a-Franco
et al. 2021; Colorado-Ruiz and Cavazos 2021) (Fig. 1b). Between
these two regions are the dry highlands of central northern
Mexico. In the far west of our domain, the Baja California
peninsula is extremely dry (precipitation is generally less than
0.5 mm day21).

In the ensemble mean, the historical NA-CORDEX simula-
tions accurately capture the spatial distributions of annual-
mean and R99 daily precipitation when compared to MSWEP
observations (Fig. 1), with correlation coefficients (r) between
observed and simulated mean and R99 of r 5 0.966 and
r 5 0.893, respectively. Similar skill is seen for individual
seasons in Fig. 2, though model skill in R99 tends to be
slightly higher in winter and spring [December–February (DJF)

and March–May (MAM)] and lower in summer and fall [June–
August (JJA) and September–November (SON)] while the
converse is true for model skill in mean precipitation.

Both the RMSE and visual inspection of historical model
output and MSWEP data (Figs. 1a,b) suggest that simulated
mean precipitation rates are very close to observed rates, with a
small dry bias in Coahuila and Tamaulipa. Biases in extreme
precipitation differ slightly, featuring an underestimation of
R99 throughout most of the region. The dry bias is most pro-
nounced in the California Peninsula and in the central NAM
region (Figs. 1c,d). These deficiencies are generally most no-
table in summer and the best agreement is seen in the winter/
spring (Fig. 2). The model underestimation of both mean and
extreme precipitation is consistent with earlier modeling studies
(Frei et al. 2003).

FIG. 4. Ensemble average change (projected minus historical) in (a) annual and (b)–(e) seasonal mean precipitation
from NA-CORDEX. The dashed contour delineates the Sierra Madre highlands. We define the historical period as
1986–2005 and the projected period as 2081–2100.
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Monthly averages of mean and R99 precipitation over all of
northern Mexico (Fig. 3) help further diagnose biases in modeled
precipitation. The biases in model-based estimates of the mean
daily precipitation are greatest during the beginning of the wet
season, during which the model underestimates the magnitude of
daily precipitation (note, however, that Fig. 2 illustrates that mod-
els capture the spatial pattern of summertime precipitation well).
Model estimates of the monthly R99 over northern Mexico are
biased high for all seasons except winter (Fig. 3b). Despite these
differences, MSWEP-based estimates of mean and extreme
precipitation always fall within the 90% confidence intervals
(calculated from the intermodel spread) of the historical simula-
tions from the NA-CORDEX ensemble (Figs. 3a,b), except for
the month of May for R99. While we caution that precipitation is
difficult to observe, Figs. 1–3 demonstrate that the NA-CORDEX
simulations capture both the spatial distributions and the seasonal-
ity of historical mean and extreme precipitation over northern
Mexico with sufficient realism, suggesting that the NA-CORDEX
ensemble is a viable tool for studying projected future changes
over the region.

4. Projected changes in mean and extreme precipitation

a. Changes in mean precipitation

In the ensemble-mean, NA-CORDEX simulations project
a decrease in precipitation where it is presently high and an
increase in precipitation where it is presently low (Figs. 4a
and 2a–d). Decreases of up to 20.2 mm day21 (’27%) are
seen along the western slopes of the Sierra Madre highlands
and along the Huasteca region in southern Tamaulipas, and

increases of up to 10.2 mm day21 are projected for most of
Sonora, Coahuila, Baja California, and Nuevo León (Fig. 4a).
This is in contrast to temperature, which increases more uni-
formly over the region (not shown).

Individual simulations in the NA-CORDEX ensemble pro-
ject changes in mean precipitation of similar magnitudes, but ex-
hibit some diversity in the spatial patterns of change (Fig. 5).
Such variation among simulations is largely due to the regional
models, as ensemble members with the same driving model
exhibit different spatial patterns of change; compare, for ex-
ample, the simulations using the MPI-ESM-LR global model
in Figs. 5h–j.

Examining the changes in the seasonal cycle of precipitation
over northern Mexico (Figs. 3a and 4b–e) shows a delay in the
arrival of the wet season under the high-emissions scenario.
This change results in a drier spring (MAM; Fig. 4b) and sum-
mer (JJA; Fig. 4c) with a wetter fall (SON; Fig. 4d), putting ad-
ditional stress on water resources during some of the warmest
months of the year. The reduced mean precipitation along the
western edge of the Sierra Madre highlands is consistent with
drying of the NAM, which previous studies have discussed
(Bukovsky et al. 2015; Pascale et al. 2017; Colorado-Ruiz et al.
2018). We explore the change in NAM characteristics further
in section 4c.

Projected precipitation changes outside the NAM region fol-
low a variety of patterns in seasonality and magnitude (Fig. 4).
There is substantial intermodel spread in the projections for the
northwestern and northeastern corners of the country (Fig. 5),
but a seasonal breakdown provides greater clarity. In the north-
east corner of our study region (Tamaulipas and Nuevo León),
precipitation is projected to increase during fall and winter

FIG. 5. Change in mean precipitation in the 11 NA-CORDEX ensemble members considered in this analysis. The dashed line delineates
the Sierra Madre highlands.
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but decrease during spring and summer (Fig. 4). While the
NA-CORDEX ensemble reasonably captures the historical
precipitation over the region, all ensemble members may not
capture the physics responsible for changes in the dynamical
drivers of precipitation under global warming. Regional var-
iations in the projected seasonality of precipitation are dis-
cussed in section 4d.

b. Changes in extreme precipitation

The magnitude of extreme precipitation events is projected
to increase during SON and weaken during the MAM (Fig. 6):
throughout most of northern Mexico, the magnitude of R99
precipitation events increases by .3 mm day21 during SON
(Fig. 6e) and decreases by a similar amount during MAM
(Fig. 6c). These changes resemble the seasonal and spatial

patterns in projections of mean precipitation (Fig. 4) and
could bring about increased risk of flood and water short-
ages during the wet and dry seasons, respectively.

Projected changes in precipitation extremes show sub-
stantial variations across the 11 models considered here
(Fig. 7), but agreement across models is better when broken
down by season (Fig. 8). Intermodel spread is largest in win-
ter (Fig. 8b) and summer (Fig. 8d), and there is closer agree-
ment for projections of a drier dry season (MAM; Fig. 8c)
and a wetter wet season (SON; Fig. 8c). The increased mag-
nitude of R99 during the fall suggests increases in the fre-
quency and/or severity of tropical cyclones originating in the
eastern Pacific and North Atlantic basins, and we discuss this
in more detail in section 5. Changes in the seasonality of the
NAM, such as a later onset and longer duration, could explain

FIG. 6. As in Fig. 4, but for extreme precipitation (R99).

J OURNAL OF CL IMATE VOLUME 372412

Brought to you by UNIVERSITY OF CALIFORNIA San Diego - SIO LIBRARY 0219 SERIALS | Unauthenticated | Downloaded 05/06/24 10:05 PM UTC



the large increase in fall extreme precipitation; this notion fol-
lows results in Ashfaq et al. (2021) and is explored with
greater detail in section 4c.

We also consider changes in the frequencies of the stron-
gest storms in Fig. 9 using the same methodology as Nazarian
et al. (2022). Projections suggest that moderate storms (i.e.,
90th-percentile events) will increase in frequency by approxi-
mately 10% per degree of local warming, while the strongest
storms (i.e., the 99.99th percentile) will increase in frequency by
approximately 20% per degree of local warming. Since the re-
gion is projected to warm by approximately 48C in the multimo-
del mean, this implies a near-doubling of the frequency of the
strongest storms. This is a large increase and is in general agree-
ment with projections for the whole of North America in Zhao
et al. (2023). Yet, we note that this increase is much smaller
than that in regions such as the northeastern United States
(Nazarian et al. 2022) and central Europe (Myhre et al. 2019),
which are projected to experience a doubling in frequency per
degree of local warming (i.e., 100% 8C21) for the strongest
storms.

To diagnose the potential drivers of the changes in extreme
precipitation over the region, we calculate the fractional changes
(Fig. 10). Extreme precipitation is generated by strong up-
drafts, such that the rate of extreme precipitation (Pe) can be
approximated as

Pe ’

�
2rw

dqs
dz

( )
dz, (1)

where r is the air density, w is the vertical velocity, qs is the
saturation specific humidity, and z is the vertical coordinate

(Muller et al. 2011). This expression can be used to decom-
pose fractional changes in Pe as

dPe
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dz�
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nonlinear

(2)

where d is the difference between the projected and historical
periods. The thermodynamic contribution to the change in ex-
treme precipitation is based on the Clausius–Clapeyron rela-
tion and is approximately 16%–7% 8C21. The dynamical
contribution to the change in extreme precipitation is smaller
in magnitude than the thermodynamic term and is typically
62% 8C21 (O’Gorman 2015). The final term combines
nonlinear changes, changes in precipitation efficiency (Lutsko
and Cronin 2018; Abbott et al. 2020), and any sources of error,
which are typically small.

As previously mentioned, all fractional changes are calculated
using the local rate of warming rather than the global rate of
warming. We cannot calculate each of the terms in (2) since data
are only available at the surface and a few vertical levels, which
are insufficient to calculate these vertical integrals. We therefore
compare the fractional increases in extreme precipitation with

FIG. 7. As in Fig. 5, but for extreme precipitation (R99).
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the thermodynamic rate of ;6%–7% 8C21 and interpret depar-
tures from this rate as likely reflecting dynamical changes. We
caution however, that departures from Clausius–Clapeyron scal-
ing might also be due to cloud microphysical processes and the
representation of such processes in NA-CORDEX (Singh and
O’Gorman 2014; Lutsko and Cronin 2018; Abbott et al. 2020) or
nonlinear effects.1

The fractional change in annual extreme precipitation is small
and positive over most of the region, with an average of approxi-
mately 2% 8C21 (see Figs. 10 and 11). This suggests a strong dy-
namical damping of changes in extreme precipitation over the
region. In addition to the potential dynamical damping of the
changes in extreme precipitation, there may be a lack of water

availability to support the thermodynamics increase in extreme
precipitation. Such analysis is outside the scope of this work, as
all of the regions from which the water vapor is sourced are not
included in the NA-CORDEX domain. The fractional changes
are generally highest in fall (Fig. 10e) but are still below 7% 8C21

over the majority of the region. In spring (MAM) fractional de-
creases of up to23% 8C21 are seen in much of the region. These
seasonal changes in the fractional change partly reflect changes in
the timing of extreme precipitation due to the monsoon.

c. Changes in NAM characteristics

The changes in the seasonality of mean and extreme precipi-
tation seen in Figs. 4 and 6 are likely due at least in part to the
changing NAM. To investigate this link, we start by considering
the seasonality of precipitation over the states that experience
the NAM: Baja California Sur, Sonora, Chihuahua, Sinaloa,

FIG. 8. As in Fig. 6, but for multimodel standard error in the change in extreme precipitation.

1 However, consistency across models suggests that changes are
likely driven by dynamics rather than microphysics.
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and Durango. Like Fig. 3, Fig. 12 shows a 2-week delay in the
timing of the high precipitation season. The shift in the seasonal-
ity of both mean and extreme precipitation over the region also
exhibits a longer tail in the fall, with the end period of the mon-
soon becoming more protracted and less sudden.

The North American monsoon is not the only physical pro-
cess that contributes to precipitation over this subregion, so we
use the Zhang et al. (2002) metric described in section 2 to spe-
cifically diagnose changes in the monsoon timing and length.
Results are presented in Table 2. Before considering projected
changes in the NAM using NA-CORDEX, we compare the
simulated historical NAM with observations. NA-CORDEX
exhibits an early bias to the monsoon onset (approximately
3 weeks earlier than observations) but captures the end of
the monsoon quite well. This leads to a simulated monsoon
that is approximately 2 weeks longer than that observed.
We note, however, that there is significant variability be-
tween ensemble members in their estimates of the NAM
timings, with more variability in the NAM start time than in
the end time.

Despite the earlier start time in the NAM using CORDEX,
the simulations still produce pronounced monsoon seasonal-
ity, with which we may calculate changes through the end of
the century. By the end of the century, the NAM is projected to
start approximately 1 week later, end approximately 3 weeks
later, and last approximately 2 weeks longer than the historical
period (Table 2). We again note the sizeable spread in the NAM
characteristics across simulations, but almost all models suggest a
delay in the onset and a lengthening of the monsoon season. The
agreement among the NA-CORDEX ensemble members of a
delayed NAM onset and retreat, and overall NAM lengthening,
is particularly noteworthy given the spread of individual models
(see Table 1). The projected delay in the NAM seen in the NA-
CORDEX ensemble is similar to that seen in the larger CMIP5
ensemble (Cook and Seager 2013) and several RCMs (Ashfaq

et al. 2021) as is the relatively small change in precipitation rates
during the monsoon season (Seager and Vecchi 2010), though an
increase in extreme monsoonal precipitation is expected. While
there is agreement between these results and those in other anal-
yses using the CMIP ensemble, we note that GCMs suffer from
SST biases, and such biases have been observed to have an im-
pact on the NAM response (Pascale et al. 2017; Meyer and Jin
2017). The changes in seasonality over the region, considering
NAM in the context of other processes responsible for precipita-
tion over the region, are discussed further in section 5.

d. Case study: Five major cities

Finally, we have conducted a case study of changes in precip-
itation over five major cities in northern Mexico: Ciudad
Juárez, Monterrey, Culiacán, Hermosillo, and Tijuana (Fig. 13).
These cities were chosen because they are all major social and
economic hubs and their locations are spread out throughout
most of northern Mexico. Therefore, cities shown in Fig. 13
represent a somewhat comprehensive selection of climate re-
gimes in this region and help us best exemplify the variety in
timing and intensity of precipitation changes in NA-CORDEX
projections.

There are several notable differences in local precipitation
changes over these cities compared to the larger regional
changes. For example, although precipitation is projected to
decrease for summer and increase for fall over most of north-
ern Mexico, drier summers are only evident in Monterrey and
Culiacán (Figs. 13b,c), and wetter falls are only projected for
Monterrey, Hermosillo, and Tijuana (Figs. 13b,d,e). Precipita-
tion changes over Ciudad Juárez are small (Fig. 13a), while
Tijuana is the only city where increased winter precipita-
tion may be expected from the NA-CORDEX projections
(Fig. 13e).

Changes in the timing of local precipitation are crucial for
urban populations and decision makers. Monterrey is pro-
jected to see a reduction in precipitation between late June
and September (Fig. 13b), when heat stress and demand on
water resources are greatest. Even though the annual mean
daily precipitation for Monterrey and its surroundings is
projected to only change slightly (Figs. 4a and 13g), the wet-
ter falls that compensate for drier summers can exacerbate
risk of flooding that has historically affected the city due to
tropical cyclone remnants (Aguilar-Barajas et al. 2019). In
Culiacán, drier summers are likely to impact the early grow-
ing season and thus shift agricultural activities that sustain
the economy of Sinaloa.

Histograms of yearly cumulative precipitation provide more
insight into possible challenges facing decision makers in
northern Mexican cities (Figs. 13f–j). The frequency of years
with lower cumulative precipitation is projected to increase for
Ciudad Juárez, Monterrey, and Culiacán (Figs. 13f–h), while
high-precipitation years are projected to increase in all cities
except Culiacán, where the wettest years are still projected to
be wetter than in historical simulations (Fig. 13h). These re-
sults are consistent with projected changes in extreme precipi-
tation at the regional level (Fig. 6) and across all of northern

FIG. 9. Change in storm frequency per degree of local warming av-
eraged over the 11 ensemble members. Storm strength is presented
as both a percentile (bottom axis) and return time (top axis). The
analysis is conducted over the entire northernMexico domain and us-
ing the full 20-yr historical and projected periods.
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Mexico (Fig. 9), pointing to the disproportionate role of ex-
treme events in future hydrological changes in the region.

5. Discussion and conclusions

Simulations suggest that the spatial pattern of future trends
in mean precipitation is strikingly similar to that of extreme
precipitation (Figs. 4 and 6). Regions projected to experience
a decrease in mean precipitation are likewise projected to ex-
perience a decrease in extreme precipitation, and vice versa.
While some previous studies based on lower-resolution models
failed to resolve these spatial patterns in the sign of projected
precipitation changes (Zhao et al. 2023), the magnitudes of these
changes are relatively small (approximately 10% for both mean
and extreme precipitation) and well below the increase that

would be expected from thermodynamics alone (Figs. 10 and
11). However, the frequency of extreme precipitation events is
likely to increase by 50%–100%, suggesting that the water the
region depends on for agriculture will be more intermittent and
management practices will have to adapt accordingly (Fig. 9).

Relatively small changes in annually averaged precipitation
mask a significant seasonal change in both mean and extreme
precipitation. The largest changes are projected to occur dur-
ing spring and fall, when precipitation is expected to decrease
and increase, respectively, with lower magnitude and region-
ally dependent changes during winter and summer. This shift
in maximum precipitation to later in the year is consistent
with a delayed onset of the North American monsoon. While
drying is projected to occur in certain regions throughout the
year, drying during the summertime is particularly significant

FIG. 10. As in Fig. 6, but for the fractional change in extreme precipitation.

J OURNAL OF CL IMATE VOLUME 372416

Brought to you by UNIVERSITY OF CALIFORNIA San Diego - SIO LIBRARY 0219 SERIALS | Unauthenticated | Downloaded 05/06/24 10:05 PM UTC



given that northern Mexico already experiences significant
heat stress during this time of the year (Hallack-Alegria and
Watkins 2007). Chihuahua, Sinaloa, and Sonora, which amount
for 72% of northern Mexico’s agricultural output (INEGI
2020), are all projected to experience strong drying during
the spring and summer months, which would have major im-
plications for northern Mexico’s food availability and secu-
rity. Spring and summer drying were likewise seen in the
downscaled simulations of Cavazos and Arriaga-Ramı́rez
(2012), who used an earlier generation of models to analyze
changes in precipitation over the subregion of Baja Califor-
nia, as well as Cook and Seager (2013), Torres-Alavez et al.
(2014) and Ashfaq et al. (2021), who likewise observed a shift
of the monsoon to later in the year, although some studies sug-
gest that this may be due to biases in SST (Pascale et al. 2017).
While we cannot diagnose the cause of the delay here due to
the lack of data in the vertical, earlier studies highlight the role

of atmospheric stability due to tropospheric warming, with
Pascale et al. (2017) suggesting an overall drying in the NAM
due to increased stability, while Cook and Seager (2013) sug-
gests that this increase in early summer stability is finally over-
come by moisture convergence which triggers the delayed
NAM onset.

The projected large, widespread decreases in seasonal pre-
cipitation (Figs. 4b–e) are likely to further stress northern
Mexican water resources and public health infrastructure. For
example, historical records have shown a positive association
between fall and winter precipitation rates and the incidence
of dengue fever in the region (Brunkard et al. 2008). The in-
creases in both mean and extreme precipitation over northern
Mexico seen here, as well as the projected warming, suggest
that the environment may become conducive to the spread of
dengue fever through the end of the century (Chowell and
Sanchez 2006).

FIG. 12. As in Fig. 3, but considering just the states that experience that NAM.

FIG. 11. Fractional changes in ensemble-average extreme precipitation. Each GCM has a unique
marker and each RCM has a unique color.
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Some of the changes in precipitation, particularly over
the western states during late spring and summer, are likely
due to changes in the North American monsoon. Based on
the NA-CORDEX ensemble, the NAM is projected to be-
gin and end later and last longer, thereby shifting and

extending the period of heavy rainfall later in the year.
This shift may exacerbate drought conditions that typi-
cally peak before the NAM in the state of Sonora, partic-
ularly given the high heat stress and demand for water
resources during the spring (Hallack-Alegria and Watkins

FIG. 13. Changes in precipitation in major metropolitan areas. (a),(c),(e),(g),(i) For each city, multimodel averages
of daily precipitation throughout the year are shown with 90% confidence intervals in shading. (b),(d),(f),(h)(j) Histo-
grams of accumulated yearly precipitation for the two 20-yr periods considered in this study are shown in color. The
circles and diamonds at the bottom of each histogram represent the mean historical and projected values, respectively.
(k) The location of each city is shown superimposed on the plot of the change in mean daily precipitation.
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2007). Furthermore, other studies have shown that, even if
the precipitation were to remain fixed, the increased tem-
perature alone could exacerbate drought conditions over
some of the region (Ault et al. 2016). While there is reason-
able agreement between the simulations in the shift of the
monsoon later in the year with results from earlier studies
(Cook and Seager 2013), there are significant model differ-
ences in the timing of the end of the monsoon. Follow-up
studies to more precisely quantify the shift of the NAM us-
ing a larger ensemble and to investigate other potential
mechanisms that may be responsible for the spring changes
(Seth et al. 2011) may be advantageous.

While much of the focus here has been on changes in late
spring, summer, and fall precipitation due to the delay in the
NAM, we note that the winter precipitation has been shown
in the literature to be closely tied to ENSO, with more (less)
wintertime precipitation during the El Niño (La Niña) phase
(Magaña et al. 2003; Mendoza et al. 2005; Englehart and
Douglas 2006; Cabrera et al. 2010). A future investigation of
the trend in ENSO state in NA-CORDEX is warranted, as
biases in the projection of the phases of ENSO has nonnegli-
gible ramifications for projections of wintertime precipitation
over this region.

Furthermore, an increase in the rain rate of future Atlan-
tic tropical cyclones, particularly those that propagate over
or near northern Mexico, may be responsible for the in-
crease in extreme precipitation during the fall, as seen in
Knutson et al. (2020). Given that the primary genesis re-
gions in the eastern North Pacific and Atlantic regions are
outside of the NA-CORDEX domain (Tippett et al. 2011),
the NA-CORDEX ensemble has nonnegligible bias in its
projections of mean and extreme precipitation, and this
bias is particularly large for the western coast of Mexico
(Rendfrey et al. 2021). Despite this bias, the projected in-
crease in tropical cyclone–driven precipitation over the re-
gion is consistent with Dominguez et al. (2021). Based on
our results, we hypothesize that the extension of the NAM,
which primarily impacts the western portion of the region,
coupled with the increase in tropical cyclone precipitation
from Atlantic tropical cyclones over the eastern portion of
the region may be responsible for the projected increase in
mean and extreme precipitation across the region during
fall.

While we have conducted a comprehensive study of the fu-
ture trends in mean and extreme precipitation over northern
Mexico through the end of the century, we have not been
able to identify the dynamical drivers responsible for these

trends. A follow-up study analyzing the change in circulation
patterns over the region is essential to provide a full under-
standing of the physical processes driving this change. Based
on the results presented here, we expect that there is a signif-
icant slowdown of the dynamics driving changes in precipita-
tion (particularly extreme precipitation) over this region.
Nevertheless, the analysis presented here is an important and
necessary first step in quantifying changes in the hydrocli-
mate of northern Mexico, which is required for stakeholders
and local agencies to prepare for the increased intermittency
and significant seasonal changes in precipitation over this im-
portant yet understudied region.
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