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ABSTRACT: Northern Mexico is home to more than 32 million people and is of significant
agricultural and economic importance for the country. The region includes three distinct
hydroclimatic regions, all of which regularly experience severe droughts 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 approximately three weeks
longer. The frequency of extreme precipitation events is expected to double throughout
the region, exacerbating 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 drought and flooding, will increase significantly by the end of the

century, with implications for the agricultural sector, economy, and infrastructure.
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SIGNIFICANCE STATEMENT: Northern Mexico regularly experiences both severe
flooding and droughts, which has significant implications for the region’s important agricul-
tural sector. 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
warming climate; the drought (flood) season is projected to receive significantly less (more)
precipitation (approximately +10% 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 projected for other regions, with the strongest storms becoming
20% more frequent per degree of warming. These results suggest that this understudied
region may experience significant changes to its hydroclimate through the end of the century

that will require significant resilience planning.

1. Introduction

Changes in precipitation resulting from anthropogenic global warming are already putting
significant stress on human activities, 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, especially in the Global South, where some of the
world’s most vulnerable populations reside. Filling out our projections of future changes
in precipitation to include regions outside those traditionally studied is an urgent need to

ensure equitable access to climate information.
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Changes in precipitation patterns resulting from anthropogenic global warming have put
additional stress on human activities and increased uncertainty in the management of risk
and natural resources. Simulations of future climate scenarios indicate that the burden
of extreme weather and precipitation events is likely to worsen over the coming decades
(Caparas et al. 2021). Several modeling studies utilizing a high emissions scenario suggest
a drier North American Monsoon by the end of the 21st century (Pascale et al. 2017,
Colorado-Ruiz et al. 2018; He et al. 2020), thus reducing seasonal precipitation over vast
areas of Central and Northwestern Mexico (Almazroui et al. 2021). However, there is
uncertainty about the sign of precipitation changes in other regions of Northern Mexico
(Caparas et al. 2021; Almazroui et al. 2021), while changes in the seasonality and magnitude
of extreme precipitation events have not been systematically studied.

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 and and vulnerability to drought, heatwaves, and flooding
(Ortega-Gaucin and Velasco 2013; Diaz 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 adaptation, substantial precipitation
changes as a result of future warming could lead to major social and economic disruptions
(Magana et al. 2021). Policies for climate adaptation in this region must account for possible
changes in mean and extreme precipitation patterns over the coming decades, but studies of
projected precipitation changes in Northern Mexico are currently lacking.

To study future trends in mean and extreme precipitation over the region, we use the
COordinated Regional climate Downscaling EXperiment (CORDEX) ensemble, which
consists of dynamically-downscaled Global Climate Model (GCM) simulations, derived
from the Fifth Climate Model Intercomparison Project (CMIP) ensemble. Several studies

have shown that dynamically-downscaling GCM simulations using high resolution Regional
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Climate Models (RCMs) can provide “added value” by capturing smaller-scaled climate
processes compared to using GCMs (Diffenbaugh et al. 2005; Di Luca et al. 2012; Ashfaq
etal. 2016; Lucas-Picher et al. 2017). Of particular relevance here, RCMs better capture the
mesoscale phenomena, such as mesoscale convective systems (MCS), that lead to extreme
precipitation. In addition to this improvement, RCMs also afford more realistic represen-
tations of surface forcing, such as orography, (Leung et al. 2003) and of the atmosphere’s
regional-scale circulation, both of which contribute to more realistic projections of extreme
precipitation, though neither GCMs nor RCMs are able to accurately simulate extreme
precipitation due to convection (O’Gorman 2015; Muller and Takayabu 2020).

We focus specifically on the NA-CORDEX ensemble, which provides downscaled simu-
lations over the North American region (with approximate longitudinal bounds of 62°W to
169°W and latitudinal bounds of 19°N to 68°N), 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 knowledge has not
previously been used to study climate change over Mexico specifically. The NA-CORDEX
domain does not extend over the entire country of Mexico, but does include a significant
portion of the country, including the entirety of Northern Mexico, which has three broad
precipitation regimes: Northwestern Mexico, which receives rainfall in Winter from atmo-
spheric rivers (Rutz and Steenburgh 2012); Baja California Sur and the Northern Mexican
highlands, which are characterized by dry and hot Springs, followed by heavy precipitation
from mid- to late-Summer when the North American Monsoon is active (Adams and Com-
rie 1997); and Northeastern Mexico (Nuevo Ledn, Tamaulipas), where Fall precipitation is
largely driven by tropical cyclones (Brefia Naranjo et al. 2015) and intra-seasonal southward
moisture transport from the North American Great Plains (Mo 2000; Jauregui 2003).

We begin by assessing the ability of the NA-CORDEX to simulate present-day precipita-
tion 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,
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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 characteristics of
the monsoon in Section 4c, including its onset timing and length. In Section 4d, we focus in
on five cities, representing different 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 ensemble. CORDEX downscales a suite of GCMs
from CMIPS5 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 0.22° (~25 km) horizontal resolution, as
previous studies have shown that higher resolution models provide more accurate estimates
of precipitation (Lucas-Picher et al. 2017). 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. 0.22° resolution is sufficiently high to capture hydroclimate
variations over Northern Mexico, which we define to include the states of Baja California,
Baja California Sur, Sonora, Chihuahua, Durango, Sinaloa, Nuevo Le6n, Tamaulipas, and
Coahuila (see Fig. 1 for an illustration of this region). All variables are taken at the surface;
data at higher atmospheric levels are not publicly available. We use data that have been

bias-corrected using the daily Daymet observational dataset, which is accepted practice
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for studying climate impacts (Kirchmeier-Young et al. 2017; Cannon 2018; McGinnis and

Mearns 2021; Nazarian et al. 2022).

Global Model Regional Model ECS (°C)

CanRCM4 3.7
CanESM2  cRCM5-UQAM 37

GEMatm-Can CRCMS5-UQAM 3.7
GEMatm-MPI CRCMS5-UQAM 3.6

RegCM4 24

GFDL-ESM2M WRE 24
RegCM4 4.6

HadGEM2-ES WRF 46

CRCM5-UQAM 3.6

MPI-ESM-LR RegCM4 3.6

WRF 3.6

MPI-ESM-MR CRCM5-UQAM 34
Table 1. Global and regional model pairings of the 12 available NA-CORDEX simulations with

daily, bias-corrected output at 0.22° (~25 km) resolution and forced using the RCP 8.5 scenario. The
equilibrium climate sensitivity (ECS; the temperature change due to a doubling of CO;), as diagnosed

by the NA-CORDEX team (see https://na-cordex.org/simulation-matrix.html), is noted for each model.

While the NA-CORDEX simulations span 1950-2100, we focus on two twenty-year
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 period 2006-2100. While it is too soon to know which emissions pathway we will
follow through the end of the century, we utilize RCP8.5 since there are more NA-CORDEX
simulations conducted using this emissions scenario than there are for the other emissions
scenarios. Fractional changes in extreme precipitation are independent of the emissions
scenario (Pendergrass et al. 2015), so we do not expect this choice to have a significant

impact on our results. In total, data from 12 simulations are available (Table 1), but we
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exclude one model pairing (CanESM2, CRCM2-UQAM) which produces an exceptionally
large drying over the entire region. Investigating why this pairing produces such outlier
behavior is a topic of future work.

Even with one simulation excluded, the range of equilibrium climate sensitivities across
the simulations is 2.4-4.6°C [for reference, the range of equilibrium climate sensitivity of
the full CMIPS ensemble ranges is 2.0-4.7°C (Andrews et al. 2012; Flato et al. 2014)].
Furthermore, the spread in annual-mean North American precipitation projections from the
downscaled NA-CORDEX simulations is greater than that of the driving GCMs alone, and
closer to that of the full CMIPS5 ensemble (Bukovsky and Mearns 2020). Regardless of
the global or regional model used, all simulations slightly underestimate the magnitude of
average annual, accumulated precipitation over the region (approximately 0.473 m, based

on data from the MSWEDP [see next section]).

b. MSWEP

MSWERP (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 (0.1°) and temporal (3 hour) 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 combination of gauges, satellites, and reanalyses to derive
precipitation observations, which has been shown to particularly enhance its performance
over convective- and frontal-dominated weather regimes (Beck et al. 2017). Furthermore,
the MSWEP data uses 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 information about the data.

Like the NA-CORDEX historical output, we take the MSWEP data from 1986 to 2005.
MSWEP and NA-CORDEX have different resolutions (0.10° vs. 0.22°, respectively), so

we re-grid both datasets to a common grid to perform the comparison. We evaluate the
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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 de-
trend the MSWEP observations nor NA-CORDEX simulations to perform this comparison

since we are conducting this comparison over the historical period.

¢. North American Monsoon

The North American Monsoon (hereafter NAM) is responsible for providing approxi-
mately 70% of the annual precipitation over the western portion of Northern Mexico (Reyes
etal. 1994). While the dynamics governing the NAM are unique from other monsoons (no-
tably the Indian monsoon), it is nevertheless characterized as a monsoon by its confinement
to the Summer months and its reversal 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, Sonora, Sinaloa, Chihuahua, and Durango, though we note that the
precipitation each of these states experiences due to the monsoon may vary significantly. In
order 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 five-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
five days. The monsoon state is the period over which at least 10 out of every 20 days
receive 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 and
Serra (2013), although we use a slightly larger threshold value (2 mm compared 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.
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d. Extreme Precipitation Metrics

Numerous metrics for extreme precipitation have been defined in the literature, such as
the annual maximum of daily precipitation [Rx1day], the number of a days in a year with
precipitation exceeding 10mm [R10mm], and the 99th percentile of precipitation [R99]
(Schir et al. 2016; Nazarian et al. 2022). Unless otherwise noted, we use the R99 metric in
our analysis, as it is the most commonly used metric in the regional climate change literature
(Schir et al. 2016) and is of most use to planners and water managers. All days are used to
calculate extreme precipitation statistics (Ban et al. 2015; O’Gorman 2015), rather than wet
days only, since the frequency of wet day does not necessarily remain fixed in a warming
climate (Schar 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 ex-
treme precipitation for each simulation. Values are then averaged across the 11 simulations
to derive the ensemble average. Finally, we calculate fractional changes in extreme precipi-
tation (i.e. the percent change in R99 per degree warming), using local, rather than global,
warming. Although previous studies have calculated this ratio using global-mean warming,
we instead use local warming so as to provide regional stakeholders with a more localized
planning metric. We also believe that the local change in temperature is more informative
for diagnosing the drivers of precipitation changes at the regional scales considered here,

despite being more uncertain than the global increase in temperature.

3. Model Assessment

There are two prominent wet areas in Northern Mexico: one on the windward side of the
Sierra Madre Mountain Range that is influenced by the NAM (Adams and Comrie 1997,
He et al. 2020) and another along the Gulf of Mexico for which late Summer precipitation is
governed by tropical cyclones and intraseasonal moisture fluxes from the North American

Great Plains (Mo 2000; Jauregui 2003) (Figure 1b). Between these regions, central Northern

10
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Figure 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 p quantify the agreement
between model output and observations. The black dashed line denotes the Sierra Madre Mountain

Range.

Mexico is drier, while the Baja California peninsula in the far west, which relies heavily
precipitation from tropical cyclones (Brefia Naranjo et al. 2015), is extremely dry (generally
less than 0.5mm/day).

In the ensemble-mean, the historical NA-CORDEX simulations accurately capture the
spatial distributions of annual-mean and R99 daily precipitation when compared to MSWEP
observations (Figure 1), with correlation coefficients (p) between observed and simulated

mean and R99 of p =0.966 and p = 0.893, respectively. Similar skill is seen for individual

11
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Figure 2. Comparison between seasonal (top two rows) mean and (bottom two rows) R99 daily
precipitation in historical NA-CORDEX simulations and MSWEP data. The correlation coefficients (p)
in the second and fourth rows quantify the agreement between model output and observations. As in

Figure 1, the black dashed line denotes the Sierra Madre Mountain Range.

seasons in Fig. 2, though model skill in R99 tends to be slightly higher in Winter and Spring
(December-January-February, DJF; March-April-May, MAM) and lower in Summer and
Fall (June-July-August, JJA; September-October-November, SON) while the converse is
true for model skill in mean precipitation.

Inspection of historical model output and MSWEP data (Figure 1a,b) suggests that sim-
ulated 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 un-

12
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in (black) MSWEP data, (blue) historical, and (red) end-of-century simulations. Solid lines indicate the

multi-model means, while shading represent the 90% confidence intervals.

derestimation of R99 throughout most of the region. The dry bias is most pronounced in
the California Peninsula and in the central NAM region (Figure 1c,d). These deficiencies
are generally most notable in Summer and the best agreement is seen in the Winter/Spring
(Figure 2).

Monthly averages of mean and R99 precipitation over all of Northern Mexico (Figure 3)
help further diagnose biases in modelled 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
Figure 2 illustrates that models 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 (Figure 3b). Despite these differences, MSWEP-based estimates of mean and
extreme precipitation always fall within the 90% confidence intervals (calculated from the
inter-model spread) of the historical simulations from the NA-CORDEX ensemble (Figure
3a,b), except for the month of May for R99. Taken together, Figures 1 through 3 demonstrate
that the NA-CORDEX simulations accurately capture both the spatial distributions and the

seasonalities of historical mean and extreme precipitation over Northern Mexico, suggesting
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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, the NA-CORDEX ensemble projects a decrease in precipitation
where it is presently high and an increase in precipitation where it is presently low (Figures
4a and 2a-d). Decreases of up to -0.2mm/day (= —7%) are seen along the western slopes of
the Sierra Madre and along the Huasteca region in Southern Tamaulipas, and increases of
up to +0.2mm/day are projected for most of Sonora, Coahuila, Baja California, and Nuevo
Leon (Fig. 4a). This is in contrast to temperature, which increases more uniformly over the
region (not shown).

Individual simulations in the NA-CORDEX ensemble project changes in mean precip-
itation of similar magnitudes, but exhibit some diversity in the spatial patterns of change
(Figure 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 example, the simulations using the MPI-ESM-LR global model in Figure
Sh-j.

Examining the changes in the seasonal cycle of precipitation over Northern Mexico
(Figures 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, Figure 4b) and Summer (JJA, Figure
4c) with a wetter Fall (SON, Figure 4d), putting additional 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 (Almazroui et al. 2021; He et al. 2020). We explore the change in

NAM characteristics further in Section 4c.
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Projected precipitation changes outside the NAM region follow a variety of patterns
in seasonality and magnitude (Figure 4). There is substantial intermodel spread in the
projections for the northwestern and northeastern corners of the country (Figure 5), but a

seasonal breakdown provides greater clarity. In Baja California, precipitation is projected to
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in this analysis. Dashed line delineates the Sierra Madre highlands.

decrease during Fall but increase throughout the rest of the year (Figure 4), possibly pointing
to changes in the timing and intensity of the atmospheric rivers that drive the wet season
between November and April in this area (Dettinger et al. 2011). In the northeast corner
of our study region (Tamaulipas and Nuevo Ledn), precipitation is projected to increase
during Fall and Winter but decrease during Spring and Summer (Figure 4). Taken together,
this suggests that some of the simulations struggle to capture changes in atmospheric rivers
over the region. For instance, simulations using GFDL’s ESM2M project a significantly
weakened atmospheric river. Therefore, while the NA-CORDEX ensemble reasonable
captures the historical precipitation over the region, all ensemble members may not capture
the physics responsible for changes in atmospheric rivers and the associated precipitation in
a warming climate. We discuss regional variations in projected seasonality of precipitation

changes in more detail in Section 4d.

16



319

320

3

N

1

3

I

2

323

Change in R99

115" w 105" W

. . . . . W
115" w 105" W 95 W 15°w 105" W 95 2

Change in R99 (SON)

115" w 105" W

115" w 105" W

Figure 6. As in Figure 4, but now for extreme precipitation (R99).

b. Changes in extreme precipitation

Extreme precipitation events are projected to intensify during the wet season and weaken
during the dry season (Figure 6): throughout most of Northern Mexico, the magnitude of
R99 precipitation events increases by > 3 mm day~! during the wet season (Figure 6e) and

decreases by a similar amount during the dry season (Figure 6¢). These changes resemble
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Figure 7. As in Figure 5, but now for extreme precipitation (R99).

the seasonal and spatial patterns in projections of mean precipitation (Figure 4) and could
bring about increased risk of flood and water shortages during the wet and dry seasons,
respectively.

Projected changes in precipitation extremes show substantial variations across the 11
models considered here (Figure 7), but agreement across models is better when broken
down by season (Figure 8). Intermodel spread is largest in Winter (Figure 8b) and Summer
(Figure 8d), and there is closer agreement for projections of a drier dry season (MAM, Figure
8c) and a wetter wet season (SON, Figure 8c). The increased magnitude of R99 during the
Fall suggests increases in the frequency 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. Likewise, potential changes in the seasonality of the NAM, such as a later onset and
longer duration, could explain the large increase in Fall extreme precipitation, and we return
to this in Section 4c.

We also consider changes in the frequencies of the strongest storms in Figure 9. Projections

suggest that moderate storms (i.e. 90th percentile events) will increase in frequency by
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Figure 8. As in Figure 6, but now for multi-model standard error in the change in extreme precipitation.

approximately 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 region is projected to warm by approximately 4°C in the multi-model
mean, this implies a near-doubling of the frequency of the strongest storms. While large,

we note that this increase is much smaller than that of other regions, such as the Northeast
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per degree of local warming. Corresponding return times are noted; for example the change in the
frequency of the (historical) 99.9 percentile storm is equivalent to the change in frequency of the ~1-in-3
year storm. While not shown here, there is larger intermodel spread for higher percentiles, given the

increasingly small sample size.

US (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%/°C) for the

strongest storms.
To diagnose the potential drivers of the changes in extreme precipitation over the region,

we calculate the fractional changes (Figure 10). Extreme precipitation is generated by
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Figure 10. As in Figure 6, but now for the fractional change in extreme precipitation.

s strong updrafts, such that the rate of extreme precipitation (P,) can be approximated as:

P, z/—pw(c;qzs)dz, (1)

«»  where p is the air density, w is the vertical velocity, g, is the saturation specific humidity, and

= 7 18 the vertical coordinate. This expression can be used to decompose fractional changes

21



352

353

359

360

361

362

363

N. Mex.-Averaged Fractional Change

5
3

é 10+

S g

e W CanESM2,CanRCM4

O gl % GEMatm-Can,CRCM5-UQAM
© x GEMatm-MPI,CRCM5-UQAM
S GFDL-ESM2M,RegCM4

g 4T . A GFDL-ESM2MWRF

© + HadGEM2-ES,RegCM4
. * e + HadGEM2-ES,WRF

< = A 5 CIPY B MPI-ESM-LR,CRCM5-UQAM
= * B MPI-ESM-LR,RegCM4

g 0 A v B MPI-ESM-LR,WRF

= * ® MPI-ESM-MR,CRCM5-UQAM
8 21 %X Ensemble Average

a

(0] -4+

IS

(O]

j -

+ 1 1 1

& 0.43 0.44 0.45 0.46 0.47

Historical Annual Precipitation (m)

Figure 11. Fractional changes in ensemble-average extreme precipitation. Each GCM has a unique

marker and each RCM has a unique color.

in P, as:

6P, _[[pwd(Edz| ([otew)(Fdz| | [olpw(E))dz
o\ Jow(G)d: [ ow()dz [ ow(%e)dz

thermodynamic dynamic nonlinear

where ¢ is the difference between the projected and historical periods. The first term is
the thermodynamic contribution to the change in extreme precipitation which, from the
Clausius-Clapeyron relation, is approximately +6-7%/°C. The second term is the contribu-

tion from dynamical changes, and is typically + 2%/°C (O’Gorman 2015). The final term
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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 mentioned in Section 2, all fractional changes are taken with respect to local, rather
than global, temperature changes. We cannot explicitly calculate the individual terms in
(2) since only surface-level data is publicly-available and individual modeling centers were
only able to provide data at a few vertical levels, which are insufficient to calculate vertical
integrals. We therefore compare the fractional increases in extreme precipitation with the
thermodynamic rate of ~6-7%/°C and interpret departures from this rate as likely reflecting
dynamical changes. We caution however, that departures from Clausius-Clapeyron scaling
might also be due to microphysical responses or nonlinear effects!.

The fractional change in annual extreme precipitation is small and positive over most of
the region, with an average of approximately 2%/°C (Figure 10). This suggests a strong
dynamical damping of changes in extreme precipitation over the region. The fractional
changes are generally highest in Fall (Figure 10e), but are still below 7%/°C over the
majority of the region. In Spring (MAM) fractional decreases of up to -3%/°C 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 precipitation seen in Figures 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, and Durango. Like Figure 3, Figure 12
shows a several week delay in the timing of the high precipitation season. The shift in the
seasonality of both mean and extreme precipitation over the region also exhibits a longer
tail in the Fall-time, with the end period of the monsoon becoming more protracted and less

sudden (not shown).

!Though consistency across models suggests changes are likely driven by dynamics rather than microphysics.
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MSWEP Ens. Av. (H) St. Err. (H) Ens. Av. (P) St. Err. (P) Change

Start June 26 June 5 16 days June 12 18 days +7 days
End Sep. 24 Sep. 16 13 days Oct. 7 10 days +21 days
Length || 90 days 103 days 16 days 117 days 22 days +14 days

Table 2. Comparison of North American Monsoon statistics in MSWEP and NA-CORDEX simula-
tions, as calculated with the modified Zhang et al. (2002) metric. Statistics for historical and projected
periods are denoted by H and P, respectively. The final column indicates the change in the ensemble
average (projected minus historical), and indicates that the NAM is expected to start and end later, and

last longer.

The North American Monsoon is not the only physical process that contributes to precip-
itation over this sub-region, so we use the Zhang et al. (2002) metric described in Section 2
to specifically 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 com-
pare the simulated historical NAM with observations. NA-CORDEX exhibits an early bias
to the monsoon onset (approximately three weeks earlier than observations), but captures
the end of the monsoon quite well. This leads to a simulated monsoon that is approximately

two weeks longer than that observed. We note, however, that there is significant variability
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between 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 seasonality, 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
one week later, end approximately three weeks later, and last approximately two 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 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) 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. The changes in seasonality over the region, considering NAM in the context
of other processes responsible for precipitation 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 precipitation over five major cities
in Northern Mexico: Ciudad Juarez, Monterrey, Culiacdn, 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 regimes 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 Northern Mexico, drier Summers

are only evident in Monterrey and Culiacdn (Figs. 13b,c), while wetter Falls are only
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Figure 13. Changes in precipitation in major metropolitan areas. For each city, (a-e) show multimodel
averages of daily precipitation throughout the year are shown with 90% confidence intervals in shading.
(f-j) Histograms of accumulated yearly precipitation are shown in color, while circles and diamonds

show mean historical and projected values respectively.

projected for Monterrey, Hermosillo, and Tijuana (Figs. 13b,d,e). Precipitation changes
over Ciudad Judrez are small (Fig. 13a), while Tijuana is the only city where increased
Winter precipitation 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 projected to see a reduction in precipitation between late June and

September (Fig. 13b), when heat stress and demand on water resources are greatest. Even
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though the annual mean daily precipitation for Monterrey and its surroundings is projected
to only change slightly (Figs. 4a, 13g), the wetter Falls that compensate for drier Summers
can exacerbate risk of flooding that has historically affected the city (Aguilar-Barajas et al.
2019). In Culiacén, drier Summers are likely to impact the early growing season and thus
shift agricultural activities that sustain the economy of Sinaloa.

Histograms of yearly cumulative precipitation provide more insight into possible chal-
lenges facing decision makers in northern Mexican cities (Figs. 13f-j). The frequency of
years with lower cumulative precipitation is projected to increase for Ciudad Juarez, Mon-
terrey, and Culiacan (Figs. 13f-h), while high-precipitation years are projected to increase
in all cities except Culiacan, where the wettest years are still projected to be wetter than in
historical simulations (Fig. 13h). These results are consistent with projected changes in
extreme precipitation at the regional level (Fig. 6) and across all of Northern Mexico (Fig.
9), pointing to the disproportionate role of extreme events in future hydrological changes in

the region.

5. Discussion and Conclusions

In this study, we have used the dynamically-downscaled NA-CORDEX ensemble to
comprehensively examine future trends in both mean and extreme precipitation over North-
ern Mexico. We started by conducting a comparison of historical simulations from the
NA-CORDEX ensemble with observations from MSWEP. The simulations show excellent
agreement with observations, both in the annual-average and across the seasons (Figures
1-3). While the simulations in the NA-CORDEX ensemble under-precipitate, the spatial
patterns of simulated mean and extreme precipitation are highly correlated with observa-
tions and the seasonality in mean and extreme precipitation is similarly consistent between
simulations and observations. Given the strong agreement between historical simulations
and observations, the NA-CORDEX ensemble is appropriate for studying future changes in

precipitation over the region.
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One aspect of Mexican hydroclimate that the models do not necessarily capture is the
midsummer drought, which leads to a double-peak in the summertime precipitation over
south and northeastern regions of Mexico (Perdigén-Morales et al. 2018; Garcia-Franco
etal. 2021). Figure 3a illustrates that the midsummer drought (i.e. the dip in mean precipi-
tation around August) is not captured by NA-CORDEX or MSWEP, which is not altogether
surprising as the magnitude of the decrease in precipitation is relatively small, since the
only states that experience the midsummer drought in Northern Mexico are Tamaulipas
and Nuevo Ledn. Nevertheless, the ensemble’s inability to capture the midsummer drought
deserves follow-up study, particularly given the impacts of the drought on agriculture and
industry (Englehart and Douglas 2000).

Simulations suggest that the spatial pattern of future trends in mean precipitation is
strikingly similar to that of extreme precipitation (Figures 4, 6). Regions projected to
experience a decrease in mean precipitation are likewise projected to experience a decrease
in extreme precipitation, and vice-versa. The magnitudes of the projected changes are
relatively small (approximately 10% for both mean and extreme precipitation) and well
below the increase that would be expected from thermodynamics alone (Figures 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 (Figure 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
during Spring and Fall, when precipitation is expected to decrease and increase, respectively,
with lower magnitude and regionally-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 given that Northern
Mexico already experiences little precipitation and significant heat stress during this time

of the year (Hallack-Alegria and Watkins 2007). Chihuahua, Sinaloa and Sonora, which
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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
implications for Northern Mexico’s food availability and security. Spring and Summer
drying were likewise seen in the downscaled simulations of Cavazos and Arriaga-Ramirez
(2012), who used an earlier generation of models to analyze changes in precipitation over
the sub-region of Baja California, as well as Cook and Seager (2013) who likewise observed
a shift of the monsoon to later in the year.

The projected large, widespread decreases in seasonal precipitation (Figure 4b-e) are likely
to further stress on 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 increases in both mean and extreme precipitation seen here, as well as the projected
warming, suggest that the environment may become conducive to the spread of Dengue
through the end of the century (Chowell and Sanchez 2006).

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 begin and end later, and hence last
longer, thereby shifting and extending the period of heavy rainfall later in the year. This shift
may exacerbate drought conditions over portions of the region, particularly given the high
heat stress and demand for water resources during the Spring. While there is reasonable
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 differences in the
timing of the end of the monsoon. Follow up studies to more precisely quantify the shift of
the NAM using a larger ensemble may be advantageous.

The large projected decrease in Spring precipitation may also be due to changes in
atmospheric rivers responsible for providing the region with precipitation during the Winter
and Spring. Our results suggest that there may be a weakening or a change in timing of

atmospheric rivers transporting moisture to northwest Mexico, although we are not able to
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investigate the processes responsible for advection of moisture over the region due to the
lack of NA-CORDEX data at different atmospheric levels.

Furthermore, an increase in the rain rate of future Atlantic tropical cyclones, particularly
those that propagate over or near Northern Mexico, may be responsible for the increase
in extreme precipitation during the Fall, as seen in Knutson et al. (2020). Given that the
primary genesis regions in the Eastern North Pacific and Atlantic regions are outside of the
NA-CORDEX domain (Tippett et al. 2011), the NA-CORDEX ensemble has non-negligible
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 increase
in tropical cyclone-driven precipitation over the region 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 future 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 understanding
of the physical processes driving this change. Based on the results presented here, we
expect that there is a significant slowdown of the dynamics driving changes in precipitation
(particularly extreme precipitation) over this region. Nevertheless, the analysis presented
here is an important and necessary first step in quantifying changes in the hydroclimate 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 important

yet understudied region.
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