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Weakening of the North American monsoon with

global warming
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Hiroyuki Murakami'?, Gabriel A. Vecchi®’ and Wei Zhang®

Future changes in the North American monsoon, a circulation
system that brings abundant summer rains to vast areas of
the North American Southwest"?, could have significant conse-
quences for regional water resources®. How this monsoon will
change with increasing greenhouse gases, however, remains
unclear*®, not least because coarse horizontal resolution and
systematic sea-surface temperature biases limit the reliability
of its numerical model simulations®’. Here we investigate
the monsoon response to increased atmospheric carbon
dioxide (CO,) concentrations using a 50-km-resolution global
climate model which features a realistic representation of
the monsoon climatology and its synoptic-scale variability®.
It is found that the monsoon response to CO, doubling is
sensitive to sea-surface temperature biases. When minimizing
these biases, the model projects a robust reduction in
monsoonal precipitation over the southwestern United States,
contrasting with previous multi-model assessments*°. Most
of this precipitation decline can be attributed to increased
atmospheric stability, and hence weakened convection, caused
by uniform sea-surface warming. These results suggest
improved adaptation measures, particularly water resource
planning, will be required to cope with projected reductions in
monsoon rainfall in the American Southwest.

State-of-the-art general circulation models (GCMs) forced with
greenhouse gas emission scenarios project a reduction of annual
precipitation over a broad area of North America south of 35°N
(ref. 10). While wintertime precipitation is robustly projected to
decline in this region due to a poleward expansion of the sub-
tropical dry zones'', summertime precipitation projections remain
uncertain. This is due to a weak consensus across GCMs' and in-
complete comprehension of the mechanisms through which global
warming will impact the summertime North American monsoon
(NAM). The NAM is shaped by both the complex regional geog-
raphy (Supplementary Fig. 1) and remote larger-scale drivers>",
which makes its simulation challenging”"’. GCMs project a June-
July reduction and a September-October increase in precipitation
in the monsoon region®’. This early-to-late redistribution of rainfall
has been conjectured to arise from two competing mechanisms'*:
a stronger tropospheric stability due to a remote sea-surface tem-
perature (SST) rise in spring that persists through early summer
(a remote mechanism); and increased evaporation and near-surface
moist static energy, driven by larger radiative fluxes at the surface (a
local mechanism). The local mechanism is speculated to overcome

the stabilizing effect of remote SST rise at the end of the summer’.
However, the coarse horizontal resolution and existence of SST bi-
ases in coupled GCM simulations raise the question of how reliable
such projections are for the NAM, which involves interactions across
many spatial and temporal scales'.

Horizontal resolution is critical for adequately representing the
NAM in models. It has been recently shown® that GCMs with
horizontal grid spacing coarser than 100km (as most models
participating in the Coupled Model Intercomparison Project,
Phase 3 and 5, CMIP3 and CMIP5) do not accurately resolve the
summertime low-level flow along the Gulf of California (GoC),
with detrimental impacts on simulated precipitation in parts of the
southwestern US". For this reason, limited-area regional climate
models have been used, suggesting drying of the monsoon region
with warming’. Yet regional climate models lack two-way coupling
with the larger-scale circulation and suffer from inherent boundary
condition biases'®, making them a questionable tool for studying the
climate change response.

GCM simulations of North American climate are affected by
SST biases. In particular, negative SST anomalies in the North
Atlantic can substantially influence the North Atlantic subtropical
high through the upstream influence of a Gill-type Rossby wave
response'®"®. This results in unrealistically strong easterly low-level
moisture flux across the Caribbean region, causing the well-known
monsoon retreat bias—that is, excessive monsoonal precipitation in
the fall”". These biases are thus a substantial source of uncertainty
for the projected NAM response to CO, forcing.

To address these issues, here we investigate the response of
the NAM to increased CO, and its sensitivity to both horizontal
resolution and SST biases with the high-resolution (0.5° X 0.5°
in the land/atmosphere) Forecast-Oriented Low Ocean Resolu-
tion (FLOR) model®?, developed at the National Oceanic and
Atmospheric Administration (NOAA) Geophysical Fluid Dynamics
Laboratory (GFDL). In addition to the standard configuration, the
model can be run at coarser horizontal resolution (LOAR, 2° X 2°
in the land/atmosphere) or in a flux-adjusted version (FLOR-FA;
see Methods).

Compared to LOAR, increased horizontal resolution in FLOR
allows for a better representation of the fall retreat at the end of
the warm season (Fig. 1f) and a more realistic pattern of near-
surface moist static energy (Supplementary Fig. 2). FLOR also better
resolves the seasonal cycle of low-level moisture flux along the
GoC (Supplementary Fig. 3) and synoptic-scale variability within
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Figure 1| High-resolution flux-adjusted models better capture regional features of the North American monsoon. a-e, Time-mean (July-August)
precipitation (shading) and moisture flux (vectors) for GPCC (1971-2010) (a), MERRA reanalysis (1979-2010) (b), LOAR (c), FLOR (d), and FLOR-FA
control runs (e) (see Table 1for description of experiments). In a, the black contour delimits the area used for averaging over the North American monsoon
in f, and the magenta line is the transect used for vertical cross-sections in Fig. 3. f, Seasonal cycle of monthly precipitation averaged over the North
American monsoon domain in observations (red), and LOAR (blue), FLOR (cyan), and FLOR-FA (black) simulations; shading denotes the interannual
variability spread in observations.

Table 1| Description of the coupled (a-d) and nudged-SST (1-5) experiments used in this study (see Methods for further details).

Experiment yr Radiative forcing/boundary conditions Purpose

a) CTRL_FLOR 200 CO, constant at 1990 levels Control run

b) CTRL_FLOR-FA 200 CO, constant at 1990 levels Control run; reduce SST biases

c) 2CO,_FLOR 200 CO, doubles in 70 yr, then constant CO, forcing

d) 2CO,_FLOR-FA 200 CO, doubles in 70 yr, then constant CO, forcing; reduce SST biases

1) CLISST 50 Model SST restored to observed climatological (1971-2012) values Remove SST biases

2) 2CO, 50 Model SST restored as in CLISST; atmospheric CO, concentrationis  Impact of 2CO, only
doubled relative to 1990 levels

3) +2K 50 Model SST restored to observed climatological SST plus 2K Impact of mean SST increase only
(no warming pattern); CO, concentration is held at 1990 values

4) 2C0O,_+2K 50 Model SST restored to observed climatological SST plus 2K Combined impact of mean SST increase
(no warming pattern); CO5 is doubled relative to 1990 levels and 2CO,

5) 2CO,_pattern 50 Model SST restored to observed climatological SST plus warming

pattern from a long coupled 2CO, run; CO; is doubled relative to
1990 levels

Combined impact of nonuniform SST anomaly
and 2CO,

Two ensemble members are available for experiments CTRL_FLOR, CTRL_FLOR-FA, 2CO,_FLOR and 2CO,_FLOR-FA.

the monsoon®. These factors combine to create a more realistic
simulation of the spatial pattern of mean rainfall (Fig. 1d) and the
seasonal evolution of rainfall (Fig. 1f).

2

To assess the impact of SST biases™', we contrast the free-
running coupled FLOR with its flux-adjusted version, FLOR-FA.
The flux adjustment adds a modification term to surface fluxes of
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Figure 2 | Impact of increased CO, concentration and SST biases on the North American monsoon precipitation. a-c, Percentage precipitation change
induced by CO, doubling in FLOR-FA simulations (%, colour shading; 2CO,_FLOR-FA minus CTRL_FLOR-FA) in June (a), July-August (b), and
September-October (c). d-f, As in a-c, but for FLOR simulations (2CO,_FLOR minus CTRL_FLOR). Grey contours denote climatological values of
precipitation (mmd~") in the respective control runs. Stippling indicates regions where precipitation differences are statistically significant at the 5% level

on the basis of a t-test.

enthalpy, momentum, and freshwater, reducing SST biases in the
basic state (Supplementary Fig. 4b), and leading to a realistic GoC
SST annual cycle (Supplementary Fig. 5). Globally, flux adjustment
improves the simulations of tropical cyclones®, trade winds, dry
zones in the Pacific, and El Nifio”'. Specifically to the NAM,
one important improvement is the more realistic representation
of the monsoon retreat (Fig. 1f). Other regional improvements
include better representation of the high near-surface moist static
energy along the GoC (Supplementary Fig. 2e), the GoC low-level
jet (Supplementary Fig. 3), the Caribbean low-level jet, and the
East Pacific Intertropical Convergence Zone. These results quantify
that the separate impacts of both increased horizontal resolution
and SST bias reduction enhance the simulation of the present-day
NAM. The improvements seen in FLOR-FA suggest that this model
is an excellent tool for investigations of the monsoon response to
climate change.

When atmospheric CO, concentration is doubled (2CO,_FLOR-
FA versus CTRL_FLOR-FA; Table 1), no statistically significant
change is seen in mean June precipitation over the NAM region
(Fig. 2a). A significant rainfall reduction is instead observed during
July-August both in the core NAM region south of 28°N and in
its northern edge north of 28° N (Supplementary Fig. 6). Because
of the large difference in mean summertime precipitation, this

drying is substantial in percentage terms primarily in the northern
edge of the monsoon (~40%), becoming increasingly smaller
south of 28° N (Fig. 2b). The drying persists—albeit weakened—
over Arizona and northwestern Mexico during September-October,
with no significant precipitation changes seen along the monsoon
coastal regions (Fig. 2c). Similar results are found in a second
ensemble member, and in additional runs at 25km atmospheric
horizontal resolution (not shown). These trends are in line with
observations, which suggest that precipitation has decreased in
Arizona in recent decades™.

What determines the precipitation reduction over land during
the mature monsoon season? We answer this question by estimating
changes in the vertical buoyancy®

b=hy,—h" (1)

induced by temperature and specific humidity changes. Here h,,,,
is the near-surface moist static energy and h* the saturation
moist static energy (see Methods). Figure 3 illustrates changes
in buoyancy and cumulus convective mass flux under doubled
CO, concentrations following a transect from the tropical eastern
Pacific across the Sierra Madre Occidental into the southwestern US
(Fig. 1a). In June, convection is mostly unchanged over the western
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Figure 3 | CO,-induced warming strengthens convective inhibition and weakens convection over land. a-c, Difference in June (a), July-August (b), and
September-October (¢) mean buoyancy (k) kg™") between doubled CO, and control FLOR-FA simulations (colour shading; see Methods for details on
buoyancy calculations). Stippling denotes statistical significance, black lines denote climatological values of buoyancy (negative values are dashed), LFC
the level of free convection (zero buoyancy), and LCL the lifted condensation level. Buoyancy values below the LCL are not shown because the relationship
between buoyancy and moist static energy does not hold for an unsaturated parcel. d-f, As in a-c, but for the cumulus convective mass flux

(10° kgm~2 s™1). The vertical transect is at 108° W (pink line in Fig. 1a) and intersects the Sierra Madre Occidental (SMO) at approximately 28° N. The
blue line encircles areas over land where there is a significant buoyancy negative anomaly.

slopes of the Sierra Madre Occidental and south of 32° N, consistent
with modest, insignificant changes in vertical stability (Fig. 3a,d).
In July-August, buoyancy decreases substantially between the lifted
condensation level and the level of free convection over the most
actively convecting regions on the Sierra Madre Occidental western
slopes (Fig. 3b). Consistently, cumulus convective mass fluxes
weaken substantially over the Sierra Madre Occidental western
slopes (10-30%) and elevated terrain in Arizona (25-50%; Fig. 3e).
In September-October, the region of negative buoyancy differences
narrows and disappears almost everywhere except north of 30° N.
These patterns are consistent with those of convective mass flux
changes (Fig. 3c,f).

Importantly, when SST biases are not substantially reduced
(that is, 2CO,_FLOR versus CTRL_FLOR), the response to CO,
doubling is different (Fig. 2d-f), with a drier (20-30% rainfall
reduction) June over both the southwestern US and most of
western Mexico (Supplementary Fig. 6), a substantially unaffected
July—August (statistically insignificant differences), and a more
pronounced tendency for larger rainfall rates along the coastal
areas of western Mexico in September—October. This is consistent
with the progressive increase from June to October in evaporation
anomalies (Supplementary Fig. 7a-f) and decrease in sensible heat
flux anomalies (Supplementary Fig. 7g-1). The changes evident
in FLOR without flux adjustment follow the consensus based on

4 NATURE CLIMATE CHANGE | ADVANCE ONLINE PUBLICATION | www.nature.com/natureclimatechange

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


http://dx.doi.org/10.1038/nclimate3412
www.nature.com/natureclimatechange

NATURE CLIMATE CHANGE poi: 10.1038/NCLIMATE3412

LETTERS

-10 4

_20 4

Precipitation change (mm)

-30 1

-40 1 T T

I 20,

I +2K

I 2CO, +2K

[l 2CO,_pattern
2CO, FLOR-FA coupled (ens1)
2CO, FLOR-FA coupled (ens2)

July=August

September—October

Latitude (° N)

%

Latitude (° N)

140

120 100

-0.2

-0.4

40

Longitude (° W)

Figure 4 | Attribution of projected North American monsoon precipitation changes. a, North American monsoon area-averaged (defined in Fig. 1)
precipitation change attributed to each experiment (Table 1): 2CO, (red), +2K (green), 2CO,_+2K (blue), 2CO,_pattern (brown) and the coupled
2C0O,_FLOR-FA simulations (yellow for ensemble member 1, orange for ensemble member 2). Error bars denote the 95% confidence interval. b, Percentage
July precipitation change induced by patterns of SST anomalies (2CO,_pattern minus 2CO,_+2K). Yellow contours denote the 2CO,_+2K climatology
(mmd™"). ¢, Areas of SST cooling and warming in the 2CO,_pattern run relative to the 2CO,_+2K run (uniform +2 K rise). Pink contours denote the
2C0O,_+2K climatology (K). In both b,¢, stippling indicates regions where precipitation differences are statistically significant at the 5% level on the basis of

a t-test.

CMIP3 and CMIP5 model assessments**'*, which invokes a late
summer evaporation increase—and with it a near-surface moist
static energy increase—that balances the larger radiative fluxes at
the surface. This compensation results in the suppression or even
reversal of the early summer rainfall reduction (local mechanism).
This similarity between FLOR and most of the CMIP5 models may
be due indeed to their similar SST biases'®.

This picture is notably different in the southwestern US and
northwestern Mexico when SST biases are reduced (2CO,_FLOR-
FA versus CTRL_FLOR-FA): the strongest rainfall decrease
occurs in July-August (Fig. 2b) rather than in June. This more
persistent drying in FLOR-FA reduces soil moisture availability and

evaporation; hence, the local mechanism cannot reverse the drying,
which persists until late summer. SST biases can thus substantially
alter the intensity and effectiveness of the local mechanism®",
leading to a change in the sign of the monsoon response to CO,
forcing. One caveat is that the northernmost GoC is not resolved in
FLOR?; this may artificially reduce precipitation in the Southwest
US* and weaken the impact of the local mechanism during the late
summer season.

The sensitivity of simulated rainfall changes to SST bias raises
the question of how robust the projections shown in Figs 2 and 3 are
and what is the main driver of rainfall change. Although tropical
precipitation changes produced by greenhouse gas warming are
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Methods
Experiments. We use the NOAA GFDL coupled Forecast-Oriented Low Ocean
Resolution (FLOR) model®, derived from the GFDL Coupled Model version 2.5
(CM2.5) (ref. 19). CM2.5 features a 0.5° X 0.5° atmospheric horizontal resolution
with 32 vertical levels and has been successfully used for studies of regional
hydroclimate change®>*. FLOR is identical to CM2.5 but features a coarser ocean
horizontal resolution (1° X 1° versus 0.25° X 0.25°). The land model component is
the Land Model, version 3 (ref. 34), with a horizontal resolution equal to that of the
atmospheric model. The sea-ice model is the Sea Ice Simulator, version 1, as in
ref. 19. A second model called LOAR (Low Ocean Atmosphere Resolution) is also
used to test the impact of atmospheric horizontal resolution. The LOAR model has
a horizontal atmospheric resolution of 2° X 2° and is otherwise identical to FLOR™.
As in most of CMIP5 models'®, FLOR features positive (negative) SST bias in
the eastern (western) North Pacific and a negative SST bias in the North Atlantic
(Supplementary Fig. 4). SST biases have a negative impact on simulations of the
NAM in present-day climate'® and are a source of uncertainty for projected
changes in the tropics™. To reduce them, we use a flux-adjusted version of FLOR.
In this configuration, which is otherwise identical to the standard FLOR
configuration, fluxes of momentum, enthalpy and freshwater are ‘adjusted’ to bring
the model’s climatology of SST, as well as surface wind stress and salinity, closer to
observational estimates. We refer to this configuration as FLOR-FA. Details about
the flux adjustment procedure can be found in ref. 20. FLOR-FA features reduced
SST biases as compared to FLOR, especially in the Pacific and Atlantic oceans
(Supplementary Fig. 4). In both FLOR and FLOR-FA, long-term control
simulations are performed with atmospheric CO, concentration held fixed at 1990
values. In the 2CO, experiments, we increase CO, concentration at 1% per year
starting from 1990 levels. After it has doubled (after approximately seventy years),
we hold it constant and let the model run for additional two hundred years. In this
experiment, the flux adjustment correction term remains the same as in the control
run. As for freely coupled models (that is, developing systematic SST biases), the
underlying assumption for applying the same adjustment correction under CO,
forcing is that the emergent error in the SST climatology is the same in present and
future climates.

Nudged-SST simulations. Mechanisms of NAM changes in response to CO,
doubling are investigated with additional nudged-SST numerical simulations. In
these simulations, simulated SSTs are restored towards a given field SST, while
allowing high-frequency (that is, on timescales smaller than the restoration
timescale) SST fluctuations and ocean-atmosphere interactions. This is obtained
by adding a restoration term (SST, — SST) /7 to the SST tendency equation:

dSST/dt = (dSST/dt) .+ (SST, —SST)/7 )

where 7 =10 days is the restoration timescale and (d SST/dt) the SST tendency as
computed in the coupled model. Specifically, we perform five nudged-SST
simulations in which: (1) SST is the observed 1971-2012 climatological monthly
varying mean and CO, concentrations are held constant at 1990 values (CLISST);
(2) SST, is the observed climatological monthly varying SST mean and CO,
concentration is doubled relative to 1990 values (2CQO,); (3) SST, is the observed
climatological monthly varying SST increased globally by 2K and CO,
concentration is kept at 1990 values (+2K); (4) SST,, is the observed climatological
monthly varying SST increased globally by 2K and CO, concentration is doubled
relative to 1990 values (2CO,_+2K); (5) SST,, is the observed climatological
monthly varying SST plus a nonuniform SST anomaly taken from the long-term
2CO,_FLOR climatology and CO, is doubled relative to 1990 values
(2CO,_pattern). Further details about these nudged-SST simulations and their
purpose can be found in Table 1.

Observations. To validate the FLOR and FLOR-FA simulations, we use several
observational data sets. For precipitation, we use the Global Precipitation
Climatology Centre (GPCC) data set*. GPCC is based on statistically interpolated
in situ rain measurements and covers all land areas at monthly temporal resolution
for the period 1901-2010. GPCC monthly precipitation data were obtained at

0.5° X 0.5° horizontal resolution from the NOAA Physical Science Division
Climate and Weather data website (www.esrl.noaa.gov/psd/data). We use the
Modern Era Retrospective analysis for Research and Applications (MERRA)* for
monthly and daily precipitation, near-surface moisture and winds. MERRA is a
reanalysis with improved representation of the atmospheric branch of the
hydrological cycle developed by NASAs Global Modeling and Assimilation

Office (NASA Earth Observing System Data and Information System
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website: https://earthdata.nasa.gov). Finally, the observed SST|, field from the Met
Office Hadley Centre Sea Ice and SST data set™ is used for the nudged-SST runs
(equation (2)) and to evaluate FLOR SST biases (Supplementary Fig. 4).

Buoyancy and convection diagnostics. The buoyancy of a saturated ascending air
parcel, as measured by the difference between its temperature T, and the
temperature of the environment T, is proportional to the difference between the
saturation moist static energy of the environment and the moist static energy of the
ascending cloudy air”:

h.—h*
1+y

G(T.—T)= 3)
where h=c, T + g z + L q is the moist static energy, 1" is the saturation moist static
energy, h is the moist static energy of the ascending parcel, g is the specific
humidity, g is the gravitational acceleration, ¢, =1,004] K™ kg™ is the isobaric
specific heat of dry air, L=2.5 x 10° Jkg ™" is the latent heat of condensation,
q*(T,p) is the saturation specific humidity that we calculate using the
August-Roche-Magnus formula® and y = (L/c,)(dq*/dT),. Since the ascending
parcel is lifted adiabatically from near surface, and thus lifted conserves its moist
static energy, h, is well approximated by the near-surface moist static energy—that
is, he X My, =€, Tiop + & Ziom + L qrom> here computed at the model’s reference
height z,,,, = 10 m. The parameter y is positive and of order 1 (ref. 23), thus

hyo,, — h* is approximately twice the buoyancy value. To detect changes in the
atmospheric convective instability, we estimate the buoyancy index b= h,,, —h* at
each horizontal grid point x and vertical level p above the lifted condensation level,
and then the buoyancy index anomaly Ab as:

Ab=A(hy, —h") (4)

where the difference A is taken between the perturbed and the control simulation
and positive (negative) values of b indicate upward (downward) acceleration.

Changes in the intensity of convection are assessed through changes in the
diagnosed cumulus convective mass flux from the relaxed Arakawa-Schubert
scheme® employed in the GFDL models.

Statistical significance. We estimate statistical significance for differences shown
in Figs 2 and 3 and in Supplementary Fig. 7 using a two-sided Student’s ¢-test at the
95% significance level. Confidence intervals for the mean differences shown in

Fig. 4 are determined through applying 10* bootstrap resampling, as we randomly
reshuffle the two time series (forced and control run) 10,000 times and then
construct a probability distribution for the mean difference.

Data availability. The data that support the findings of this study are available
from the corresponding author upon request.
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