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ABSTRACT

This work examines the effect of horizontal resolution and topography on the North American monsoon
(NAM) in experiments with an atmospheric general circulation model. Observations are used to evaluate the
fidelity of the representation of the monsoon in simulations from the Community Atmosphere Model version
5 (CAMS) with a standard 1.0° grid spacing and a high-resolution 0.25° grid spacing. The simulated monsoon
has some realistic features, but both configurations also show precipitation biases. The default 1.0° grid
spacing configuration simulates a monsoon with an annual cycle and intensity of precipitation within the
observational range, but the monsoon begins and ends too gradually and does not reach far enough north.
This study shows that the improved representation of topography in the high-resolution (0.25° grid spacing)
configuration improves the regional circulation and therefore some aspects of the simulated monsoon com-
pared to the 1.0° counterpart. At higher resolution, CAMS simulates a stronger low pressure center over the
American Southwest, with more realistic low-level wind flow than in the 1.0° configuration. As a result, the
monsoon precipitation increases as does the amplitude of the annual cycle of precipitation. A moisture
analysis sheds light on the monsoon dynamics, indicating that changes in the advection of enthalpy and moist
static energy drive the differences between monsoon precipitation in CAMS 1.0° compared to the 0.25°
configuration. Additional simulations confirm that these improvements are mainly due to the topographic
influence on the low-level flow through the Gulf of California, and not only the increase in horizontal
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resolution.

1. Introduction

The southwest United States and northwestern Mex-
ico experience a monsoon circulation that dominates the
annual cycle of precipitation associated with alternating
dry and wet seasons, known as the North American
monsoon (NAM; Adams and Comrie 1997). The peak
monsoon season is from July through September (JAS)
with the strongest monsoon precipitation occurring in
northwestern Mexico over the western foothills of the
Sierra Madre Occidental Mountains with a weakening
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signal through the southwestern United States (i.e.,
Arizona, New Mexico, and Nevada; Adams and Comrie
1997). Current understanding of the NAM and how it
might respond to climate change is limited by an ap-
parent lack of skill in current climate models (i.e., Kim
et al. 2008; Gutzler et al. 2009; Castro et al. 2012; Cook
and Seager 2013; Geil et al. 2013; Pascale et al. 2017);
part of the deficiency is thought to be associated with
inadequate horizontal resolution in today’s climate
models (Pascale et al. 2017). The purpose of this work is
to test one climate model’s ability to simulate the NAM
at different horizontal resolutions.

The development of the thermal low pressure center
over the Colorado River Valley results in a pressure
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gradient that draws moisture northward through the
Gulf of California (GoC; Adams and Comrie 1997). This
increased moisture leads to instability and enhanced
convection over the mountains and deserts in the
southwestern United States and northwestern Mexico.
The climatological onset of the NAM has been corre-
lated with a positive land-sea thermal contrast (Turrent
and Cavazos 2009), with wetter monsoons being char-
acterized by stronger land-sea thermal contrast than
drier monsoons. The summertime precipitation in the
NAM region is also dictated by the location of an upper-
level anticyclone (Reed 1933). When the anticyclone is
east of the Rocky Mountains moisture reaches farther
north, while moisture remains farther south when the
anticyclone is west of the Rocky Mountains. Further
understanding of the NAM dynamics can be found in
studies by Reed (1933), Bryson and Lowry (1955),
Carleton (1986, 1987), and Adams and Comrie (1997).
The GoC contributes most moisture to the NAM with
the greatest amounts of moisture found near the en-
trance of the GoC below 850 hPa (Turrent and Cavazos
2009) and in the northern GoC, when the flow is ap-
proximately parallel to the axis of the gulf. This low-
level flow is a result of the low-level jet that develops
during the summer months (Douglas 1995). There are
also moisture surges through the GoC that provide
synoptic-scale forcing to support mesoscale convective
systems (Adams and Stensrud 2007; Newman and
Johnson 2013; Seastrand et al. 2015; Pascale et al. 2018).
Moisture from the Gulf of Mexico (GoM) also con-
tributes to the NAM region but mostly through upper-
level moisture transport (Reitan 1957; Rasmusson 1967;
Schmitz and Mullen 1996; Adams and Comrie 1997;
Anderson and Roads 2001; Dominguez et al. 2016).
The geography and topography of the NAM region
influence the development and maintenance of the
monsoon. The region is bounded by the Pacific Ocean
and the GoC to the west where sea surface temperatures
(SSTs) along the Pacific Coast remain cool (<25°C)
during summer, with warmer temperatures in the GoC
and tropical eastern Pacific (>28°C). To the east, the
NAM region is bounded by the Sierra Madre Occidental
and in the far east by the warm GoM (>26°C), and by
the central Plains of the United States (Adams and
Comrie 1997). The Peninsular Ranges of southern Cal-
ifornia, Baja California, and Baja California Sur limit
moisture from entering the NAM region from the
eastern Pacific. The summer daytime heating in low-
lands and elevated areas is crucial in the development
of the thermal low and subsequent convection. The
thermal low and associated overturning circulation
(Trenberth et al. 2000) encourage moisture fluxes into
the NAM region, defining the monsoon such that the
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western United States and northern Mexico plateau
promote a monsoonal circulation pattern comparable to
the influence the Tibetan Plateau has on the monsoonal
circulation over East Asia (Tang and Reiter 1984; Reiter
and Tang 1984).

Several studies have investigated the influence of
resolution and topography on the NAM in weather
forecast models as well as regional- and global-scale
climate models. Tripathi and Dominguez (2013) exam-
ined the effects of spatial resolution on the ability of
regional climate models to capture observed extreme
precipitation in the southwest United States. Analyzing
two simulations, of 10- and 50-km resolutions, over
1980-2010, the authors found that the mean climato-
logical spatial structure of the southwest U.S. pre-
cipitation was well represented at the higher resolution
but not at the lower resolution. Despite a larger positive
bias in mean summer precipitation, the 10-km resolution
simulation also captured individual extreme summer
precipitation events better than the 50-km simulation. In
another study by Castro et al. (2012), the authors found
that higher-resolution regional climate models better
simulate monsoon precipitation compared to lower-
resolution global climate models. The authors refer to
poor representation of terrain forcing, mesoscale fea-
tures (e.g., low-level jets), land—atmosphere coupling,
and parameterized convective rainfall in global models
as reasons for the poor simulation of monsoon pre-
cipitation. Gutzler et al. (2009) examined the NAM
precipitation in six global and four regional models that
were all forced with prescribed and time-varying SSTs.
Those authors found that the variability of precipitation
in Arizona and New Mexico is simulated better in re-
gional models when compared with global models (in-
cluding an earlier version of the National Center for
Atmospheric Research Community Atmosphere Model
used in the present study). These results highlight the
importance of transient circulation anomalies, which are
prescribed as lateral boundary conditions in the regional
models, in simulating the northern reaches of the mon-
soon precipitation.

Cook and Seager (2013) investigated simulations from
phase 5 of the Coupled Model Intercomparison Project
(CMIP5) to examine how the NAM will respond to in-
creased greenhouse gas concentrations in general cir-
culation models (GCMs). Results suggest no change in
the total NAM rainfall, but a shift in the seasonal dis-
tribution of precipitation in future simulations (Cook
and Seager 2013). However, many current generation
GCMs with horizontal grid spacing coarser than 100 km,
which is the majority of models participating in phases 3
and 5 of CMIP, are unable to realistically resolve the
topography in the NAM region, which can have negative
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consequences on the simulation of the NAM (Geil et al.
2013). At this coarse resolution, the GoC summertime
low-level flow is not well resolved, which inhibits an
accurate representation of precipitation over parts of
the American Southwest (Kim et al. 2008; Pascale et al.
2017), limiting our understanding of processes and
mechanisms important to the NAM. Using a GCM
with a higher horizontal resolution of 50-km grid spac-
ing, Pascale et al. (2017) found a robust reduction in
monsoonal precipitation to doubled CO, concentrations
in the American Southwest.

Building on previous studies of the influence of hori-
zontal resolution and topography on the simulation of
the NAM (Gutzler et al. 2009; Castro et al. 2012;
Tripathi and Dominguez 2013), this research seeks to
bridge the gap between some of the most recent GCM
assessments (i.e., Cook and Seager 2013; Pascale et al.
2017) that have highlighted the uncertainty in pro-
jections of the NAM in state-of-the-art climate models,
and emphasize how simulating the NAM depends on
accurate representation of topographic features. Better
understanding this uncertainty will allow for the devel-
opment of more credible climate projections; these
projections are crucial for this region as water resources
are scarce and have many societal and ecological con-
sequences. Using simulations from the Community At-
mosphere Model version 5 (CAMS), a free running
atmospheric GCM at horizontal resolutions of approx-
imately 100 and 25 km, we seek to assess the simulation
of the NAM and characterize the sensitivity to resolu-
tion and subsequent sensitivity to orographic forcing on
NAM precipitation in this model. By analyzing GCMs,
we can investigate problems that are global in scope
and simulate the large-scale circulation that influences
the monsoon. The following research questions are
addressed:

1) Does CAMS simulate a realistic monsoon compared
to observations, in terms of magnitude and timing?
(section 3)

2) Does increased horizontal resolution in CAMS im-
prove the representation of the NAM? (section 4)

3) Can we quantify the differences in the representation
of the NAM at these two horizontal resolutions by
isolating the orographic contribution? (section 5)

2. Data and methodology
a. Community Atmosphere Model

We evaluate the NAM and the role of horizontal
resolution using version 5 of the Community Atmo-
sphere Model (CAMS; Neale et al. 2012). These simu-
lations use the finite-volume dynamical core on a
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latitude—longitude grid and are configured as described
in Wehner et al. (2014). All simulations have 30 vertical
levels with an uppermost model level (i.e., model top) of
2hPa (Richter et al. 2014). The model is forced using
prescribed monthly SSTs, sea ice extent, and greenhouse
gas forcing following the Atmospheric Model In-
tercomparison Project (AMIP) protocols (Gates et al.
1999). The northern GoC is handled by the land model,
even though SST is prescribed, the “wetland” catego-
rization of the northern GoC allows a predicted surface
temperature that is similar to a slab ocean model. The
analysis period is 1980-2005; one year (1979) is dis-
carded to allow the model, especially the land surface, to
spin up (Wehner et al. 2014).

We start by analyzing a simulation of CAMS5 on a
0.9° X 1.25° mesh (referred to as 1.0°) to test the simu-
lation of NAM at the standard horizontal resolution. To
test the simulated NAM at a higher horizontal resolu-
tion, we investigate a CAMS configuration with a hori-
zontal resolution of 0.23° X 0.31° (referred to as 0.25°).
At the 0.25° horizontal resolution, Wehner et al. (2014)
showed improvements in extreme precipitation.
Bacmeister et al. (2014) found that while the 0.25° ex-
periments of CAM, versions 4 and 5, simulate a climate
similar to the 1.0° simulation, there are improvements
where topography influences circulation. For example,
the simulation of the Indian summer monsoon in CAM4
was improved at the 0.25° horizontal resolution.

Using the 0.25° simulation conflates the effects of
better resolving smaller scales with the impact of to-
pography. Disentangling the two, however, is challeng-
ing. As a step toward isolating the impact of topography
we have conducted a small ensemble of simulations with
the CAMS 0.25° configuration in which everything re-
mains the same as the AMIP simulations except that the
topography is taken from the 1.0° configuration and re-
gridded to the 0.25° grid; the ensemble members differ
only in their initial condition (see the appendix for de-
tails). Longer simulations could not be conducted due to
limited computational resources, but this initial work
provides sufficient evidence for the present study and
serves as a foundation for future studies to better ad-
dress the distinction between circulation and topo-
graphic effects.

In terms of data volume, it is noteworthy that a single
latitude-longitude field, like surface pressure, is repre-
sented in the 1.0° model output by a 192 X 288 grid of 32-
bit values (221 MB) per time sample while the 0.25°
model has a 768 X 1152 grid (3.5GB)—a 16-fold in-
crease in size. For numerical stability, the time step must
also be decreased at higher spatial resolution, so the
computational cost of the 0.25° model is about 32 (= 4 X
4 X 2) times that of the 1.0° model. The purpose of this
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work is to understand if the improvements in topogra-
phy at the 0.25° horizontal resolution result in an im-
proved representation of the NAM circulation. This
gives the community further reason to perform such
experiments in the future to better understand how well
CAMS can be used to understand how climate change
will impact the NAM, justifying the increase in com-
puting costs, and inform future studies of the benefit of
the additional computational burden.

Figure 1 shows the elevation of topography for
Modern-Era Retrospective Analysis for Research and
Applications version 2 (MERRA-2; Gelaro et al. 2017)
and the 1.0° and 0.25° CAMS simulations over the NAM
region. As expected, the 0.25° topography presents
much more detail and higher peak elevation than the
smoother 1.0° topography. In particular, the Baja Cal-
ifornia Peninsula has little or no elevation in the 1.0°
simulation, which is improved to have more realistic
topographic features at the 0.25° horizontal resolution.
Whereas the 1.0° configuration blurs the differentiation
of the GoC, the 0.25° configuration definitively separates
the GoC from the eastern Pacific, both in terms of SST
and with the topographic barrier provided by the Baja
California Peninsula. Figure 1 also shows the outline of
the land-sea mask for each model, and through this
presentation, land makes up most of the GoC in the 1.0°
simulation compared to the 0.25° model. However, re-
call that the northern GoC is handled as wetland, so the
coastline shown is slightly misleading as there are a few
more grid points that are effectively ocean. We hy-
pothesize that these differences in topography drive
differences between the simulated monsoon at each of
these horizontal resolutions in CAMS, where more re-
alistic local circulation and moisture transport over the
GoC at the higher resolution (0.25°) will simulate a more
realistic monsoon. Since the GoC is the primary low-
level moisture source for the monsoon, the absence of
topography over Baja California in the 1.0° simulation is
expected to negatively affect the representation of the
monsoon circulation (Adams and Comrie 1997). These
differences in topography between the 1.0° and the 0.25°
configurations allow an examination of the effect of
horizontal resolution on the monsoon circulation.
Monthly means are used for analysis of precipitation,
sea level pressure, winds, and vertical pressure velocity.
The moisture calculations detailed below are performed
using daily means.

b. Observations and reanalysis

Data from satellite-borne passive and active sensors
from the Tropical Rainfall Measuring Mission (TRMM;
3B43: Multisatellite Precipitation; Kummerow et al.
1998) are used for observations of precipitation for the
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FIG. 1. Topography field (m) in MERRA-2, CAMS5 1.0°, and
CAMS 0.25°. The coastline for the CAMS simulations is shown as
the red line.

1998-2005 time period. This analysis uses precipitation
from TRMM 3B43 provided at monthly temporal res-
olution on a 0.25° X 0.25° grid. Additionally, a combined
observational product based on satellite and rain gauge
measurements from the Global Precipitation Climatol-
ogy Project (GPCP; Huffman et al. 2009) is used at a 2.5°
spatial resolution, spanning from 1980 to 2005, also at a
monthly temporal resolution. It should be noted these
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two precipitation datasets are not independent as they
both use the GPCP rain gauge analysis, but while the
GPCP dataset is a blending of the rain gauge analysis
with satellite data, those data do not include TRMM (cf.
Adler et al. 2018). Meteorological variables—including
wind, sea level pressure, and thermodynamic variables—
are obtained from MERRA-2 (Gelaro et al. 2017; Global
Modeling and Assimilation Office 2015a,b,c,d) for the
time period of 1980-2005 at a spatial resolution of
0.5° X 0.667° at both daily and monthly temporal
resolutions.

c. Moisture budget

The moist static energy (h = ¢,T + gz + L,q) is an
approximation of the atmospheric enthalpy and is
nearly conserved under hydrostatic and adiabatic
thermodynamic transformations (see, e.g., Neelin 2007;
Yano and Ambaum 2017). With the usual approxima-
tions, £ is also conserved for thermodynamic trans-
formations including precipitation, although this
approximation neglects to account for the ice phase
(and is not conserved under freezing/melting/sub-
limation). The moisture analysis performed here is
similar to that of Chen and Bordoni (2014) for the East
Asian summer monsoon, using the vertically integrated
moist static energy (MSE) budget. The advantage of
the vertically integrated MSE budget is that it provides a
convenient comparison of contributions from radiation,
turbulent fluxes, and transport processes to the moist
dynamics of the NAM (see also Chou and Neelin 2003;
Neelin 2007).

The vertically integrated MSE is derived by vertically
integrating [where (-) = [ (-)dp/g] and combining the
thermodynamic and moisture equations, respectively:

Cp<atT> + Cp<v . VT) + <w 8ps> = <Qc> + Snet + Rnet + SH,
(1)
(0,9) + (v-Vq) + (o 6pq> = L;l (LH - P), @)

where ¢, is the specific heat at constant pressure, 7T is
temperature, v is the horizontal wind, w is the vertical
pressure velocity, and s = ¢, T + gz is the dry static en-
ergy, such that g is gravitational acceleration and z is
geopotential height. Energy fluxes are denoted by Q.
which is the convective heating; S™' and R"" are the net
shortwave and net longwave radiation, respectively; and
SH and LH are the, sensible and latent surface heat
fluxes, respectively. Latent heat of vaporization is de-
noted as L,, g is the specific humidity, and P is pre-
cipitation. Changes in time or pressure are indicated by
9, and d,, respectively. Summing Egs. (1) and (2) and
averaging over a climatological period [denoted by (-)],
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the MSE balance can be simplified as an enthalpy

budget:
0E\ — == oh
— JFnet — . _
< o > F (v-VE) <w_6p> , 3)
such that

Fret=8) -8 — st +8— R + Rl —R! + SH+LH,
“4)

where £ = ¢, T + L,q is the atmospheric moist enthalpy,
which is the sum of thermal and latent energy of the
atmosphere. The flux of energy into the atmospheric
column, Fret  is a function of surface and top of the at-
mosphere fluxes, represented by the subscripts ¢ and s,
respectively with 1 indicating upward flux and | being
the downward flux of the shortwave radiation S and
longwave radiation R (Chen and Bordoni 2014). The
horizontal advection of moist enthalpy is denoted by
(v-VE). Similar to E, h accounts for the movement of
water vapor and temperature but also accounts for
gravitational potential energy; the vertical advection of
his denoted as (w(0h/dp)). The vertical advection of 4 is
the product of vertical pressure velocity w and the MSE
stratification. The vertical integral of MSE stratification
is negative in pressure coordinates through the tropo-
sphere and therefore regions of (w(dh/dp)) >0 qua-
litatively correspond to ascending vertical motion.
Alternatively (w(9h/dp)) <0 corresponds to descending
vertical motion (Chen and Bordoni 2014). The MSE and
moisture budgets for the NAM are computed using daily
averages from MERRA-2 and CAMS.

3. Simulated monsoon

To begin, we establish the fidelity of the NAM as
represented by the standard, 1.0° CAMS configuration.
The NAM precipitation climatology is shown in Fig. 2,
averaged over the core monsoon region (112°-102°W,
20°-33°N; see Fig. 3 for outline of the NAM region),
similar to the region considered by Cook and Seager
(2013). The black lines are the observations from
TRMM (solid) and GPCP (dashed). The CAMS5 1.0°
simulation is shown by the solid blue line. August is the
rainiest month on average for both observations and the
1.0° simulation. Both observations have a minimum in
precipitation occurring in April, with a large increase in
precipitation occurring in June indicating the beginning
of the NAM season. The 1.0° configuration of CAMS
realizes a minimum in precipitation occurring in Feb-
ruary and March, followed by a gradual increase in
precipitation until June, at which time the onset of NAM
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FIG. 2. Monthly precipitation climatology for TRMM (solid
black) and GPCP (dashed black) compared to CAMS5 1.0° (solid
blue) and 0.25° (dashed blue). TRMM data are plotted for 1998
2005, and the rest of the datasets include a full 26-yr climatology for
1980-2005. Vertical lines represent one standard deviation in
monthly precipitation variability.

precipitation occurs in the observations. The demise of
the monsoon occurs in September and October in ob-
servations, and is captured by the 1.0° simulation.
Overall, the 1.0° CAMS configuration simulates an

10

R ———
Reference Vector

120W 100W

|

0 1

JOURNAL OF CLIMATE

VOLUME 32

annual cycle of precipitation that captures the peak
and demise of the monsoon within the observational
range, but onset is too early and too gradual, total
precipitation is too large, and monsoon withdrawal
is too slow (Fig. 2); these results are comparable to
those of previous studies (e.g., Cook and Seager
2013; Geil et al. 2013). Figure 2 also includes the
standard deviation of precipitation to represent the
interannual variability in which the 1.0° simulation
sees the greatest variability in September, toward
the end of the monsoon. This late season variability
is typically attributed to tropical cyclones (e.g.,
Ritchie et al. 2011). Both observations also show
high amounts of variability occurring during the
monsoon season.

The spatial pattern of the monsoon precipitation
can be seen in Fig. 3, which is the JAS average of
precipitation for TRMM, GPCP, and CAMS with cir-
culation parameters also included. The high-resolution
TRMM product shows enhanced values of precipitation
along the west coast of Mexico, concentrated along
the western foothills of the Sierra Madre Occidental
Mountains. At a coarser resolution, GPCP captures
the essence of the monsoon with enhanced values
of precipitation along the Sierra Madre Occidental
Mountains, but the maximum in precipitation is lower

o
[ T %

10

Relerence Vector

120W 100W

mm day”’

2 3 4 5 6 7 8 9 10

FIG.3.NAM precipitation (mm day ') averaged over the monsoon season (JAS) for TRMM, GPCP, and the 1.0°
and 0.25° CAMS5 simulations. Sea level pressure (red; hPa) and 925-hPa wind (purple; ms ™!, from MERRA-2 over
TRMM) are also shown. The sea level pressure is contoured from 1010 to 1016 hPa by 2 hPa.
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than that of TRMM. The 1.0° CAMS configuration
simulates a precipitation pattern that falls within the
observational range of TRMM and GPCP. While the
total amount of monsoon precipitation and spatial ex-
tent of precipitation along the coast are captured, the
northern extension of the monsoon is not represented at
1.0°.

Sea level pressure and low-level winds (925 hPa) are
also shown for the same time period of 1980-2005 during
the monsoon season (Fig. 3). The data contoured over
TRMM precipitation are from MERRA-2. There is a
weak low pressure center that develops over the north-
ern edge of the GoC; as a result, a weak pressure gra-
dient develops such that winds during JAS shift and are
out of the west—southwest throughout most of the GoC
in MERRA-2 (Fig. 3). In the 1.0° configuration, how-
ever, the low that develops is not as strong as in
MERRA-2 and as a result there is a less robust shift
in winds during the monsoon season compared to
MERRA-2, with northwesterly winds through most of
the GoC at 925 hPa.

To better understand and quantify the spatial extent
and progression of the monsoon, we analyze the an-
nual cycle of precipitation divided into three NAM
subregions [Fig. 4; as in Higgins et al. (1999)]. The
northernmost region is the Arizona and New Mexico
(AZNM) region averaged over 252.5°-245°E, 31°-37°N;
the northwestern Mexico (NWM) region is 249.5°-
257°E, 25°-31°N; and the southernmost region is over
southwestern Mexico (SWM), 255°-262.5°E, 19°-25°N
(regions are shown in Fig. 3).

In the northernmost region, AZNM, there are two
peaks in precipitation observed in TRMM and GPCP:
the primary monsoon peak in August and a second-
ary peak in February. TRMM shows a minimum
in precipitation in May, with GPCP having a minimum
in June. The observed peak monsoon precipitation
is roughly 1.6mmday '. The CAMS5 1.0° simulation
exhibits a weak annual cycle of precipitation in the
AZNM region (Fig. 4) with maxima in March and Au-
gust that are both near 1.0mmday ', less than the ob-
served peak. This result supports the climatological
spatial extent of NAM precipitation in Fig. 3.

Over the NWM region, the annual cycle is similar to
the core monsoon region, with one peak in precipitation.
However, in the core monsoon region, precipitation
peaks in August, while the peak in NWM is in July for
observations from TRMM and GPCP. The peak in
precipitation realized by the CAMS 1.0° simulation oc-
curs in August, coincident with the peak of the whole
core monsoon region.

Over the SWM region, TRMM and GPCP show two
peaks in precipitation in July and in September. The
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FI1G. 4. Monthly precipitation climatology for TRMM (solid
line), GPCP (dashed line), CAMS 1.0° (solid blue), and CAMS5
0.25° (dashed blue) for 1998-2005 in TRMM and 1980-2005 in
GPCP and the CAMS simulations. Gray reference line is at
1.5 mm day L.

later peak is associated with tropical cyclones; this re-
gion is the second most affected by hurricane landfalls
(after Baja California Sur) in the Pacific basin (e.g.,
Ritchie et al. 2011; Martinez-Sanchez and Cavazos
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2014). The CAMS 1.0° simulates one peak in pre-
cipitation during September and overestimates total
rainfall in this region. The reason for the model’s over-
estimation of precipitation at the southern edge of the
monsoon region is likely a result of the ITCZ bias in
CAMS5 (Bacmeister et al. 2014). We speculate that this
overestimation of precipitation in the SWM region
balances the underestimated precipitation amounts
in the AZNM region, which is why the annual cycle
over the core monsoon region compares well with
observations.

The ratio of monsoon season (JAS) precipitation to
the annual precipitation, known as the monsoon index
(MI), is shown in Fig. 5. In the observations from
TRMM, the highest MI values are localized along the
west coast of Mexico. The highest MI values are also
localized along the west coast of Mexico parallel to the
GoC in GPCP, but the spatial extent of MI values in the
range of 0.7-0.8 is less than that of TRMM. Figure 5
reiterates the conclusion that the 1.0° configuration of
CAMS produces a credible NAM.

4. Effect of horizontal resolution on the simulated
monsoon

In section 3, we discovered that CAMS5 1.0° simulates
some important aspects of the NAM circulation, but
misses detailed aspects such as the northward extent and
timing of precipitation. This section highlights results
from our investigation of the simulated NAM at higher
horizontal resolution (0.25°) where topography is more
realistic (Fig. 1). Our hypothesis is that at the higher
horizontal resolution the Baja California Peninsula
provides a barrier that allows both the distinct thermal
contrast between the GoC and the eastern Pacific and
the potential for the lower-level flow to be channeled
through the GoC that both provide essential ingredients
for an improved NAM representation that are lacking at
current generation GCM resolution. The increase in
resolution primarily allows this more realistic regional-
scale flow, but additionally provides a lifting mechanism
as transients encounter more realistic topography as
discussed in previous literature (e.g., Finch and Johnson
2010; Newman and Johnson 2012; Castro et al. 2012).

Figures 3 and 5 show that the 0.25° configuration also
simulates the core monsoon precipitation over north-
western Mexico, but the monsoon rains extend farther
north than the 1.0° simulation, more in line with obser-
vations. Averaged over the core monsoon region
(Fig. 2), the 0.25° simulation (dashed blue line)
represents a similar annual cycle of the NAM compared
to the 1.0° simulation, but the total precipitation in the
0.25° configuration is larger than the 1.0° configuration

| L L L 1 L L

120W 100W

1 =]
0 02 04 06 08 1

FIG. 5. Monsoon index calculated as the ratio of JAS pre-
cipitation to annual precipitation for TRMM, GPCP, CAMS5 1.0°,
and CAMS 0.25°.
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and observations. These results are in line with previous
simulations of NAM precipitation in high-resolution
regional models (e.g., Cerezo-Mota et al. 2016).

Breaking the precipitation down by regions in Fig. 4,
the 0.25° configuration successfully captures the two
observed peaks in precipitation during February and
August in the AZNM region not represented in the 1.0°
simulation. However, the magnitude of the AZNM
August peak is substantially greater than the observed
peak. The high-resolution simulation does not capture
the observed dry period in May and June; both the 1.0°
and 0.25° configurations have reduced precipitation
during the spring, but more than is observed. This bias
toward too much springtime and fall precipitation and a
gradual transition into and out of the monsoon is com-
mon in GCMs (Cook and Seager 2013; Geil et al. 2013).
The main improvement in the annual cycle of the sim-
ulated monsoon over AZNM at the higher-resolution
configuration is capturing a more realistic range in pre-
cipitation values compared to the 1.0° simulated mon-
soon, which has only a subtle annual cycle.

Over the NWM region, the 0.25° realization of annual
cycle of precipitation follows that of the 1.0° simulation,
but again overestimates total rainfall amounts. For the
SWM region the double peak in precipitation observa-
tions is captured by the 0.25° CAMS, an improvement
over the 1.0° configuration. However, the first peak in
precipitation in the 0.25° occurs in June, one month
earlier than observed in TRMM and GPCP, whereas the
second peak does occur in September as observed and is
likely directly connected to resolved tropical cyclones.
The lull in precipitation in August is the monsoon break
that manifests as the midsummer drought across south-
ern Mexico and parts of Central America (e.g., Colorado-
Ruiz et al. 2018).

Overall, the analysis of precipitation in the NAM re-
gion suggests that the increase in resolution from 1.0° to
0.25° influences the simulated NAM. In particular, the
more realistic simulation of precipitation at 0.25° in the
AZNM region highlights the improvement of the pro-
gression and northerly spatial extent of the monsoon at a
higher horizontal resolution. The improvement over the
1.0° model comes from both resolving smaller-scale
features and improved representation of topography.
The improved later peak in the SWM region is likely
dominated by resolving tropical cyclones (Wehner et al.
2014), while the improved northward extension of the
NAM into the AZNM region is mainly from the im-
proved representation of the topography on Baja Cal-
ifornia and therefore of the GoC, which we will show
later (see section 5).

The low pressure center, shown in Fig. 3, is larger in
magnitude in the 0.25° simulation, resulting in a stronger
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pressure gradient compared to the 1.0° configuration. A
stronger pressure gradient results in a more robust shift
in the low-level winds (Fig. 3) such that there is south-
easterly wind flow through the GoC, more consistent
with observations, in the 0.25° realization, which is not
evident in the 1.0° simulation. In the 1.0° simulation, the
Baja California Peninsula has little or no elevation and
most of the GoC is treated as land rather than ocean in
the model (Fig. 1). Therefore there is little ability to
channel moisture, explaining why the spatial extent of
the monsoon is different between the two simulations.
This northward extent of moisture is also seen in the
observed MI (Fig. 5), reinforcing the hypothesis that
improved topography, specifically improved represen-
tation of the Baja California Peninsula and GoC, and
surface type in the 0.25° configuration results in a more
realistic simulation of the monsoon. These results sup-
port conclusions from previous studies of the impact of
topography and the role of horizontal resolution on the
development and maintenance of the monsoon that
have been investigated in weather models and climate
models (both global and regional; Gutzler et al. 2009;
Castro et al. 2012; Tripathi and Dominguez 2013; Cook
and Seager 2013; Pascale et al. 2017).

5. Quantifying differences between CAMS
simulations

Here, we use moist static energy 4 to better un-
derstand how the change in horizontal resolution affects
the dynamics of the NAM, with a particular interest in
the impact of topography on the monsoon system. As
mentioned in section 2c, & is approximately conserved
under adiabatic, hydrostatic, and moist transformations,
but sources and sinks of & come from diabatic forcing.
The climatological patterns of both 4 and the moist
enthalpy E hardly vary from month to month; the pre-
dominant pattern is the land-sea contrast with land
regions (especially large topographic features) having
lower values of both 4 and E.

The formation of precipitation does not alter 4 di-
rectly. Precipitation is weakly related to terms in Eq. (3):
thermally forced convection is associated with strong
surface fluxes contained within F*' while orographically
forced convection is associated with the vertical trans-
port of h. These terms are not independent of each
other; for example, elevated topography often also has
strong surface forcing. Figure 6 shows the terms of
Eq. (3) averaged over the JAS season for MERRA-2,
1.0°, and 0.25° simulations. Along with the terms shown
in the equation, we also show the vertical advection of A,
calculated as F™' — (v-VE) with monthly averages
of 500-hPa omega contours (wsgp). The residual term,
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FIG. 6. Vertically integrated MSE budget averaged over the monsoon season (JAS): (from left to right) net energy flux into the
atmospheric column; vertical integral of horizontal advection of E; vertical integral of vertical advection of ; F™' — (v- VE) (another
metric for vertical advection of /) with 500-hPa vertical pressure velocity (wsoo) contours; and the residual for MERRA-2, CAMS5 1.0°, and
CAMS 0.25°. The wsg is contoured from —0.06 to 0.06 by 0.03 Pa s™1, where the 0 Pas™! contour is the thick line and the dashed lines
indicate upward motion. All of the fields are shown on their native grids except for the differences (bottom panel) and the wsgo contours,

which are shown on the CAMS 1.0° grid.

calculated by differencing the right-hand side terms
from the time derivative of £ (calculated using centered
differencing), is also shown.

The vertically integrated diabatic forcing F*' shows a
strong land-sea contrast in all simulations. As discussed
by Neelin (2007), the land surface has low thermal heat
capacity, which keeps the surface energy budget rela-
tively close to balanced, so the apparent land-sea con-
trast is associated with the heat storage by the ocean
along with any contrast in top-of-atmosphere radiative
forcing. For the most part, the diabatic forcing F*' is
balanced by the sum of the dynamic terms. Throughout
most of the region, the horizontal advection of moist
enthalpy is negative where F"*' is positive, indicating
that moist enthalpy is being transported away from the
positive F*°* (Chen and Bordoni 2014). West of the Si-
erra Madre Occidental Mountains, where NAM pre-
cipitation occurs, there is positive horizontal advection
of E, where F"*' is also positive, indicating moist
enthalpy is entering the region due to changes in the
large-scale circulation (as seen in Fig. 3). In regions of

topography, including both the Baja California Penin-
sula and the Sierra Madre Occidental Mountains, the
horizontal and vertical advection terms oppose each
other, apparent in MERRA-2 and the 1.0° simulation.
The balance between horizontal and vertical advection
is relevant as the westerly-southwesterly flow impacts
the Sierra Madre Occidental Mountains, delivering high
h (and E) air to higher elevations and triggering oro-
graphic precipitation and thermal convection that re-
distributes the energy vertically to reduce the column
integrated A.

Over the GoC, there is also high £ and 4 in both
MERRA-2 and the 0.25° simulation, with lower values
in the 1.0° simulation. We suspect we are capturing some
of the transient flow associated with moisture surges that
are essential for the northern extension of the NAM
(Pascale et al. 2016), but full eddy decomposition anal-
ysis is beyond the scope of this work. The fact that there
is more advection of E and % occurring in the 0.25°
simulation than in the 1.0° further solidifies our hy-
pothesis that higher resolution (with more realistic
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topography) results in a large-scale circulation pat-
tern that allows for a more accurate representation of
monsoon precipitation. This is apparent in the dif-
ference maps for each term between the 0.25° and
1.0° simulations in Fig. 6 where there are large dif-
ferences between the simulations over the north-
ern GoC in both advection terms. A similar analysis
of the moisture flux convergence terms following
Banacos and Schultz (2005) suggests that the differ-
ence in convergence over the northern GoC is the
primary factor for the improvements in the northern
extension of the NAM precipitation at higher hori-
zontal resolution (not shown). This improved con-
vergence can be seen in the low-level wind fields
(Figs. 3,7, and 8). This improvement in convergence
from the shift in the low-level winds allows for lifting
to occur as the E and & meet the topography at the
higher resolution.

The vertical advection of 4, calculated as F**' — (v - VE),
shows that along the coast where the NAM precipitation
occurs there is positive vertical advection that is sus-
tained by both the net radiation F**' and horizontal
advection (v-VE). Note that in these panels we are
plotting F' — (v - VE), not —(w (3h/3p)), so the signs
are opposite such that positive shading corresponds to
upward motion. The upward motion along the Sierra
Madre Occidental Mountains is highlighted by the
dashed wsgy contours. These results are opposite from
the analysis done by Chen and Bordoni (2014) in which
they were looking at monsoon precipitation occurring
over the ocean, where F"®' was negative and therefore
the monsoon precipitation was sustained just by hori-
zontal advection; we suspect these differences are
contingent on the topography of the region.

It should be noted that the residual term is not neg-
ligible, as a number of sources of error are present in
these calculations. Our definition of % is conventional,
but oversimplified; for example, we have ignored the ice
phase entirely. The vertical integration, especially of
the vertical transport, can be sensitive to interpolation,
coarse vertical resolution, and subgrid-scale motions
that are unresolved (Neelin 2007; Back and Bretherton
2006; Chen and Bordoni 2014). The residual term ap-
pears to reflect a strong imprint of topography, sugges-
tive of these sensitivities to vertical integration and
interpolation. It is notable that the residual term shows a
close correspondence to the vertical advection of /4 in
the core NAM region for MERRA-2 and both model
simulations.

To further assess the moisture budget of the monsoon
region, we have assessed enthalpy E and moist static
energy h on a specific pressure level (925hPa) in
MERRA-2, CAMS5 1.0°, and CAMS 0.25° (Figs. 7 and 8).
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FIG. 7. Enthalpy E at 925 hPa for JAS for MERRA-2, CAMS5
1.0°, and CAMS 0.25°. Purple vectors represent 925-hPa winds. The
bottom panel is the difference between CAMS 0.25° and CAMS
1.0°. Here E is shown on the native grids but the difference is shown
on the CAM5 1.0° grid.

We chose 925 hPa as it is has been considered in model
analysis of gulf surge events (e.g., Pascale et al. 2016)
when 10-m winds are not available and is where we ex-
pect topography will have an influence. Note that the
climatological patterns of £ and % are similar so we only
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FIG. 8. Asin Fig. 7, but showing (left) the horizontal advection of enthalpy (v - VE) and now including (right) the
vertical advection of moist static energy (w (dh/dp)); E and h are shown on the native grids but the differences are

shown on the CAMS 1.0° grid.

show E in Fig. 7. The difference between CAMS 0.25°
and CAMS 1.0° has also been calculated. At 925hPa,
there is a north to south E gradient with higher values of
E at the entrance of the GoC than the northern GoC in
the reanalysis and model simulations. When comparing
the CAMS 0.25° configuration to the CAMS 1.0° the
largest differences between the two simulations are in
the northern GoC where there is more E in the higher-

resolution configuration as seen in Fig. 7. When com-
paring wind vectors between the models, we see that
winds are more parallel to the GoC axis at the higher
horizontal resolution (Pascale et al. 2018), which is not
evident in the 1.0° configuration. These southerly winds
advect E farther north in the GoC, then the topography
provides a lift where E is now redistributed vertically
as h. The regions of positive vertical advection of A,
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calculated as F™' — (v- VE), correspond well with the
region of monsoon precipitation (Figs. 3, 5, and 6).
Without the southerly flow occurring in the 1.0° simu-
lation and more smooth topography, there is less E ad-
vected into the region, so less E to interact with the
topography so there is less lift and less precipitation
farther north in the region (as seen in Figs. 3-5).

This can also be investigated through analysis of the £
and & advection terms in Eq. (3) on the same 925-hPa
pressure level (Fig. 8). In CAMS 1.0° the horizontal ad-
vection of E is mostly positive through the GoC and of the
same magnitude. This indicates that the flow through the
GoC in this simulation is constant throughout the region,
as seen by the wind vectors in the plot. However, in
MERRA-2 and the CAMS 0.25° simulation, there is more
variability and structure in the horizontal advection of E
throughout the GoC at this level. This reflects the more
southerly wind flow throughout the GoC in both MERRA-2
and CAMS 0.25°. The vertical advection of £ also suggests
that there is more vertical transport through the GoC in
both MERRA-2 and CAMS 0.25°, compared to the mostly
negative vertical advection of 4 seen in the 1.0° simulation.
We speculate that the change in wind direction between the
1.0° and 0.25° simulation at the low levels, seen in the wind
flow and horizontal advection of E, drives the increase in
vertical transport through the GoC at the higher horizontal
resolution. In comparing seasonal simulations of CAMS
0.25°, we see similar results between a standard topography
simulation and a smoothed topography simulation using
the CAMS 1.0° topography input (see the appendix). In
particular, there is more vertical transport of 4 in the
northern GoC in the standard topography simulation than
in the smoothed topography simulation, likely a result of
the change in the horizontal advection of E throughout the
GoC; these results point further to the fact that the differ-
ences we see in the high-resolution simulation are due to
the topographic influence on the low-level flow through the
GoC and not simply due to differences related to increased
horizontal resolution.

6. Summary

This work performs an analysis of the NAM in CAMS
to understand the effect of horizontal resolution and
subsequently the orographic effects on the monsoon
dynamics. By investigating the simulation of the NAM
in CAMS at the standard horizontal resolution of 1.0°,
we found that the model realizes a mean NAM that
falls within the observed annual cycle of precipitation,
monsoon index (MI), and circulation pattern. However
at the 1.0° horizontal resolution, some of the details of
the monsoon are not represented, such as the northern
extent of precipitation.
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At a higher horizontal resolution (0.25°), CAMS
simulates a monsoon similar to what is realized at 1.0°
but with more detail. In particular the northern extent of
the monsoon is better captured at the 0.25° horizontal
resolution, as is the double peak in precipitation in
SWM, which we suggest is a result of improved water
vapor transport as well as enhanced channeling of
moisture up the Gulf of California; this should be further
quantified in future work, however. In the 0.25° simu-
lation, the monsoon low pressure center is stronger than
observed, resulting in a more robust shift in winds par-
allel to the GoC axis in the 0.25° simulation. We argue
that these changes at higher horizontal resolution in
CAMS are primarily a function of the improved topo-
graphic features in the 0.25° configuration compared to
the 1.0°, as the orographic effect on the NAM has been
well established (e.g., Gutzler et al. 2009; Castro et al.
2012; Tripathi and Dominguez 2013).

The moisture budget analysis suggests that the
northward extension of the NAM captured at 0.25°
horizontal resolution is a result of the better represen-
tation of advection of enthalpy and moist static energy
over the GoC. This feature is not as well captured in the
1.0° simulation. Since the 0.25° simulation conflates im-
provements from resolving smaller-scale circulation
feature and from better representing topography, we
conducted a set of short 0.25° simulations using the 1.0°
topography. These simulations support the notion that
improved resolution of the topographic features (espe-
cially the Baja California Peninsula) results in a more
realistic low-level flow through the GoC that allows
advection of moisture and enthalpy into the NAM re-
gion. This improvement in the advection supports the
improved northward extension of the NAM. This is seen
in the analysis of enthalpy and moist static energy at
the 925-hPa pressure level. However, we recognize
that making a stronger conclusion about how robust
these features are requires decomposing the horizontal
advection into transient and stationary eddy compo-
nents, which is beyond the scope of this work. However,
the analysis of the seasonal simulations of CAMS 0.25°
with standard and smoothed topography (see the ap-
pendix) further points to the topography as the primary
reason for the improvements seen in the northern extent
of NAM precipitation, and that increased resolution is
not the only reason for improvements between the 1.0°
and 0.25° simulations.

This work has shown that the NAM region topogra-
phy is crucial for the character of the monsoon pre-
cipitation (Tang and Reiter 1984; Reiter and Tang 1984;
Adams and Comrie 1997; Pascale et al. 2016, 2017) in
simulations of CAMS. At the standard 1.0° grid spacing,
the topography is underresolved, and the spatial extent
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0.25°) and with the smooth CAMS 1.0° topography [CAMS 0.25° (smooth)].

and timing of the NAM is biased. At high resolution
(0.25°) the topographic forcing is much more realistic,
and there are improvements in the simulated monsoon’s
extent and timing. The high-resolution simulation is still
imperfect, however, including strongly overestimating
the NAM rainfall, and may still be insufficient for un-
derstanding the detailed dynamics of the NAM, which

has been the focus of Pascale et al. (2016). This remains a
problem of significant societal relevance, as residents of
the NAM region depend on monsoon precipitation and
accurately projecting the future of the NAM depends
on a better understanding of the monsoon circulation in
GCMs. High-resolution global climate models are one
step toward improving understanding of the climate
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FIG. A2. As in Figs. 2 and 4, but for the CAMS 0.25° seasonal simulations with the standard topography retained
(CAMS 0.25°) and with the smooth CAMS 1.0° topography [CAMS 0.25° (smooth)].
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variability of the NAM. High resolution alone does not
guarantee improved simulations, however; detailed
analysis and improved physical parameterizations will
also be necessary to provide confident projections for
the NAM and other large-scale circulation systems.
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APPENDIX

Seasonal CAMS5 0.25° Simulations

To further assess the role of topography on the NAM
and its precipitation, additional CAMS 0.25° seasonal
simulations are performed for April-October for the
2004 season. The 2004 season was chosen so that these
simulations could also be used in future work to com-
pare to observational data from the North American
Monsoon Experiment (NAME; Higgins and Gochis
2007). The version of CAMS (i.e., CAMS.3) used for
these experiments is a slight update from the version
used elsewhere in this project. To assess the impact of
the change, we repeated the control experiment for a
subinterval of the long control simulation. Comparing
the two “‘control” simulations showed negligible dif-
ferences in the climate, so we deemed these versions
sufficiently similar to conclude that differences with the
smooth topography arise from the lower boundary
condition, and not from changes in the model’s physics.
An additional configuration uses this same 0.25° sea-
sonal configuration but with the topography field taken
from the 1.0° model and interpolated to the 0.25° grid.
For each configuration, three ensemble integrations
were performed with small perturbations to the initial
atmospheric temperature. The CAMS5 configurations
used for this study (both AMIP and seasonal) do not
include the improvements made to the topography by
Lauritzen et al. (2015); those changes have minimal
impact on the topographical features discussed here.

Analysis of these simulations provides additional
evidence of the important role that topography plays in
the simulation of the NAM, particularly the NAM pre-
cipitation. With the smoothed topography, precipitation
does not extend as far north, the gradient in sea level
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pressure is weakened compared to the conventional
seasonal simulation, and therefore the winds do not flow
parallel to the GoC (Fig. Al). The annual average of
precipitation over the core monsoon region is greater in
the smoothed topography simulation than in the stan-
dard topography simulation (Fig. A2). Breaking the
precipitation down by regions in Fig. A2, as done for full
AMIP simulations, the smoothed topography simula-
tion underestimates precipitation in the AZNM region
while simulating too much rain in the SWM region when
compared to the full topography simulation. This is
similar to what is seen in the regional analysis of the
CAMS5 1.0° simulation (Fig. 4). This highlights the fact
that improvements in NAM precipitation between the
CAMS5 1.0° and CAMS 0.25° simulation are due to more
than just the increased horizontal resolution, but we
argue it is due to the improved topography that is a re-
sult of the increased horizontal resolution.

When investigating the enthalpy E and moist static
energy & at 925hPa, the standard topography simu-
lation simulates more E (and #) at the northern GoC
than in the smoothed topography simulation. This is
evident in the difference mapsin Fig. A3. The authors
speculate that the reason for more energy in the
northern GoC in the standard topography simulation
is a result of more productive E advection occurring
through the GoC as a result of the more southerly
winds that promote convergence through the gulf
leading to a buildup of E. Then this increase in E
is advected vertically in the northern GoC as h
(Fig. A4), contributing to the precipitation the region
experiences (Fig. A1l). We find these simulations and
the subsequent analysis to be useful in further solid-
ifying our hypothesis that the improved northern
extent of NAM precipitation at higher resolution is
influenced by the more realistic topography. Further,
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this analysis sets the framework for future work to
further disentangle the influence of large-scale cir-
culation and topography on the North American
monsoon.
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