QAGU

| B

Geophysical Research Letters

RESEARCH LETTER

10.1002/2016GL071518

Key Points:

« The longitudinal structure of tropical
rain in an aquaplanet model with a
simple subtropical continent depends
on model physics

« Zonal variance of ITCZ location
decreases with increasing continent
extent due to subtropical cloud
response over ocean

« Relative strength of cloud SW and
total LW important for whether
Hadley circulation rainfall amplifies
in one hemisphere

Supporting Information:
« Supporting Information S1

Correspondence to:
E. A. Maroon,
elizabeth.maroon@colorado.edu

Citation:

Maroon, E., and D. M. W.Frierson
(2016), The impact of a continent’s
longitudinal extent on tropical
precipitation, Geophys. Res.

Lett., 43, 11,921-11,929,
doi:10.1002/2016GL071518.

Received 9 JAN 2016

Accepted 10 NOV 2016

Accepted article online 15 NOV 2016
Published online 26 NOV 2016

©2016. American Geophysical Union.
All Rights Reserved.

The impact of a continent’s longitudinal
extent on tropical precipitation

Elizabeth A. Maroon' and Dargan M. W. Frierson?

TCooperative Institute for Research in Environmental Sciences, University of Colorado Boulder, Boulder, Colorado, USA,
2Department of Atmospheric Sciences, University of Washington, Seattle, Washington, USA

Abstract we examine how the longitudinal extent of a subtropical continent impacts the distribution
of tropical precipitation in two aquaplanet general circulation models. In the simpler model, the addition of
land decreases evaporation and precipitation in the hemisphere with the continent, and the precipitation
response scales with the continent’s extent. In the more comprehensive model, tropical precipitation has
zonal variation due to the downstream response of clouds to land. As the continental extent increases, this
cloud response weakens and the Intertropical Convergence Zone becomes more zonal and shifts to the
continent. The different precipitation responses in the two models indicate the importance of radiative
feedbacks in modifying tropical circulation in models.

1. Introduction

Tropical precipitation occurs where there is large-scale ascent, including the monsoon regions and in the
Intertropical Convergence Zone (ITCZ). As such, the dynamics of monsoon and Hadley circulations are key to
understanding the location of tropical precipitation. However, it is hard to disentangle these two circulations:
for example, during the solsticial seasons, the bulk of the Hadley circulation occurs as part of the Asian mon-
soon circulation [Dima and Wallace, 2003]. Monsoon precipitation can thus be thought of as a seasonal dis-
placement of the ITCZ over land, and theories that apply to the ITCZ can be applied to the monsoon [Chao and
Chen, 2001; Gadgil, 2003; Privé and Plumb, 2007a; Bordoni and Schneider, 2008; Merlis et al., 2013a].

There are two strong constraints on the zonal-mean tropical circulation: an angular momentum constraint
[Held and Hou, 1980; Lindzen and Hou, 1988; Plumb and Hou, 1992; Bordoni and Schneider, 2008] and an ener-
getic constraint [Broccoli et al., 2006; Kang et al., 2008, 2009; Donohoe et al., 2013; Frierson et al., 2013; Schneider
et al., 2014]. Angular momentum is nearly conserved when the Rossby number is large during the solstice
seasons, but does not provide a constraint on the circulation strength [Bordoni and Schneider, 2008; Merlis
etal., 2013b]. The energetic constraint, when applicable [see Kang et al., 2009; Merlis et al., 2013b; Shaw et al.,
2015], does provide a constraint on circulation strength and the ITCZ location. Energy is transported from
one hemisphere to the other by the upper branch of the Hadley circulation; by mass conservation, the lower
branch transports moisture in the opposite direction. Because temperatures are constrained in the tropical
free troposphere [Sobel et al., 2001], temperature anomalies at the subtropical edge (which are connected to
midlatitude energy transport by eddies) can affect energy transport and circulation through the entire Hadley
regime. This relation between interhemispheric temperature gradients and tropical precipitation can be used
to help diagnose shifts in zonal-mean tropical precipitation in the recent and deeper past [Chiang and Bitz,
2005; Broccoli et al., 2006; Frierson and Hwang, 2012; Hwang et al., 2013]. However, the confined zonal extent
of monsoons limits the applicability of zonal-mean frameworks [Privé and Plumb, 2007b].

Simple model configurations are helpful for testing the applicability of zonal-mean frameworks to climate
forcings that vary zonally. Understanding of tropical precipitation can be built by starting with aquaplanet
simulations that have simple land geometries and then gradually increasing the geometry’s complexity. In this
study, we examine how the longitudinal extent of a subtropical continent alters the zonal and azonal precipi-
tation response in two atmospheric general circulation models (GCMs). We focus on the energetic constraint
discussed above and examine how continental extent affects the strength of monsoonal-Hadley circulations.
Although orography is key for strengthening the Asian monsoon [see, e.g., Hahn and Manabe, 1975; Boos and
Kuang, 2010], the continent’s extent may also be important. In the following sections, we describe our model
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configurations (section 2), examine the zonal-mean and zonally varying response of precipitation (section 3),
and compare the results to previous studies (section 4).

2. Models

We add simple continents to two aquaplanet GCMs of differing complexity. The first model is the Gray Radia-
tion Moist (GRaM) GCM, which includes the effect of latent heating by moisture, but does not include clouds
or the radiative effect of water vapor [Frierson et al., 2006]. The second model is the finite volume numerics
Geophysical Fluid Dynamics Laboratory (GFDL) Atmospheric Model 2.1 (AM2.1), which has comprehensive
physical parameterizations [Geophysical Fluid Dynamics Laboratory Global Atmospheric Model Development
Team, 2004]; our simplified AM2.1 version was first configured by Shi and Durran [1992]. Annual mean insola-
tion is used in both models; similar simulations with a seasonal cycle and varying land albedo are described
in Maroon et al. [2016].

An aquaplanet simulation is used as the control for both models, and additional simulations have idealized
subtropical continents that vary in longitudinal extent. In the AM2.1 control, the width of the ITCZ is narrow,
and as a result, any precipitation shifts in AM2.1 simulations will be larger than that in GRaM (Figure S1 in
the supporting information). All continents span from 10°N to 30°N, are flat, and at sea level. Two continental
simulations were conducted with GRaM: a 60° continent simulation and a 360° continent simulation. AM2.1
simulations with continents have longitudinal extents of 60°, 120°, 180°, 240°, 300°, and 360°.

The albedo of all continents is set to the ocean’s albedo in the subtropics; thus, there is no interhemispheric
difference in net radiation due to surface albedo. Because GRaM does not have clouds, the ocean albedo is
set to 0.29 to produce a more realistic energy budget. In AM2.1, the ocean albedo is approximately 0.06 in the
subtropics. Both models use Land Model version 2 (LM2) [Milly and Shmakin, 2002], which is a bucket model
based upon Manabe [1969]. The parameters used in LM2 for the two GCMs differ. See Scheff [2014] and Maroon
etal. [2016] for further description of the models and these parameters.

Both models are coupled to a slab ocean with a mixed layer depth of 2.4 m and are spun up for 5 years, with an
additional 5 years used for climatology. Control simulation precipitation (P), evaporation (E), and sea surface
temperature (SST) are shown in Figure S1.

3. Results

3.1. GRaM Simulation Results

In both the 60° and 360° continent GRaM simulations, precipitation decreases over the continent, in the
NH deep tropics south of the continent, and immediately north of the continent (Figure 1a, blue lines). The
60° simulation zonal-mean precipitation and evaporation changes (light blue and red lines in Figure 1a) are
multiplied by 6 to compare with the 360° simulation. In the time- and zonal-mean moisture budget, these
precipitation changes are balanced by changes in evaporation and moisture flux convergence. In the NH
tropics and subtropics, the tropical precipitation change is mostly balanced by evaporation, and there is
little import of SH moisture (Figure 1a, red lines). Evaporation decreases and sensible heating increases due
to an unsaturated surface replacing the ocean. Surface temperature increases over land (Figure S2) due to a
decrease in lower tropospheric moisture promoting a dry adiabatic lapse rate, while upper level temperatures
are unchanged [Joshi et al., 2008]. The heating from the continent drives lower tropospheric convergence
(Figures 1b, 1¢, and S2) at the continent’s southern edge. Moisture is transported toward the continent and
away from the ITCZ, decreasing precipitation on the northern side of the equator. Over the continent, the
precipitation decrease is not as large as the evaporation decrease because of moisture convergence from this
anomalous shallow circulation.

These precipitation and evaporation changes are zonally confined to the region with the continent. As a result,
the response of zonal-mean precipitation and overturning circulation is largely proportional to continent’s
longitudinal extent (Figures 1a-1c). The majority of circulation changes are below 600 hPa, and there is not a
significant stationary Rossby wave response in the tropics, although there is anomalous high sea level pressure
to the northwest of the continent (Figure S3).

The hemisphericasymmetry (NH-SH) of precipitation and evaporation can be seen in Figure 1 and is quantified
in Figures 2a and 2b. NH-SH precipitation and evaporation are calculated as the hemispheric difference of
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Figure 1. Changes in zonal-mean precipitation, evaporation, and overturning streamfunction in GRaM and AM2 simulations. (a) The changes in precipitation
(blue) and evaporation (red) from simulations with 60° (light colors) and 360° (dark colors) continents. The anomalies for the 60° continent simulation are
multiplied by six for comparison to the 360° simulations. (b, ¢) The change in overturning streamfunction for the 60° and 360° continent GRaM simulations.
(d-f) Equivalent quantities for the AM2.1 simulations. Changes are relative to each model’s aquaplanet simulation. The colormap for Figures 1c and 1f is

6 times greater than the colormap in Figures 1b and 1e. Black lines indicate the location of the continent.

the NH and SH area-averaged P or E. For both continents in GRaM, the change in NH-SH evaporation almost
completely balances the change in zonal mean NH-SH precipitation (red circles, Figure 2a). Northward energy
transport has increased and zonal mean P-E has shifted northward in the 360° simulation as compared to
the 60° simulations (Figure 2b). If anomalous Hadley circulation mass transport were responsible for both the
changein P-E and energy transport, these two quantities would be inversely related. Instead, the land-induced
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Figure 2. (a) Change in NH-SH zonal mean P versus E for GRaM (red) and AM2.1 (blue) simulations; (b) zonal mean change in P-E versus change in cross-equatorial
atmospheric heat transport; and (c) change in zonal mean NH-SH P versus continental extent. (d) NH (dark colors) and SH (light colors) strength of the Hadley
cells’ overturning stream functions versus the longitudinal extent of the continent. (e) Standard deviation of ITCZ location versus continental extent. (f) Change
in SW cloud radiative effect and SST in the region from 10°N-16°N and 90°E-105°E versus the standard deviation of the ITCZ location. Changes are relative to

the aquaplanet simulations.

circulation change is shallow (Figures 1b and 1c), which alters the gross moist stability in this simulation. With
a moist static energy minimum in the midtroposphere, there is negative gross moist stability in this bottom
heavy circulation [Back and Bretherton, 2006]. This reverses the relation between equatorial energy transport
and P-E that will be seen later in the AM2.1 simulations that have deep circulation changes.

The strength of the Hadley circulation in both hemispheres decreases in the 60° continent simulation, with
the NH cell weaker than the SH cell. This difference in strength is larger in the 360° simulation (Figure 2d). The
addition of the continent pulls the ascending region of the SH cell northward, and the region of peak ascent
is north of the equator. When the Hadley circulation has off-equatorial ITCZ ascent, the cell in the hemisphere
with the ITCZ is weaker than the cell in the other hemisphere [Lindzen and Hou, 1988].

3.2. AM2.1 Simulation Results

There are also hemispheric precipitation and evaporation changes in the deep tropics and NH subtropics
of the AM2.1 simulations (Figures 1d- 1f and Figure 2a, blue circles), but the climate responses are no longer
zonally confined to the continental region as in the GRaM simulations (Figures 3 and S4). Precipitation shifts
are larger than those in the GRaM simulations because of the sharper ITCZ in the AM2.1 simulations (Figure S1).
Regardless of the continent’s extent, land evaporation decreases by almost the same amount as in the GRaM
simulations, again because of decreased surface water availability. The higher land surface temperature
in AM2.1 induces surface convergence at the continent’s southern edge, again like the GRaM simulations
(Figures 1e and 1f). In AM2.1, however, the anomalous land-driven circulation is deeper in the vertical than in
GRaM, and it crosses the equator (Figure S2).
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Figure 3. Changes relative to aquaplanet in precipitation (shading) and TOA net radiation (contours) for AM2.1 simulations with continents that span (a) 60°,
(b) 120°, (c) 180°, (d) 240°, (e) 300°, and (f) 360° degrees of longitude. Net radiation is positive (solid) when it adds heat to the atmosphere and negative
(dashed) when heat is lost. Contours are every 10 W m~2.

As the continent’s longitudinal extent increases, zonal-mean precipitation shifts farther into the NH (Figures 2c
and 3).In the zonal mean, moisture convergence dominates the precipitation response; evaporation is smaller
and of opposite sign (Figure 2a). Consistent with the zonal-mean energetic constraint, the change in atmo-
spheric heat transport across the equator (AHT,,) varies inversely with the zonal-mean NH-SH P-E change
(Figure 2b). A deep anomalous Hadley circulation transports heat from NH to SH and moisture from SH to NH
le.g., Kang et al., 2008], countering the decrease in evaporation (Figure 1f). Changes in AHT,, accompany the
changes in zonal-mean P-E, both of which increase with continental extent.

Although the zonal-mean shifts in P-E are consistent with the equatorial energy transport, the ITCZ does not
shift uniformly and, in some simulation shifts, the regional precipitation shifts are in opposite directions. For
example, the 60° continent simulation has almost no zonal-mean ITCZ shift and the greatest variability in
the latitudinal ITCZ location at each longitude. To the west of the narrower continents, low stratus clouds
form, which decreases SST and shifts precipitation southward there. Low stratus clouds are associated with
subsidence and relatively low SST, which disfavors deep convection to the west of the continent. The SW
cloud shading effect in this region decreases as the continent widens, and the SW cloud radiative effect (CRE)
from these low clouds vanishes when the 360° continent covers the NH subtropical ocean (shading, Figure 4).
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positive (negative).

The cross-equatorial SST gradient in this region decreases with continental extent due to decreasing deep
tropical SH SST; as a result, the NH inhibition of precipitation is weakened.

In the continental region, precipitation shifts toward the hot land and decreases along the equator in associ-
ation with anomalous ascent at the southern edge of the continent (Figures 1e and 1f). In the 60° simulation,
precipitation decreases on the equator, but does not increase near the continent. As the continent widens,
however, precipitation increases near the continent’s southern edge and pushes west of the continent,
decreasing the cloud-related southward shift there. This northward precipitation shift is almost proportional
to the continent’s longitudinal extent (Figures 2¢, 3, and S5).

To the east of the continent, precipitation also shifts northward in all simulations, associated with anomalous
southerlies along the equator (Figures 3 and S3). This wave-like response extends 120° east of the continent
and, as a result, there is a nearly zonal northward ITCZ shift in simulations with a 240° or larger continent.
For the narrower continent simulations, these anomalous southerlies are part of a stationary wave response,
somewhat similar to the flow pattern from the off-equator line source heating in Gill [1980]. This similarity
implies that the heating for the wave response could be due to the ITCZ shift itself. Although it is unclear
what causes this ITCZ shift initially and why it is zonally limited, the fact that this wave response to the
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continent’s east does not occur in the GRaM simulations implies that radiative feedbacks are important for
locally amplifying the ITCZ's equatorial asymmetry.

To quantify the zonal variability of the ITCZ location, we calculate the location of maximum precipitation at
each longitude and then take the standard deviation of these locations (Figure 2e). The standard deviation of
the ITCZ location for both the GRaM and AM2.1 simulations increases when the 60° continent is added and
is smallest for the 360° continents where the shift toward the continent is zonal. The variability of the ITCZ
location is related to the cloud-related southward precipitation shift to the west of the continent (Figures 2f, 3,
and S4). As the continental extent is increased, the stratus clouds decrease and the SST in that region increases,
and convection is not inhibited as strongly in the NH.

The circulation changes that affect moisture convergence and precipitation also affect the distribution of
clouds and column water vapor, which alters the top-of-atmosphere (TOA) net radiation (Figure 3). Both the
TOA longwave (LW) and shortwave (SW) radiations are impacted, and in many places, the pattern of their
changes matches that of the precipitation anomalies (Figure 4). The pattern of anomalous LW and SW radia-
tion tends to match that of the precipitation anomalies. However, because the combined LW CRE and clear-sky
radiation (which increases column energy where precipitation increases) is larger than the shortwave (SW)
CRE (which decreases column energy where precipitation increases), the pattern of anomalous TOA net radi-
ation does not exactly match anomalous precipitation and is smaller in magnitude than either the LW or SW
changes. TOA net downward radiation often increases where there is increased precipitation, following its
zonal variations. Because the change in TOA net radiation from clouds and water vapor acts to increase the
cross-equatorial energy transport, these radiative effects are a positive interhemispheric feedback that further
increases the interhemispheric asymmetry of precipitation and the anomalous Hadley circulation [Voigt et al.,
2014]. Given the complexity of cloud parameterizations, other GCMs could have a different balance between
TOA LW and SW.

The longitudinal extent of the continent has a nonlinear impact on the strength of the NH and SH Hadley
circulations (Figure 2d). The addition of the 60° continent decreases the strength of both cells, as in the GRaM
simulations. However, when the extent of the continent is 120°, the SH cell increases in strength, while the
NH cell strength decreases. As the continent’s extent increases further, the strength of the Hadley cells in both
hemispheres increases and the strength of both cells in the 360° simulation is much stronger than that in the
aquaplanet. In comparison to the GRaM simulations, the NH and SH overturning streamfunction vary more in
the AM2.1 simulations.

4. Discussion

The response of tropical precipitation to an idealized continent can vary depending on the continent’s
geometry and the model’s physical parameterizations. The change in the zonal-mean ITCZ location in GRaM
simulations is mainly due to decreased evaporation over the new land surface. The development of a shallow
land-driven circulation siphons moisture from the equatorial ITCZ toward the continent. The precipitation and
circulation responses are confined to the NH in the band of longitudes where land is added and vary propor-
tionally with the width of the continent. The circulation response is shallow and barely crosses the equator;
the land-driven circulations in this simulation cannot be characterized as monsoonal [Privé and Plumb, 2007a].
In addition, the amount of SH precipitation is greater than the amount in the NH; the addition of a land
surface in this model is not sufficient to develop a monsoon circulation, although testing with a seasonal cycle
in this model is needed.

In contrast, the precipitation and circulation response in the AM2.1 simulations are not zonally confined to
the continent and varies with continental extent. Where the continent is added, precipitation shifts north-
ward toward the continent due to low-level convergence from an anomalous monsoon-like circulation.
Precipitation also shifts northward to the east of the continent due to a stationary wave response. In the nar-
rower continent simulations, precipitation shifts southward to the west of the continent due to increasing low
clouds. These low clouds are associated with low SST and subsidence that disfavor precipitation. Although
the surface heat flux forcing in the aquaplanet simulations of Kang et al. [2014] is of similar extent to our 60°
continent, subtropical low clouds do not appear to form to the west of their forcing; the formation of these
oceanic clouds requires dry air advected from over a land surface. As the continent widens in our simulations,
the zone of precipitation that is drawn toward the continent also widens, and the southward shift to the west
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of the continent weakens. When the continent is 240° or wider, precipitation shifts northward nearly zonally
due to the wave response east of the continent (Figure 3). Figure S5 summarizes how much each regional
precipitation shift contributes to the total zonal-mean shift in each AM2.1 simulation.

Changes in LW CRE, SW CRE, and clear-sky radiation accompany the precipitation shifts in all AM2.1
simulations. TOA LW outweighs the opposing SW CRE, and as a result, the column energy usually increases
near locations where precipitation increases. In the zonal mean, energy is transported from the hemisphere
with greater absorbed net radiation to the other hemisphere. Consequently, these changes in net radiation
due to the cloud and clear-sky feedbacks amplify the northward shift of zonal-mean precipitation, a result con-
firmed in the cloud-locking simulations of Voigt et al. [2014]. Although this energetic constraint applies only in
the zonal mean, the regionally opposing precipitation shifts in the narrower continent simulations are asso-
ciated with a regional radiative balance that generally increases the net radiation near where precipitation
increases. In simulations with narrower continents and an ITCZ location with large variability, the zonal-mean
response can be understood as the sum of the regional responses.

Both the GRaM and AM2.1360° simulations feature a hot continent and anomalous ascent at the continent’s
southern edge, but the similarities end there. In the GRaM simulation, precipitation decreases near the con-
tinent due to evaporation, while in AM2.1, precipitation shifts toward the continent because of a larger and
deeper overturning circulation response than that in the GRaM simulations. Anomalous cross-equatorial
energy transport is northward in the GRaM simulation and southward in its AM2.1 counterpart. The differ-
ence in the sign of the cross-equatorial energy transport is likely due to the presence of cloud and water vapor
feedbacks in AM2.1. When the continent heats up in either model, there is rising motion at the southern
edge of the continent; in AM2.1 (but not in GRaM), deep clouds form in regions of ascent and high clouds
extend away from the ITCZ, both of which increase the net column energy in the NH because the LW warming
outweighs the SW cloud cooling. The additional net radiation from these radiative feedbacks warms the NH
relative to the SH, which inverts the direction of the cross-equatorial energy transport from that in the GRaM
simulation. This switch in the direction of cross-equatorial energy transport may not happen in a model with
cloud parameterizations that have a different balance between SW and LW CRE [Shaw et al., 2015].

For example, the model used in Merlis et al. [2013a, 2013b] is similar to AM2.1 but has a different representa-
tion of clouds. It includes the same 360° continent configuration, the same radiation scheme as AM2.1,and a
bucket land model (simpler than LM2), but has prescribed liquid clouds. Our simulations do not have a sea-
sonal cycle, which muddies the comparison of these two models, although Maroon et al. [2016] found that
AM2.1 simulations with a seasonal cycle and a 60° continent had qualitatively similar results to simulations
with annual-mean insolation. The annual-mean strength of the Hadley circulation increases in the 360° con-
tinent simulations with surface hydrology in Merlis et al. [2013b] as compared to the aquaplanet simulations
in Merlis et al. [2013a], a result also found in our simulations. However, the 360° continent simulation in Merlis
etal. [2013b] has a Hadley circulation with an annual-mean SH ascending branch, while our equivalent AM2.1
simulation has a NH ascending branch. Assuming changes in AHT,, come from changes in Hadley circulation
transport, then these two simulations also likely have oppositely-signed AHT,,. These differing results could
be related to the surface heat fluxes used in Merlis et al. [2013b] or to the different representations of clouds.

In these idealized simulations, precipitation shifts toward the continents that are 120° or wider, but for the
60° continent, only equatorial drying occurs; this result implies that the relatively smaller width of non-Asian
continents (the Americas, Australia, and Africa) may be important for the weaker strength of their monsoons
relative to the Asian monsoon. The relatively simple configuration used in this study is limited if trying to
understand the full complexity of the observed tropical overturning circulation [Karnauskas and Ummenhofer,
2014]. However, the surprisingly complex climate response in these configurations is proof that more study is
needed with continent geometries that gradually approach a realistic configuration.
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