
utti

Simulations by: Jürgen Bader, Simona Bordoni, Francis Codron, Ross D. Dixon, Sarah 
Kang, Nicholas P. Klingaman, Ruby Leung, Jian Lu, Elizabeth A. Maroon, Sonali

McDermid, Jong-yeon Park, Romain Roehrig, Brian E. J. Rose, Jeongbin Seo, Thomas 
Toniazzo, Masakazu Yoshimori, Aiko Voigt

And help from: Jacob Scheff, Brian Mapes, and Lucas R. Vargas Zeppetello

TRACMIP:)
Tropical)Rain)belts)with)an)Annual)cycle)and)Continent)

Model)Intercomparison Project

Michela(Biasutti(and(Aiko Voigt((tracmip@gmail.com)



If#these#models,#despite#their#different#
assumptions,#lead#to#similar#results,#we#
have#what#we#can#call#a#robust#theorem#
that#is#relatively#free#of#the#details#of#the#
model.#Hence,)our)truth)is)at)the)
intersection)of)independent)lies.)

Richard#Levins (1966).#
The#strategy#of#model#building#in#population#biology.#In#E.#Sober#(Ed.),#

Conceptual#issues#in#evolutionary#biology#(First#ed.,#pp.#18–27).#Cambridge,#MA:#
MIT#Press.#



WCRP#Grand#Challenge#on#Clouds#Circulation#and#Climate#Sensitivity:#
What#controls#the#position,#strength#and#variability#

of#tropical#rain#belts?

  

CMIP5 aquaplanet with prescribed SSTs and 4K surface warming

Differences in cloud-radiative changes are key (Voigt & Shaw, Nature Geosci., 2015).
Clouds(by(themselves(do(a(lot...

Lesson#from#APE/CFMIP/CMIP5:#

Lesson#from#the#hierarchy:#
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Figure 1. Tropical precipitation in two di↵erent aquaplanet setups and two versions of the ECHAM6.1

atmosphere general circulation model. a) CMIP5 aquaplanet setup with fixed SSTs and no seasonal cycle.

b) aquaplanet setup coupled to a slab ocean with a seasonal cycle. The model versions only di↵er in their

representation of moist convection (Nordeng convection for solid line, Tiedtke convection for dashed line; see

Moebis and Stevens [2012] for details). While this di↵erence has a large impact for fixed SSTs, its impact is

strongly muted for interactive SSTs and a seasonal cycle. The simulations in a) use the CMIP5 aquaplanet

setup [Medeiros et al., 2015], those in b) the setup of Voigt et al. [2014a] and Voigt et al. [2014b] with a slab

ocean depth of 30 m and a peak ocean heat transport of about 2 PW in the subtropics.
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was designed to address. Instead, we will discuss how TRACMIP can be used not just164

to investigate how tropical rain belts respond to climate change, but for a broad range of165

other purposes, from high-frequency tropical variability, to tropical-extratropical interac-166

tions and extratropical stormtracks. TRACMIP has been a community e↵ort, and we are167

proud to share it as a community tool.168

2 Design of TRACMIP177

2.1 Experimental protocol178

TRACMIP consists of five experiments that are listed in Tab. 1. The control exper-179

iment is an aquaplanet climate called AquaControl with zonally-uniform boundary con-180

ditions. Aquaplanets have been employed previously, including CMIP5, but in contrast181

to CMIP5 we couple the models to a thermodynamic slab ocean to close the surface en-182

ergy balance and to allow for interactive sea-surface temperatures. A similar setup was183

proposed by Lee et al. [2008] and used in a small inter-comparison by Rose et al. [2014],184

but here we also include a meridional ocean heat transport and a seasonal cycle. Follow-185
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How(much(depends(on(what(else(is(allowed(to(change...



  

CMIP5 coupled models: no consenus in tropical rainfall change

Fischer et al., GRL 2015
Knutti et al, Nature CC, 2013
IPCC AR5

  

CMIP5 aquaplanet with prescribed SSTs and 4K surface warming

Differences in cloud-radiative changes are key (Voigt & Shaw, Nature Geosci., 2015).

TRACMIP#fills#a#gap#in#the#CMIP5#hierarchy

1. Targets#the#essential#dynamics#of#
tropical#rain#belts#with#interactive#SST#
(slab#ocean)

2. Considers#the#main#forced#cycles#
(diurnal#and#annual)

3. Compares#zonally#symmetric#(ITCZ)#
to#zonally#asymmetric#(“monsoon”)#
case

4. Considers#both#future#(CO2)#and#past#
(precession)#forcings

TR
AC
M
IP



VOIGT ET AL.: TRACMIP X - 49

Figure 4. a) q-flux over ocean grid boxes and b) associated total meridional ocean

heat transport. The TRACMIP q-flux is a fourth order polynomial fit to the observed

q-flux shown in gray. The q-flux for simulations with land is set to zero over land, which

requires a small decrease of q-flux compared to the aquaplanet simulations to ensure that

the global-mean q-flux is zero in the land simulations. As a result of replacing some of the

tropical ocean grid boxes with land, the total ocean energy transport is slightly reduced

in simulations with land compared to aquaplanet simulations.
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TRACMIP:"
Tropical"Rain"belts"with"an"Annual"cycle"and"Continent"

Model"Intercomparison Project
EXPERIMENT

NAME
LAND-

CONFIGURATION
CO2 ECCENTRICITY OHT

AquaCTL none present;day ε ="0 ✔

Aqua4xCO2 none 4"times"
present day

ε ="0 ✔

LandCTL jello tropical" present;day ε ="0 ✔

Land4xCO2 jello tropical" 4"times"
present day

ε ="0 ✔

LandOrbit jello tropical" present;day ε ="0.02 ✔

no#OHT[
small#heat#capacity[#
brighter#color[
double#evaporative#
resistance.

Heat#converges#in#the#NH:#
inter]hemispheric#asymmetry!

VOIGT ET AL.: TRACMIP X - 49

Figure 4. a) q-flux over ocean grid boxes and b) associated total meridional ocean

heat transport. The TRACMIP q-flux is a fourth order polynomial fit to the observed

q-flux shown in gray. The q-flux for simulations with land is set to zero over land, which

requires a small decrease of q-flux compared to the aquaplanet simulations to ensure that

the global-mean q-flux is zero in the land simulations. As a result of replacing some of the

tropical ocean grid boxes with land, the total ocean energy transport is slightly reduced

in simulations with land compared to aquaplanet simulations.
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AquaCTL:#Earth]like#basic#state,#CMIP5]like##spread
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Figure 9. Zonal-mean characteristics of the AquaControl experiment. a) annual-mean surface temperature,

b) annual mean precipitation, c) seasonal evolution of the ITCZ position, and d) annual-mean zonal wind at

850 hPa. Individual models are shown by the colored lines, the model median is shown by the thick black line.
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2013]. Over the course of the seasonal cycle, the ITCZ migrates back and forth across405

the equator, reaching its most northern excursion in October and its most southern excur-406

sion around April-May (Fig. 9 c); this indicates a seasonal cycle that is lagged behind the407

real world, where the presence of land mitigates the longer response time of the mixed408

layer ocean [Biasutti et al., 2004]. The specific choice of the mixed layer depth has, of409

course, a large impact on the exact timing of the seasonal peak. During most months trop-410

ical precipitation has only one peak (not shown), implying that the double peak in tropical411

annual-mean precipitation is the result of the seasonal migrations of a single ITCZ. The412

annual-mean circulation shows a Northern Hadley cell of (Replaced: 58 replaced with:413

42)-99·109kg s�1 (model median 72·109kg s�1) and a Southern Hadley cell of (Replaced:414

-110 replaced with: -53) – -265·109kg s�1 (model median (Replaced: -142 replaced with:415

-133)·109kg s�1). The eddy-driven jet, defined as the 850 hPa zonal wind maximum, is at416

42-51�N (model median 46�N) in the Northern Hemisphere and at at 38- (Replaced: 46417

replaced with: 49)�S (model median 42�S) in the Southern Hemisphere (Fig. 9 d).418
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Table 1. Five experiments explore the dynamics of tropical rain bands (monsoons and ITCZ). The control

configuration is an aquaplanet coupled to a slab ocean. Insolation varies with diurnal and annual cycles. CO2

is varied, and a tropical jello-continent and di↵erent orbital parameters are used to study tropical rainfall in

present-day-like conditions and in conditions mimicking the mid-Holocene and global warming.

209

210

211

212

Experiment Land CO2 (ppmv) Eccentricity ✏ Years Initial condition

AquaControl no 348 0 15 + 30 arbitrary initial state, 15 years of spinup

LandControl yes 348 0 40 year 45 of AquaControl

Aqua4xCO2 no 1392 0 40 year 45 of AquaControl

Land4xCO2 yes 1392 0 40 year 40 of LandControl

LandOrbit yes 348 0.02 40 year 40 of LandControl

Figure 2. Global surface albedo and surface temperature in the AquaControl experiment. The surface

albedo is calculated as the ratio of the global and time mean upward and downward shortwave radiative fluxes

at the surface.
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lar land-mass that straddles the equator in a fashion analogous to the African continent,226

reaches into the subtropics (30�S-30�N), and is limited in longitude to a width of 0�-227

45�E. Because the primary focus of TRACMIP is on atmospheric processes, we choose228

to avoid the complication of land surface schemes and soil moisture feedbacks, and imple-229

ment a continent made neither of land nor of water—a “jello” continent. Land is modeled230

as a thin (0.1 m) slab of ocean with albedo increased by 0.07 compared to the models’231

own ocean albedo, suppressed ocean heat transport (i.e., zero q-flux), and reduced evap-232

oration. The reduction in evaporation is achieved by halving the surface exchange coe�-233
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VOIGT ET AL.: TRACMIP X - 51

Figure 6. Model median annual mean precipitation for the five TRACMIP experiments.

The continental boundaries for the simulations with land (right column) are indicated by

the gray rectangle. The red line is the ITCZ position calculated based on the model

median precipitation centroid between 30�N/S.
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Control#Annual#Mean#Precipitation:



LandCTL:#Large#response#to#the#inclusion#of#a#continent
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Figure 11. Impact of the tropical continent on precipitation: annual mean precipitation temperature dif-

ference between LandControl and AquaControl. The continent is indicated by the gray box. To highlight the

impact on tropical precipitation, the plot is restricted to latitudes between 40�N/S. The blue and red lines

show the location of the precipitation centroid (defined between 30�N/S) at every longitude in AquaControl

and LandControl, respectively.
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The#ensemble#spread!#



• Spread#similar#to#CMIP5
• Hint#of#dependence#of#climate#sensitivity#to#basic#
state

Aqua4xCO:#global#mean#anomalies

Temperature Precipitation
Confidential manuscript submitted to Journal of Advances in Modeling Earth Systems (JAMES)

Figure 12. Climate and hydrological sensitivity to a quadrupling of CO2. a) Climate sensitivity as esti-

mated by halving the global surface temperature change between the Control and 4xCO2 experiments for

aquaplanet simulations (no underscore) and land simulations (with underscore). b) Precipitation change in

response to quadrupling CO2 relative to the control precipitation. The line corresponds to a 2.1%/K pre-

cipitation increase, which is obtained from a linear regression of the precipitation change on temperature

change.
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under increased CO2 is similar in the Aqua and Land simulation, both in terms of me-587

dian location and model spread (compare Fig. 15a and c). However, the magnitude of the588

response in the Land simulations is substantially muted, even though land only occupies589

6% of Earth’s surface in TRACMIP (12% of the tropical longitudes). This reduction is a590

consequence of both the weak anomalies over the continent itself and weaker anomalies591

over the ocean, especially downstream from the continent (see also Fig. 6c and d). The592

presence of land thus strongly modulates the sensitivity of the ITCZ to changes in CO2593

even when only a small percentage of Earth is covered by land (5 times less than in the594

present-day climate). While more work is needed to understand this behavior, it suggests595

that caution should be applied when using idealized aquaplanet simulations to understand596

the sensitivity of present-day climate to greenhouse gas forcing.597

4.2 Response to changes in insolation619

We now briefly describe the response to a change in seasonal insolation by com-620

paring the LandControl and LandOrbit simulations. The seasonal insolation change was621

shown in Fig. 3. Insolation is reduced during boreal summer (JJA) and increased during622

austral summer (DJF), leading to less seasonal insolation contrast in the Northern Hemi-623

sphere in LandOrbit compared to LandControl and more seasonal insolation contrast in624
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Aqua4xCO2:#annual#mean,#
zonal#mean#anomalies

• In#the#comprehensive#GCMs#(only):#
o “Arctic amplification”#(without#ice#or#ocean#circulation…#

T]dependent#water/cloud#feedbacks?)
o Poleward displacement#of#the#ITCZ
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Figure 13. Response of the zonal-mean climate to a quadrupling of CO2 in the aquaplanet simulations. The

di↵erence between Aqua4xCO2 and AquaControl is shown. a) annual mean surface temperature, b) annual

mean precipitation, c) seasonal evolution of the ITCZ position, and d) annual mean zonal wind at 850 hPa.

Individual models are shown by the colored lines, the model median is shown by the thick black line.
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Table 1. Five experiments explore the dynamics of tropical rain bands (monsoons and ITCZ). The control

configuration is an aquaplanet coupled to a slab ocean. Insolation varies with diurnal and annual cycles. CO2

is varied, and a tropical jello-continent and di↵erent orbital parameters are used to study tropical rainfall in

present-day-like conditions and in conditions mimicking the mid-Holocene and global warming.
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Experiment Land CO2 (ppmv) Eccentricity ✏ Years Initial condition

AquaControl no 348 0 15 + 30 arbitrary initial state, 15 years of spinup

LandControl yes 348 0 40 year 45 of AquaControl

Aqua4xCO2 no 1392 0 40 year 45 of AquaControl

Land4xCO2 yes 1392 0 40 year 40 of LandControl

LandOrbit yes 348 0.02 40 year 40 of LandControl

Figure 2. Global surface albedo and surface temperature in the AquaControl experiment. The surface

albedo is calculated as the ratio of the global and time mean upward and downward shortwave radiative fluxes

at the surface.
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reaches into the subtropics (30�S-30�N), and is limited in longitude to a width of 0�-227

45�E. Because the primary focus of TRACMIP is on atmospheric processes, we choose228

to avoid the complication of land surface schemes and soil moisture feedbacks, and imple-229

ment a continent made neither of land nor of water—a “jello” continent. Land is modeled230

as a thin (0.1 m) slab of ocean with albedo increased by 0.07 compared to the models’231

own ocean albedo, suppressed ocean heat transport (i.e., zero q-flux), and reduced evap-232

oration. The reduction in evaporation is achieved by halving the surface exchange coe�-233
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Aqua4xCO2:#seasonality#of#ITCZ

• The#northward#shift#of#the#ITCZ#is#muted#in#SON.
• The width#of#the#ITCZ#is#reduced#via#a#reduction#of#its#
seasonal#range
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Energetic#Constraints#on#the#ITCZ:#
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Energy#flux#changes#are#expected#with#an#ITCZ#shift:#

• The#northward#shift#of#the#ITCZ#is#muted#in#SON.
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flux#equator)#is#not#
very#well#defined#
(most#of#the#year).##
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Its#changes#explain#40%#to#
50%#of#the#annual#mean#
climate#change#signal#in#
the#ITCZ#position:#
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The#TRA0 (energy#
transport#@equator)#
ITCZ#relationship#has#
different#slopes#for#
different#climates#and#
for#the#AC#and#the#
anomalies.#

Its#changes#explain#30%#
to#64%#of#the#annual#
mean#climate#change#
signal#in#the#ITCZ#
position:#

Energy#Frameworks#(2)
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CAVE##MINUTIAS!
The#devil#in#the#details…#
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How#does#the#presence#of#land#affect#the#response#of#
the#zonal#mean#ITCZ#to#CO2?

Aqua#
response

Land4xCO2–LandCTL
response

difference#in#ITC
Z#shift#

No#qualitative
difference:#still#a#
northward#shift#
of#the#ITCZ#in#
response#to#
warming,#but#the#
effect#is#muted#
more#strongly#
(1/4)#than#
expected#from#a#
small#change#in#
land#cover#(1/16)



LandOrbit:#a#meridional#shift#of#the#ITCZ#is#
robustly#realized#only#over#ocean
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Figure 3. Model median seasonal insolation in a) LandControl, b) the di↵erence

between LandOrbit and LandControl, and c) highlighted for the Northern and Southern

Hemisphere summer months. Models slightly di↵er in the seasonal insolation changes

because of di↵erent calendars, for which reason the model median is shown.
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Land#precipitation#is#reduced#
when#insolation#is#reduced,#
and#increased#when#insolation#
is#increased!
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Figure 16. Response of seasonal precipitation and ITCZ location to a seasonal insolation

change (LandOrbit-LandControl) averaged zonally over ocean longitudes (180W-0E, 45E-180E;

left) and land longitudes (0E-45E; right). For panels a and b the model median is shown and the

black lines are the model median LandControl ITCZ calculated over ocean and land longitudes,

respectively. For panels c and d, the thick black line is the model median change.

817

818

819

820

821

et al., 1998; Kuper and Kröpelin, 2006]. We hope that the TRACMIP orbital sim-813

ulations, in combination with the quadrupled CO2 simulations, will prove helpful814

to understand how zonal mean frameworks can be extended to understand regional815

changes in the past and future.816

5 Conclusions822

This paper has presented the new Tropical Rain belts with an Annual cycle823

and Continent - Model Intercomparison Project, TRACMIP. TRACMIP is a com-824

munity e�ort that is motivated by the desire to better understand the dynamics825

of tropical rain belts, how they respond to internal (seasonal and diurnal insola-826

tion cycles) and external (CO2 and orbital changes) forcings, and how zonal-mean827

–38–



Conclusions:)

1. TRACMIP#is#a#new#community#“tool”#that#targets#the#
essential#dynamics#of#tropical#rain#belts#and#the#distinction#
between#(zonal#mean)#ITCZ#and#monsoons.

2. It#is#already#(Voigt#et#al.#JAMES#2016)#providing#insights#on#how
+#warming#amplifies#inter]hemispheric#asymmetries#in#
temperature#and#precipitation

+#&#reduces#the#seasonal#range#of#the#ITCZ
+#“land”#affects#the#sensitivity#of#the#ITCZ#to#CO2
+#“land”#responds#differently#than#the#ITCZ#to#both#CO2 and#

orbital#forcings.

3. The#existence#of#TRACMIP#speaks#volumes#about#the####
generosity#and#commitment#of#the#climate#community!

4. Much#more#to#explore:#contact#us#at#tracmip@gmail.com!


