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Motivation: 1 hurricane = millions of atomic bombs

Coastal 
communities in 
Mexico Beach, FL 
before and after 
Hurricane 
Michael (2018)
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poor. ERA-I analyzed the minimum surface pressure to be 1,000 hPa versus observed 937 hPa (Blake &
Zelinsky, 2018). For NARR the analyzed minimum sea level pressure was 988.3 hPa. Even the higher
resolution operational models at ECMWF performed poorly in terms of intensity forecasts (Magnusson
et al., 2017). Nonetheless, we have computed the vertical integrals of the atmospheric moisture transports
and their divergence (Figure S2). The latter are equal to the surface evaporation E minus the precipitation
P, plus a small atmospheric storage (tendency term), which we also compute (e.g., Trenberth et al., 2011).
Usually the E-P from the moisture budget is more realistic than either the E or P fields (Trenberth & Fasullo,
2013), but not in this case. Instead, the E-P budget results (Figure S2) are quite anemic in both cases.
Moisture convergence must play a substantial role over land near Houston, but values are only up to
500 mm, implying large evaporation (over 400 mm), given the precipitation, whereas the E from the
reanalyses is less than 80 mm (not shown). Over the ocean south of Texas the reanalysis E was up to about
160/120 W m!2 (ERA-I/NARR) which is much too small, because the moisture convergence plus the surface
evaporation do not come close to accounting for the observed precipitation. The moisture budgets in the
reanalyses are not closed. It suggests that both the surface fluxes and moisture convergence were greatly
underestimated by the reanalyses, consistent with the much too weak hurricane winds.

The TOA radiation for the Net, reflected shortwave (RSW), and outgoing longwave (OLR), where the
Net = !RSW ! OLR is downward, is given in Figure S3. There is strong cancellation between the RSW and
OLR, as is common in the tropics with convection because high top clouds block (reflect) the Sun, but
because the cloud tops are cold, they have low OLR (Trenberth et al., 2015). The absence of convection, as
in the southwest of the domain presented, exhibits the reverse sign of anomalies. There is a strong signature
of Harvey imprinted on these fields, and clearly, the RSW is much stronger than the OLR, hence contributing
to a cooling of the atmosphere-ocean below. In other words, the extensive bright cloud fromHarvey reflected
the strong summer sunshine back to space, and this solar radiation would normally heat the ocean. However,
the area average is only !3 W m!2, which is 8 × 1018 J for the 15-day period, more than an order of magni-
tude less than the OHC loss and latent heat release.

We also computed the total column atmospheric energy divergence every 6 hr for August 2017 (Trenberth &
Fasullo, 2017; not shown), which is quite noisy for such a short period and has large uncertainty as it is not
mass-budget corrected, but averaged over the region for 17–31 August is about 160 W m!2. Applying this
over a region 3 times that of the ocean box is sufficient to account for the latent heat energy dispersion.
Hence, through the atmospheric circulation, the latent heat and TOA radiation effects of Harvey are dispersed
over a much wider area (illustrated in Figure 6) and difficult to isolate. Overall for this domain, the radiation
contributes little to the overall OHC tendency, but it does help offset some latent heat release.

Figure 6. Schematic cross section of a hurricane occurring over very high sea surface temperatures and high ocean heat
content that increase evaporation (blue thin arrows). The moisture converges (orange arrows) into the storm leading to
heavy precipitation (blue drops at right) and adding buoyancy to the air. The moisture as rain, along with any storm
surge, causes surface flooding. The outflow from the storm at upper levels is also depicted. (Courtesy Steven Deyo, NCAR).

10.1029/2018EF000825Earth's Future

TRENBERTH ET AL. 738

Question: Do tropical cyclones affect climate system 
energy transport?

• For the Equable Climates, 146-34 Myr B.P. (Cretaceous - Eocene): 
tropical cyclones hypothesized to keep the poles warmer by enhancing 
ocean heat transport (Emanuel, 2002; Korty et al., 2008) 

• For current and future climates: Can tropical cyclones be a significant 
agent of energy transport? If so, how?

[Steven Deyo, NCAR]
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Adapted from Fasullo and Trenberth [2008]

cross-equatorial transports are characterized by flows
from the summer to winter hemispheres that exceed 4
PW in most months. In the regions of maximum trans-
port, uncertainty among the estimates is generally less
than 0.5 PW. The uncertainty in the monthly mean
transports is greatest in the tropics and exceeds 1 PW in
the equatorial ocean in June and July where the uncer-
tainty in the atmospheric transports is also a maximum
and exceeds 0.5 PW.

The annual zonal mean total transport (Fig. 7d) can
be inferred from the ERBE and CERES fields directly,
as the tendency terms are relatively small. The peak
total transport of 5.9 PW exists at 35° in both hemi-
spheres with a !2" range of 0.5 PW in the Southern
Hemisphere and 0.3 PW in the Northern Hemisphere.
Transport in the atmosphere peaks at 5.1 PW at 41°N
and 4.9 PW at 39°S with a !2" range of 0.5 and 0.2 PW
in the Northern and Southern Hemispheres, respec-
tively. Mean global ocean transport maxima occur at
15°N (1.7 PW) and 11°S (1.2 PW) where the associated
!2" ranges are 0.3 and 0.5 PW, respectively.

5. Discussion and conclusions

The zonal mean energy budget and its annual cycle
for the globe and for land and ocean domains have
been examined and the associated meridional trans-
ports of energy by the atmosphere and ocean have been
computed. The primary means of indicating sources of
errors is the reproducibility of the results across various
datasets. Physical constraints have been used to either
remove the largest systematic errors or indicate where
results are not viable, and one component of the un-
certainty, namely that associated with sampling, is esti-
mated. Removing the systematic error may underesti-
mate the total uncertainty in any value but it nonethe-
less provides a better assessment of the state of
knowledge with regard to energy flows. Note that the
systematic error was removed by adjusting the albedo
and thus ASR, and is therefore not constant in latitude.
In contrast, Wunsch (2005) unrealistically treats the es-
timated error in the net radiation as random although
meridional transports are constrained by the global bal-

FIG. 7. The ERBE period zonal mean annual cycle of the meridional energy transport in PW by (a) the atmosphere and ocean as
inferred from ERBE RT, NRA #AE/#t, and GODAS #OE/#t ; (b) the atmosphere based on NRA; and (c) by the ocean as implied by
ERBE $ NRA FS and GODAS #OE/#t. Stippling and hatching in (a)–(c) represent regions and times of year in which the standard
deviation of the monthly mean values among estimates, some of which include the CERES period (see text), exceeds 0.5 and 1.0 PW,
respectively. (d) The median annual mean transport by latitude for the total (gray), atmosphere (red), and ocean (blue) accompanied
with the associated !2" range (shaded).
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Observation: Tropical cyclones may contribute ~15% 
to ocean heat transport
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• Earlier estimates: anywhere between 5-50%
• Mei et al. (2013): Northern Hemisphere TCs contribute 

0.32 ± 0.15 PW (~15 ± 7%) to poleward ocean heat 
transport

• BUT global tropical ocean heat transport (2.3 ± 0.4 PW) 
has a substantial error margin (Ganachaud and Wunsch, 
2003)

the SST within a few weeks (8–10), whereas the bottom part of
the TC-induced cold anomaly takes a much longer period to
dissipate (32, 33) (see also a scaling argument discussed in SI
Appendix, SI Results).
To quantify the long-term change in ocean heat content in-

duced by TCs we use the SSHA averaged over a window that
covers the quasi-steady stage in the period between 5 mo and 7
mo after the storm passage. This period is sufficiently long that
the averaging window extends beyond the period of deepest
winter mixed layer (SI Appendix, Fig. S4), thus ensuring that our
estimate filters out short-term heating that does not survive be-
yond the winter season (16). At the same time, the averaging
period is sufficiently near in time to the passage of the storm to
minimize the amount of heat lost by large-scale horizontal ad-
vection. We find that during this time period the sea level av-
eraged over the 2,000-km length in the across-track direction is
on average 0.21 ± 0.10 cm higher than during the prestorm pe-
riod (Fig. 3, red dashed line).
To convert the SSHA ðΔhÞ to the ocean heat uptake per unit

length of the TC track ðdQ=dxÞ we use ðdQ=dxÞ=Δh= 4× 1017
J·km−1·cm−1 (Materials and Methods). By integrating over the
mean length of TC tracks during a year using the 6-h TC best-track
data (SI Appendix, SI Data and Methods), we get the annual cu-
mulative warming effect induced by TCs globally as 1.01 ± 0.46 ×
1022 J. This corresponds to a mean ocean heat uptake rate of
0.32 ± 0.15 PW, which is within the range given by previous
studies (i.e., 0.15–1.5 PW) (13–16) and is approximately two
times the most recent estimate (16). Calculations based on early-
or late-season TCs give a similar estimate of the long-term effect
(SI Appendix, Fig. S5).
When the above analysis is conditioned on TC intensity, we

find that the magnitude of the local SSHA correlates with the
storm strength. For category-3 to -5 hurricanes the maximum
amplitude of the negative local SSHA is on average 6 cm,
whereas the magnitude for tropical depressions is only 1.5 cm (SI
Appendix, Fig. S1). The temporal evolution of the area-averaged

composite SSHA is shown in Fig. 2 for different intensity classes.
After the rapid increase of SSH in the first month after the
passage of the storm, found for all intensity groups, the SSHA
associated with tropical depressions changes very little whereas
that associated with stronger TCs keeps increasing. We interpret
this as evidence that the cold SSTA in the wake of the tropical
depressions has already completely disappeared by day 30, thus
shutting off the anomalous air–sea heat fluxes, whereas the SST
in the wake of stronger TCs is still below normal conditions,
allowing anomalous air–sea heat fluxes to continue warming
the ocean (28). The remaining negative SSHA associated with
tropical depressions is eliminated during the winter season when
the mixed-layer depth increases beyond the maximum depth of
the subsurface cold anomaly. For stronger storms, the anomaly
remains positive after the winter mixed-layer deepening, in-
dicating that part of the anomalous warming lies below the
winter mixed-layer depth. On long timescales tropical depres-
sions have little or no effect on ocean heat uptake, but stronger
TCs produce a significant net ocean heating. The heating effect
is particularly strong for category-3 to -5 hurricanes with an
ocean warming of 1.56 ± 0.90 × 1017 J·km−1 whereas for tropical
storms it is only 0.63 ± 0.48 × 1017 J·km−1 (see Fig. 3 where the
SSHA averaged over months 5–7 after the passage of the storm
is shown together with the implied heat uptake).

Conclusion and Discussion
Taking advantage of the continuous measurements of SSH from
space by satellite altimetry, we were able to track the temporal
evolution of the TC-generated changes in the ocean heat con-
tent. The long-term warming effect induced by global TCs on the
ocean is estimated to be 1.01 ± 0.46 × 1022 J on a yearly basis
over the study period between 1993 and 2009. A better feel for
such a TC-induced warming effect can be achieved when we di-
vide it by the total annual area affected by TCs (on average ∼9 ×
1013 m2) and by the averaged duration of TC winds at each
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Fig. 1. Temporal evolution of along-track–averaged composite SSHA (cen-
timeters) associated with the passage of TCs of category-3 to -5 hurricane
intensity in the Northern Hemisphere. To provide a general sense of a rough
timeline, the averaged calendar date corresponding to the time on the left y
axis is shown on the right y axis. For example, the mean occurrence calendar
date of category-3 to -5 hurricanes is around the end of August; an in-
dividual category-3 to -5 hurricane, however, may occur anytime during the
TC season, which usually lasts for 6 mo or longer.
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Fig. 2. Temporal evolution of area-averaged composite SSHA associated
with the passage of TCs of different intensity in the Northern Hemisphere:
tropical depressions (black), tropical storms (green), category-1 to -2 hurri-
canes (light blue), category-3 to -5 hurricanes (magenta), and all cyclones of
tropical storm intensity and above (red). Error bars are calculated as the SD
divided by the square root of the number of independent observations (i.e.,
the SEM) and are shown for days −30, 10, and 150. For each given intensity
group, the number of independent observations for a given storm track is
approximated as the number of observations that are separated by the
spatial decorrelation scale estimated to be ∼200 km (SI Appendix, Fig. S7),
and the observations from different storms are assumed independent.

15208 | www.pnas.org/cgi/doi/10.1073/pnas.1306753110 Mei et al.

[Mei et al, 2013] 

Sea Surface Height Anomaly
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Conventional climate modeling: Tropical cyclones 
represented at high resolution

• NCAR’s Community 
Atmosphere Model at ~28 
km horizontal resolution

• Tropical cyclone (TC) 
precipitation and wind field 
capturing the interaction
with mountainous island

• Biases in simulated TC 
statistics, especially for the 
Western North Pacific 
(Bacmeister et al., 2018; Wu 
et al., submitted)
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Conventional climate modeling: Ocean response to 
TC captured
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[Li and Sriver, 2018; Bock, 2017] 
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Conventional climate modeling: Biases in TC 
climatology

IACS Junior Researcher Award, July 25, 2019

CAM5-only 
decadal (1980-
2005) 
climatology:
• Global TC 

frequency: 
~70% of 
observation

• Western North 
Pacific: ~40% 
of observation

7

Obs., n = 2422

Sim., n = 1603

[Bacmeister et al., 2018; Wu et al., submitted] 

N = 465

N = 191
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Gap: Uncertainty and complexity

• Observation:
- Limited records of TCs, 

especially of the ocean
- Large error margin in ocean 

heat transport
• Conventional climate modeling:
- Uncertainty from limited 

skills (atmosphere and ocean)
- Computationally expensive 

due to complex components
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Approach: A hierarchy of simpler models
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Earth’s Climate Conventional Model Simplified Model
(Aquaplanet)

MouseHuman Fruit fly

[Prokop, 2015] 
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Conventional Climate Model

Simplified Climate Model

Complex boundary forcing

Idealized boundary forcing

Complex climate

Idealized climate

by carrying out a series of experiments with a coupled
ocean–atmosphere–sea ice general circulation model
(GCM) in which the complexity of landmass distribu-
tions is increased in stages. Our goal is to determine a
minimal description of the geometrical constraints that
captures the essence of the role of the ocean circula-
tion in climate. In this spirit, landmasses are represented
schematically as narrow vertical barriers extending from
the (assumed flat) seafloor up to the sea surface. These
barriers do not extend up into the atmosphere and
so have no orographic effect on the atmosphere. Four
configurations of increasing complexity are considered:
Aqua (an aquaplanet: no land at all), Ridge (one land
barrier extending from pole to pole), Drake (one barrier
from the North Pole to 358S), and DDrake (two barriers
extending from the North Pole to 358S, and set 908

apart). Details of the model configuration are given in
section 2 below.

Figure 1 shows the oceanic, atmospheric, and total heat
transports of these four configurations, along with their
observed counterparts (Trenberth and Caron 2001).1

First, it is striking that the gross characteristics of the
transports, both in magnitude and pattern, are so similar
to one another despite these widely differing configu-
rations and, moreover, so similar to that of the observed

FIG. 1. Atmospheric, oceanic, and total heat transports (PW) for Aqua, Ridge, Drake, and DDrake.
The configurations are shown in inserts (see text for details). Estimates of observed transports for the
present climate (bottom left) are taken from Trenberth and Caron (2001).

1 This is just one estimate with its associated uncertainties,
probably of the order of a few tenths of a PW (see Wunsch 2005).
Bryden and Imawaki (2001) discuss in detail the various estimation
methods and their biases. Note, however, that we are most con-
cerned here with the meridional structures of heat transports,
which exhibit more robustness than absolute magnitudes.
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Approach: A hierarchy of simpler models
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[Ferreira et al., 2010] 
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Proposed Hypotheses

• H1: TCs contribute a significant fraction (>10%) to ocean 
heat transport (cf. Mei et al. 2013).
• H2: TCs contribute a significant fraction (>10%) to oceanic 

overturning circulation in the tropics (cf. Shi and Bretherton 
2014).
• H3: The impact of TCs is enhanced in the presence of 

western boundary currents (cf. Li and Sriver 2018a).
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3 oceans climate
years 3500-4200

• western Pacific warm pool
− Related to cold tongue to the east.
− − No cold tongue in the Indian Ocean because of absolute westerlies

• Independent Atlantic

§ MITgcm ocean coupled to either SPEEDY or a Gray Radiation atmosphere
§ Role of continents in heat transport (Enderton & Marshall 2009)
§ Localization of deep sinking and overturning in narrow basin (Ferreira et 

al. 2010; Nilsson et al. 2013)
§ Role of continents in freshwater transport (Ferreira and Marshall 2015)
§ AMOC’s role in ITCZ location (Marshall et al. 2014)
§ Role of subtropical cells in ITCZ sensitivity to interhemispheric forcing 

(Green and Marshall 2017)

Idealized geometry coupled model studies

Aqua Ridge Drake DDrake - AgulhasDouble Drake
RIDGE: aquaplanet
with a strip of pole-
to-pole continent

Ocean dynamics 
leads to western 
boundary currents, 
like the Atlantic 
Gulf Stream or 
Pacific Kuroshio

[DiNezio, 2019] 
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Experiment 1: Low-resolution coupled 
simulation
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AQUA RIDGE

Atmosphere ~1° + Ocean ~2°, fully coupled
~4000 yrs

AQUA sea surface temp. RIDGE sea surface temp.

3 oceans climate
years 3500-4200

• western Pacific warm pool
− Related to cold tongue to the east.
− − No cold tongue in the Indian Ocean because of absolute westerlies

• Independent Atlantic

Aqua climate
years 2500-3000

• Equatorial cold tongue,
• Weak equatorial trades,
• Trade winds converging off the equator at about 10°.

§ MITgcm ocean coupled to either SPEEDY or a Gray Radiation atmosphere
§ Role of continents in heat transport (Enderton & Marshall 2009)
§ Localization of deep sinking and overturning in narrow basin (Ferreira et 

al. 2010; Nilsson et al. 2013)
§ Role of continents in freshwater transport (Ferreira and Marshall 2015)
§ AMOC’s role in ITCZ location (Marshall et al. 2014)
§ Role of subtropical cells in ITCZ sensitivity to interhemispheric forcing 

(Green and Marshall 2017)

Idealized geometry coupled model studies

Aqua Ridge Drake DDrake - AgulhasDouble Drake

§ MITgcm ocean coupled to either SPEEDY or a Gray Radiation atmosphere
§ Role of continents in heat transport (Enderton & Marshall 2009)
§ Localization of deep sinking and overturning in narrow basin (Ferreira et 

al. 2010; Nilsson et al. 2013)
§ Role of continents in freshwater transport (Ferreira and Marshall 2015)
§ AMOC’s role in ITCZ location (Marshall et al. 2014)
§ Role of subtropical cells in ITCZ sensitivity to interhemispheric forcing 

(Green and Marshall 2017)

Idealized geometry coupled model studies

Aqua Ridge Drake DDrake - AgulhasDouble Drake
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Experiment 2: High-resolution atmosphere-
only simulation
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AQUA RIDGE

Atmosphere model ~0.25°
Forced by prescribed sea 
surface temperature
~30 yrs

AQUA atmosphere RIDGE atmosphere

3 oceans climate
years 3500-4200

• western Pacific warm pool
− Related to cold tongue to the east.
− − No cold tongue in the Indian Ocean because of absolute westerlies

• Independent Atlantic

Aqua climate
years 2500-3000

• Equatorial cold tongue,
• Weak equatorial trades,
• Trade winds converging off the equator at about 10°.
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Experiment 3: High-resolution ocean-only 
simulation
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Diagnostics and Analysis

AQUA atmosphere RIDGE atmosphere

TC-filtering of atmosphere 
bottom layer
Ocean model ~1°, forced by 
atmosphere with and without 
TCs

AQUA ocean
AQUA ocean NO_TC

RIDGE ocean
RIDGE ocean NO_TC

in most of the basins, including the North Atlantic (AT),
eastern Pacific (EP), northwestern Pacific (NWP), and
the Southern Hemisphere (SH). However, the model
does not capture the ‘‘double peak’’ seasonal cycle in the
northern Indian Ocean (IO). Figure 3b shows the fre-
quency distribution of the simulated storm lifetime
maximum wind speed. Note that the model and the
observations are under different climate conditions, and
here we use the observations mainly as a reference. The
simulated TC frequency and intensity are largely

underestimated in the North Atlantic. The intensity
distribution in the northwestern Pacific, Indian Ocean,
and the Southern Hemisphere tends to concentrate
on the category 2–4 wind regime. The maximum TC
wind speed of the most intense events in the model is
lower than in the observations, which may be partly
due to the different climate conditions between model
(preindustrial) and observations (historical) and/or due
to the atmosphere model resolution. Davis (2018) shows
that the 0.25 8 atmosphere resolution is not fine enough

FIG. 1. Examples of TC filtering. Atmosphere bottom surface temperature (colors) and wind (vectors) under
a TC event (a) before and (b) after applying the filter; composite time series of average wind speed anomalies over
a 48 3 48 domain surrounding the TC center (c) before and (d) after applying the filter, with 0 on the x axis indicating
the time of TC occurrence. The anomalies are referenced to the average wind from day 27 to day 23 in the
respective model output.
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NO_TCTC[Li and Sriver, 2018] 
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Computational highlights

• Bringing together 
idealized 
atmosphere and 
ocean

• Collaboration and 
community

• Output order of 
10 TB

• Parallel 
processing for 
TC-tracking

• Interactive 
diagnostics and 
visualization in 
development

• Order of 
1,000,000 core 
hours on 
supercomputer 
Cheyenne

• Innovation for 
potentially high-
resolution 
coupling
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Climate model 
development

High-performance 
computing

Data analysis
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Timeline: 1.5 – 2 years

• Summer 2019: Low-res. coupled simulation
• Fall 2019: High-res. atmosphere-only simulation

• Fall-Winter 2019: High-res. ocean-only 
simulation

• Spring 2020 and beyond:
- Data analysis and interpretation
- Additional experiment: High-res. coupled 

simulation
- Presentations and publications
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Broader Impacts: Advancing Climate Science 
and Modeling
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[Satellite image: NASA]

$1 investment in natural hazard mitigation = $11 in national benefit
[the National Institute of Building Sciences, 2019]


