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¨  Tropical Cyclones (TCs) result in major coastal 
damages and negative socioeconomic impacts. 

Why do we care 

Damage from Sandy: $65,000,000,000  
Photo: Pool/Reuters News 2 

Photo: Mike Groll 
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Why do we care: TC-Climate Interactions 

¤  TCs play an active role in the 
climate system through enhanced 
ocean mixing associated with 
extreme TC winds. 

n  TC induces ocean vertical mixing 
n  Net heat gain in the ocean 
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Tropical cyclones are relatively rare weather
events, yet they consistently rank among the
world’s deadliest and costliest natural haz-
ards. In the United States, tropical cyclones
account for nearly $10 billion annually in
economic damages (1), and damages from
Hurricane Sandy (2012) are estimated to be
over $50 billion. Understanding the role of
these events within Earth’s climate system is
of paramount importance to improving cli-
mate change projections and for constructing
sound hazard assessments and adaptation
strategies (2).
The relationship between tropical cyclone

activity and global warming is a controversial
topic. Observational evidence suggests vari-
ability in sea surface temperature is linked to
changes in tropical cyclone activity (3–5).
However, questions about the effect of global
warming on tropical cyclones are not fully
answered, and projections of the response
of tropical cyclones to future climate change

have significant uncertainties (6–9). Mount-
ing evidence indicates that tropical cyclones
are not passive players in Earth’s climate sys-
tem. Rather, the storms actively contribute to
the dynamics of the global ocean (10–12) and
atmosphere (13). Quantifying the role of
tropical cyclones in the Earth system may
improve our understanding of the nature of
climate change and reduce uncertainty in cli-
mate projections. In PNAS, Mei et al. (14)
help to fill this gap by providing valuable in-
formation about the effect of tropical cyclones
on long-term warming of the global ocean.
The authors employ innovative techniques
using satellite altimetry to quantify changes
in sea surface height in storm-affected re-
gions during the months following tropical
cyclones. Changes in sea surface height are
closely linked to changes in ocean heat con-
tent (e.g., thermal expansion), thus these
results enable direct estimates of the vertically
integrated changes in ocean temperatures

caused by tropical cyclones. Results shed
much-needed light on the interactions be-
tween tropical cyclones, ocean mixing, and
ocean heat uptake.
The ocean plays a central role in de-

termining the Earth’s climate because it can
accumulate enormous amounts of heat from
the atmosphere and release it over long time
periods. Mechanical ocean mixing provides
an important source of energy that controls
global circulation patterns and rates of ocean
heat uptake (15). We currently lack a com-
plete description of the physical processes re-
sponsible for this mixing. Identifying sources
of mixing, as well as constraining mixing
rates, is a major scientific challenge.
Although tropical cyclones are highly lo-

calized and relatively short-lived weather
events, they produce vigorous bursts of ocean
mixing. This mixing can disrupt the usually
well-stratified tropical ocean conditions, re-
distributing ocean heat vertically in regions
affected by the storms. The signature re-
sponse of tropical cyclone-induced mixing is
surface cooling along the storm paths, ac-
companied by warming within the ocean
interior (Fig. 1). The vertical and horizontal
extent of the mixing depends on the intensity,
size, and translational speed of the storm, as
well as the background ocean conditions (16).
Past studies have indicated that, when

aggregated globally, tropical cyclones signifi-
cantly contribute to global ocean mixing and
energy budgets. The implications are that
tropical cyclones can potentially contribute to
ocean heat uptake and transport by pumping
heat into the ocean interior (10–12). Because
tropical cyclone activity is sensitive to ocean
temperature, feedbacks may exist in the
climate system between tropical cyclones,
ocean mixing, and ocean heat content that
are not captured in the current generation
of climate models. This feedback may be
important for understanding past and po-
tential future changes in the Earth’s climate
system (17–19).
Previous efforts to quantify ocean heat

pumping by tropical cyclones were limited by

A B

C

Fig. 1. Upper ocean response to Hurricane Gert, 1999. (A) Observed surface temperature anomaly showing cooling
along the storm track primarily as a result of vertical ocean mixing [data from National Aeronautics and Space Ad-
ministration (NASA)’s Tropical Rainfall Measuring Mission (TRMM) Microwave Imager]. (B) Vertical ocean temperature
profiles averaged over Hurricane Gert’s track before (black curve) and after (gray curve) the storm (analyzed using
NASA ocean reanalysis ECCO2). (C ) Difference between temperature profiles shown in B, highlighting the cool
anomaly (above 40 m) and warm anomaly (below 40 m) following storm passage because of vertical ocean mixing.
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TC’s Potential Impacts on Climate 
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¨  TCs have the potential to alter the large scale circulation pattern and 
heat transports in the coupled atmosphere-ocean system 
¤  Ocean heat budget [Emanuel, 2001; Srive and Huber, 2007] 

¤  Meridional ocean heat transport [Emanuel, 2001; Fedorov et al., 2010] 

¤  Atmosphere circulation pattern [e.g. Sriver and Huber, 2010] 

¤  Climate variability (e.g. El Nino) [Fedorov et al., 2010 ] 

¨  Extreme weather events could potentially affect the large scale climate 

¨  Understanding the TC-climate connection can advance our 
understanding about climate dynamics and variability  

¨  TCs’ contribution to the climate system may have important 
implications for anthropogenic global warming through feedbacks in 
the coupled system  



Key Challenges 
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¨  TC-climate interactions are largely unexplored in 
current climate models. 

Long simulation time 
     to construct TC climatology 
 
 

High Resolution 
to resolve small-scale     

 features 
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Why Blue Waters 
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¨  We investigate the TC-climate connection using the state-of-the-art 
Earth system model -- Community Earth System Model (CESM). BW is 
one of the supported machines for CESM. 

¨  The simulation requires decadal-scale high-resolution configurations 
(25 km atmosphere & 10 -100 km ocean) to resolve important small 
scale features.  
¤  Expensive: 230,000 core hours per simulation year; 1 million node hours needed for 

the whole simulation. The simulation requires petascale computational resources. 
¤  High scalability: ~2 sypd throughput 
     using 800-1000 nodes  

¨  Code testing and load balancing through 
     previous allocations have laid the  
     groundwork for the new simulations.  

! 6!

 
Blue Waters provides several distinct advantages 
over other computer systems (e.g. XSEDE) for 
conducting tropical cyclone studies: 1) The model 
has already been ported to Blue Waters and 
scientifically validated for the relevant 
configurations; 2) We have performed extensive 
scaling and load balancing of the model on Blue 
Waters (Figure 3), so that we will be ready to run 
the model in production mode at the start of the 
project; and 3) Blue Water’s petascale computing 
environment provides the unique capabilities of 
handling the computational demand associated 
with running the model at ultra-high resolutions, 
particularly for ensemble-based approaches, and 
controlling the high-frequency input and output of 
information. 
 
 
 
 

 
6. Description of Code: 
 
The Community Earth System Model (CESM) is a comprehensive global climate model that consists of 
atmosphere, land, ocean, and sea ice components that are connected via a central coupler that exchanges 
state information and fluxes between the components (Gent et al., 2011).  The model is developed 
primarily at the National Center for Atmospheric Research (NCAR), and it is funded by NSF and DOE.  
It is used by scientists and researchers worldwide from universities, national laboratories, and other 
institutions for climate, weather, atmospheric, oceanic, and land surface research.  It represents the 
leading edge of community-wide efforts in global climate modeling, and it is considered a state-of-the-art 
Earth system model.   
 
We have already ported CESM to Blue Waters as part of our 2015 exploratory allocation.  In that project, 
we tested the scalability of the model and performed load balancing to optimize throughput for different 
model configurations.  We have also adapted key processes in the model code to highlight the dynamics 
on temporal and spatial scales relevant to analyzing tropical cyclones.  This includes updating the sea 
surface drag law relationship for high wind regimes, which improves the representation of momentum 
transfer to the ocean by surface wind stress (Li et al., 2015).  We also tested the sensitivity of the storm-
induced ocean dynamics to the atmosphere-ocean coupling frequency, in order to highlight the storm-
related processes and dynamic response.  We have performed extensive scaling analysis and load 
balancing of the model (as described in section 7), and we are ready to run the proposed model 
experiments in production mode. 
 
This project addresses ocean-atmosphere variability on multiple timescales linking the relatively short-
term effects of tropical cyclones (on the order of days to weeks) with the longer term climate response (on 
the order of months to years).  This integrated multi-scale analysis poses unique challenges to I/O 
strategies and post-processing of model output, which fits within NCSA’s strategic initiatives in HPC 
systems and big data.  We plan to write and save full ocean and atmosphere model output at 6-hourly 
intervals, as well as time mean monthly averaged fields.  Based on the results from out exploratory runs, 
we anticipate 50-75 TB of total model output for all experiments, which will be primarily in NetCDF 

 
Figure 3. Scaling results of CESM on Blue 
Waters for the atmosphere-only model (red 
curve) and the fully-coupled model (blue 
curve). 

 

Blue Waters provides a unique opportunity to 
analyze tropical cyclone-climate connections using 

a state-of-the-art, comprehensive Earth system 
model.   

 



Results from ocean-only simulations 

¨  TCs have the potential to influence large scale 
climate dynamics and circulations 

¨  Are these features captured by the current climate 
models? 

¨  What is the effect of the ocean model resolution on  
these processes? 



¨  Ocean model: 
¤ CESM POP2 

n Horizontal grid spacing: 
n  3 degree 
n  1 degree 
n   0.1degree 

*P.S.  1˚ is about 110 km 

¨  TC forcing 
¤  Fully coupled CESM simulation 

(Small et al., 2014) 
¤  0.25 deg. atmosphere coupled 

to 0.1 deg. ocean 
¤  Blend TC wind with CORE II 

“normal year” boundary 
condition (Large and Yeager, 2009) 

Use TC winds to force the ocean model   

5 years of spin-up 

Control run 

TC run 



How the ocean sees the TC  

3 degree 1 degree 0.1 degree 



SST responses 

3 degree 1 degree  0.1 degree 

1 deg 
3 deg 

0.1 deg 



Ocean Sub-surface Responses 

cooling cooling cooling 

warming warming warming 

3 degree 1 degree  0.1 degree 



Upper ocean 
cooling 

Sub-surface 
warming 

Cold wake recovery 
through surface 
fluxes 

Warming persists 

Heat got re-absorbed 
into the mixed layer 
and released back to 
the atmosphere 



1 degree SST 0.1 degree SST 

1 degree T100 0.1 degree T100 



Ocean Heat Uptake 
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West Pacific, Indian Ocean, and Southern Hemisphere. We analyze sub-surface ocean 174!

properties using potential temperature profiles and mixed layer depths from the European 175!

Center for Medium-Range Weather Forecast Ocean Reanalysis System 4 (ECMRWF 176!

ORAS4), which provides monthly ocean state information between 1957 and present.   177!

 178!

2.4 Calculation of TC-induced ocean heat convergence (OHC) 179!

The TC-induced, vertically integrated OHC is estimated following previous methods 180!

[Emanuel, 2001; Sriver and Huber, 2007; Sriver et al., 2008]:  181!

!"# = ! !"#∆!"ℎ!"!#                                                      (1) 182!

where F is the fraction of heat transported downward through the base of the oceanic 183!

mixed layer through mixing and entrainment, ! is the density of seawater, C is the heat 184!

capacity of seawater, ∆! is the magnitude of surface temperature anomaly, !ℎ is the 185!

depth of temperature anomaly, and !"!and !"  are the cross-track and along-track length 186!

of the storm wake. Seawater density ! and heat capacity C are held constant at 1020 187!

kg /m3  and 3900 J/(kg ⋅°C) , respectively. We employ a footprint method that samples 188!

surface properties within a 6° x 6° domain (dW and dL), which is centered on the best 189!

track location and moves with the storm. At each storm location, temperature anomalies 190!

are calculated using SST from 3 days after storm passage relative to the average SST 191!

between 12 and 5 days prior to the storm.  Sensitivity analyses were performed to 192!

optimize the size of the footprint domain and time interval for calculating the anomalies, 193!

in order to isolate the transient storm signature.  The results presented here are generally 194!

insensitive to the choice of spatial and temporal sampling scales, particularly for the 195!

comparison between model simulations with varying ocean grid resolution.   196!

Annual XMXL 

300m   

3 degree 1 degree 0.1 degree 

0.1e+21 J 1.5e+21 J 2.5 e+21 J 

3 degree 1 degree 0.1 degree 

1.1e+21 J 3e+21 J 4 e+21 J 

Upper 300m Upper 1000m 

1000m   



Summary 

¨  We examine the effect of ocean model resolution on TC-ocean 
interactions using an ocean general circulation model.  

¨  The model simulates key characteristics of transient ocean 
responses to TCs, and these responses are sensitive to ocean 
grid resolution. 

¨  Findings indicate that TCs significantly contribute to global 
ocean heat budgets, pointing to important connections between 
TCs and ocean dynamics. 

¨  TCs have the potential to influence ocean diapycnal mixing 
budget, seasonal to interannual climate variability (such as 
ENSO), and large-scale circulation patterns in the atmosphere 
and ocean (such as Hadley Circulation and Meridional 
Overturning Circulation)  



Ongoing and future work 
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¨  Decadal-scale high-resolution fully-coupled CESM simulation (with 
0.25˚ atmosphere and 1˚ocean) under present-day climate & future 
climate. 

¨  This research will address the following fundamental science 
questions: 
¤  What is the impact of tropical cyclones on regional-to-global scale 

ocean and atmosphere circulation patterns?  
¤  Are there dynamical interactions between tropical cyclones and the 

ocean-atmosphere system that could affect global climate variability 
and trends? 

¨  Results of this work will improve our understanding about the nature 
of atmosphere-ocean interactions within coupled models, which in 
turn will improve predictability of tropical cyclones, reduce 
uncertainty in climate change projections. 



THANK YOU!!!  

 Ryan Sriver, Hui Li   13/06/2016 
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Why parameterizations for surface processes are important? 
  

q  Biases occur at high wind regimes. 
 
q  Appropriate parameterizations are necessary to reduce 

uncertainties in climate projections. 

NCAR’s high resolution CESM run 
0.25° atmosphere, 0.1° ocean 


