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2023 Was the Warmest Year
on Record - by a Record Margin

Global land and ocean surface temperature anomalies
(in degrees Celsius compared to the 20th century average)
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https://www.scientificamerican.com/article/july-2023-is-hottest-month-ever-recorded-on-earth/
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https://www.newscentermaine.com/article/news/special-reports/maines-changing-climate/2023-record-warm-climate-global/97-89a4cc91-d0eb-496d-82e4-b1897fa7bfdb?utm_campaign=snd-autopilot
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La Nina pattern of warming (1979-2020)

HadISST SST 4 = 0.09 K/decade
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The country is on fire, literally!
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Organization of this talk

* A primer on climate models

» Past successes

* Ongoing challenges

* Future plans
J1Seasonal/decadal prediction
dBias correction




The primitive equations
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Non-linear fluid dynamics, turbulent in nature
Presence of water makes things even harder
Now carbon/nitrogen cycles, biogeochemistry, human behaviors, ...



Global climate models (GCM)

Schematic for Global
Atmospheric Model A

Horizontal Grid (Latitude-Longitude)

Vertical Grid (Height or Pressure)

iy
S

~
~—
|
L

(] ]]
H -
14l =
‘ll --
T\ = =
s [
% g
o =

£\ )\

L |
T

Arogres

Resolution (dynamics)

e Sub-grid processes (physics)

* Physics parameterizations are the
main source of uncertainty




Model implementation: Code run on giant supercomputers

IF (CAN_RAD MOD == 2) THEN
CALL ALBPFT @ (ROW_LENGTH*ROWS, LAND_PTS,
LAND INDEX,TILE INDEX,TILE PTS,ILAYERS,
ALBSOIL,COS ZENITH ANGLE,LAI,ALB TYPE DUMMY, &
FAPAR DIR,FAPAR DIF,CAN RAD MOD)

! Loop over Plant Functional Types to calculate the available moisture
! and the values of canopy conductance, the carbon fluxes and the leaf
! turnover rate

DO N=1,NPFT

IF (NTILES -- 1) THEN
DO L=1,LAND PTS
TSTAR(L) = TSTAR TILE(L,1)
Zo(L) = Zo6 TILE(L,1)
ENDDO
ELSE
DO L=1,LAND PTS
TSTAR(L) = TSTAR TILE(L,N)
Zo(L) = Ze TILE(L,N)
ENDDO
ENDIF

he Cheyenne Supercomputer located in Cheyenne, Wyoming
) UCA

Credit: Dr Chris Jones, Met Office Hadley Centre (via Carbon Brief)




The first global climate model was developed at
GFDL in the 1960s

Suki with Joe Smagorinsky (R: GFDL’s first
Director) and Kirk Bryan (L: leader of ocean
modeling) in 1969.

Syukuro (Suki) Manabe

* Suki was honored with the Nobel Prize in Physics in 2021 "for the
physical modelling of Earth's climate, quantifying variability and
reliably predicting global warming”



Increasing spatial resolution of climate models used in
the 1st four IPCC reports

First (“FAR”) - 1990
Second (“SAR”) - 1995
Third (“TAR”) - 2001
Fourth (“AR4”) - 2007

Source: IPCC AR4, Fig 1.2




The World in Global Climate Models

More complete and complex
Rain Clouds -
representation of global
Iy climate processes
' | ' Prescribed Ice
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» - FAR R lllustration of the processes added to global climate
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_ - :’t the first four IPCC assessment reports.
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Source: IPCC AR4, Fig 1.2
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Who does climate modelling
around the world?
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Many climate models run by modeling centers around the world

Ability to compare results across models helps identify strengths & weaknesses, and
improves confidence in predictions where all models agree

But also presents a challenge of making sure that all models are running the same
experiment so that we can effectively compare across models



Past success #1: Attributing human-induced

warming

Anomaly of Near-Surface Air Temperature
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Past success #2: Predicting the warming pattern

a
90°N

Model

Predicted in 1989
Warming realized by
the ~70%" year (the time
of doubling in the 1%-
per-year simulation)

60° N+

Observed warming

(1991-2015 minus

~ 1961-1990)

30° S+ v; )

| , ‘ | | Stouffer and
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«» Sensitivity to 2 x CO,, °C
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Ongoing challenge #1: large uncertainty in the
future warming
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Ongoing challenge #2: large uncertainty in the
future regional precipitation

Precip. scaled by global temp. (% °C") « Future scenarios: 2080-
e i, BB 2099 minus 1986-2005.
o « Stippling denotes where
) o = the results are robust.
g U g o “Wet-get-wetter, dry-get-
e drier” does not work

over the land.
« No sign of convergence
s e v r from CMIP3 to CMIP5.
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The Sahel: Transition between the Sahara and

equatorial Africa

From the Arabic word “sahil”, which means “shore/coast.”

10-20°N 18°W-40°E

10S|

Precip. averaged
over 15°W-10°E

GPCP

JJJJJJ

10



Large past variations in Sahel rainfall

Sahel precipitation anomalies 1900-2013
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* Affected 20 countries, 150 million people;

* 30 million were in urgent need of food aid;
e 10 million refugees seeking food and water;
100,000 to 250,00 deaths ...




SST (sea surface temperature) is key to
predicting regional precipitation
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Future plan #1: Seasonal/decadal prediction
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Initial value
problem

Boundary
value problem

day week month season

century

\

Weather Seasonal Decadal Long-term climate
prediction prediction prediction change projection
Bridging Weather and Climate:
Subseasonal-to-Seasonal (S2S) Prediction
€ Day Week Month Season Yo e
STRATOSPHERIC POLAR VORTEX
———————————— Y. atmindnd T8
ame e " 5 WAVE
oo — WA — TS CTIVITY
77 i A -IQ\ FLUX =a.
_BLOCKIN ~y SN
\/ . vl N

HEAT WAVES
e B o -~

WAVE
BREAKING |

AIR-SEA \ Gl \ " SURFACE
COUPLING o ', MEMORY
ENen - W Y T
OCEARSEESAAG” \ @/ "= - W 7
FEEDBACKS \

= >
.__,’DROUGHT ------ [

TROPICAL
// LONE CYCLONES o

’
’
,/
]
|‘\__3’( MIO

/. .-~ (convecTion
Y

Serving on a panel
to advise NOAA on
decadal prediction
Advocating an
international,
coordinated effort
to hindcast the
observed “warming
hiatus”

Key to predicting
regional climate
Puerto Rico as an
example



Model, simulations, and storm detection methods

Model (GFDL C192AM4, Zhao et al. 2018a,b, Zhao 2020, 2022)

* Atmospheric component of SPEAR-med, GFDL’s seasonal/decadal
prediction model (Delworth et al., 2020)

Simulations (101-year)

* Control: C192AM4 forced by observed climatological SSTs

* SPEAR-pattern M: Assuming SPEAR pattern Mean will continue for
the next 50 years

* Observed-pattern: Assuming observed pattern will continue for the
next 50 years

Storm detection method (Zhao 2022)
Atmospheric Rivers (Guan & Waliser 2015, Zhao 2020)
Tropical Storms (Zhao et al. 2009, 2012)
Mesoscale Convective Systems (Dong et al. 2020, Huang et al. 2018)

Paper accepted for publication in
Nature npj Climate and Atmospheric Science




1979-2020 SST trend patterns in GFDL SPEAR & observation
SPEAR-pattern; (SST,—SST,)/SST,
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Change in annual precipitation: SPEAR vs observed pattern
SPEAR-pattern M AP total (0.092mm/day/K; ~“3%/K) cnTL
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Change in annual precipitation: SPEAR vs observed pattern

SPEAR-pattern M CNTL Observed-pattern
AP total (0.124mm/day/K, 4%/K)
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Future change in annual frequency of AR, TS and MCS days

SPEAR-pattern M Observed-pattern
AAR days (0. 063%/ K; +0. 82%/ K) AAR days (0. 152%/ K; +1. 97%/ K)

95%
confidence
level
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Difference

Difference

Island-wide Changes in Tmax and Tmin
(2006-2020)-(1981-2010) Normals
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Island-wide Changes in Rainfall
(2006-2020)-(1981-2010) Normals

Difference in Precipitation (2006/2020- 1981/2010)
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* Modest increase in precipitation
* Which kept day-time temperature in check



Precipitation Outlook
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Precipitation decline between the 1960-1990 and the 2071-2099

periods under the high emission scenario (Henareh Khalyani et al.
2016)

Why is precipitation
projected to decrease?
Hypothesis: caused by
different SST patterns
(Nifio in the past and
Nifa in the future)
Consistent with
observations
Implications for climate
adaption?



Average daily precipitation (mm)
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Precipitation and AMO

Average daily precipitation trend from 1970 to 2015 vs. Positive values of the AMO Index
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Authors: Yidiana Zayas and Niwdé Rivera



Climatic Regions

Mean Rainfall per Climate Zone
1991-2020 Normals

SOUTH COAST
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Rainfall Deviation from Normal
August — September

Rainfall deviation from Normal from August 20 to September 22, 2023
Puerto Rico Climate Office ‘

-

Oficina de Climatologia de
Puerto Rico

- North Coastal - Northern Slopes - Eastern Interior Outlying Islands
-South Coastal - Southern Slopes Western Interior

* Hypothesis: drying in 2023 due to Nifio in 2023
* Regional wetting: importance of terrains ->
downscaling and bias correction



Future plan #2: Bias correction
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Geographical biases of
temperature and
precipitation in CMIP5
models. a Multi-model
mean of temperature
biases and b precipitation
biases in summer during
1979-2005 from 19
CMIPS historical
simulations. Regions
where at least two thirds
of the models (i.e., 13 out
of 19 CMIP5 models)
agree on the sign of the
difference are marked
with black circles. The
blue rectangle (31-52° N,
262-271° E) indicates the
central U.S. Lin et al.
(2017)



Linking climate modeling to crop modeling

Table 1: Variable names and definitions for the DLEM and CESM2 models. All variables are

daily aggregates.

DLEM Variable DLEM Long CESM2 Variable CESM2 Long Name | Units
Name Name Name
dswrf Down going FSA Absorbed solar W/m?2
shortwave radiation
radiation
pr Precipitation PRECC Convective mm/day

precipitation rate

(lig + ice)
Tavg Average TS Surface =C
temperature temperature
(radiative)
Tmin Minimum TSMX Maximum surface |°C
temperature temperature over
output period
Tmax Maximum TXMN Minimum surface | °C
temperature temperature over

output period




Commonly used bias correction methods
For temperature
Bias = X — obs (eq.1)

x| = x; — Bias (eq.2)

For precipitation/radiative fluxes

Rel.Bias = obs/x (eq.3)

x; = x; X Rel.Bias (eq.4)

Lack of physical consistency!



Predicted corn/soybean yield
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UPRM’s Meteorology Program

. Some key achievments of our graduates

. NOAA and National Weather Service

Weather Forecast Office - San Juan: 7 graduates (3 female)
Weather Forecast Office - Texas: 4 vy California: 2 (5 female)
National Hurricane Center: 2* PhDs (2 female)

National Climatic Data Center: 1 PhD (1 female)

National Center for Atmospheric Research: 3 PhDs (3 female)

. Graduates in Academia and National Centers

Angel Adames, PhD : Assistant Professor U. of Wisconsin, Madison

Mayra Oyola, PhD: Assistant Professor U. of Wisconsin, Madison

Yaitza Luna, PhD: American Meteorological Society and NASA Program
Manager

Diamilet Perez, PhD: MIT graduate, Florida International University,
Postdoctoral Associate

Students in Ms/PhD programs: 12 (9 female)



Going forward

Creation of a data science core for impact
research

Based on the latest physical climate science and
seasonal/decadal predictions

Use physic-informed ML for bias correction
Explore societal impacts such as sea level rise,
coastal flooding, hurricanes, extreme events,
droughts/floods, food security, greenhouse
emissions, mental health, etc.

Excited to work with the climate adaption
community in Puerto Rico!
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Difference
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Coastal Erosion and Hurricanes




Hurricane Maria Outcomes

May - April cumulative difference in Puerto Rico death counts
2017-2018 compared to average of previous two years

2000
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1500 )
Hurricane
Maria
1000

500 -
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Puerto Rico power restoration progress

Puerto Rico is restoring power to homes more quickly in the wake of Hurricane Fiona than after
Hurricane Maria five years ago, when it took months before the island fully recovered.

— Maria Customers Out Estimate = Fiona Customers Out Estimate

1.5M
Temporary power losses
. \
500K
0

0 20 40 60 80 100 120 140 160 180 200 220 240

Note: X axis represents number of days since storm
Source: PREPA, FEMA, Poweroutage.us



Hurricane Maria Outcomes

Over Eight In Ten Puerto Ricans Report At Least One Of
Several Types Of Impacts From Hurricane Maria

AMONG PUERTO RICO RESIDENTS: Percentwho say they experienced each of the following as
a result of Hurricane Maria:

Long-term power outage (4 months ar more) 44%

hcome or employment 10sses

|
N
=

Home destroyed or major damage 26%
Drank water from a natural source 21%
Vehicle damaged 21%
New or worse health condition, sef or family 23%

Received mental heath services related to hurricane

9%
experience, seif or family

SOURCE: Washington Post/Kaiser Family Foundation Survey of Puerto Rico Residents (July 3-August 29, 2018) KFF




Coastal Erosion and Hurricanes

Antes del Huracan Maria

200gle a s ——
\gpigis © 2024 el et OIS ——

el Condominio Sol y Playa tenia piscina
en el mismo lugar donde van a reconstruirla



A sample of adaptation challenges

Coastal erosion/sea-level rise

« Comprehensive Coastal Law

. Improve enforcement regarding coastal development
« Long-term strategy for coastal community residents

Heat Waves

 Incorporate passive cooling and thermal insulation into building codes
. Urban planning to reduce the heat-island effect

. Urban reforestation — emphasize cooling power of trees

« (200 I/day = 35,000 Btu/hr during daylight hours)

. Droughts
. Rain capture where ever possible
. Protection of watersheds, reduction of run-off rain
. Effective, continuous removal of sedimentation in reservoirs
« Reduce water distribution losses. It is now ~ 57.7% (312 mgd)



Relative biases
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