COMPUTATIONAL ATMOSPHERIC PHYSICS

COMPUTATIONAL ATMOSPHERIC PHYSICS IS A DYNAMIC AND INCREASINGLY VITAL FIELD THAT MERGES THE COMPLEXITIES OF THE
EARTH'S ATMOSPHERE WITH THE POWER OF MODERN COMPUTING. THIS INTERDISCIPLINARY SCIENCE SEEKS TO UNDERSTAND,
PREDICT, AND EVEN INFLUENCE ATMOSPHERIC PHENOMENA THROUGH THE DEVELOPMENT AND APPLICATION OF SOPHISTICATED
NUMERICAL MODELS. FROM TRACKING THE FORMATION OF HURRICANES TO UNDERSTANDING THE LONG-TERM IMPACTS OF CLIMATE
CHANGE, COMPUTATIONAL ATMOSPHERIC PHYSICS PROVIDES THE ESSENTIAL TOOLS AND METHODOLOGIES TO TACKLE SOME OF
HUMANITY'S MOST PRESSING ENVIRONMENTAL CHALLENGES. THIS ARTICLE WILL DELVE INTO THE CORE PRINCIPLES, KEY
APPLICATIONS, UNDERLYING METHODOLOGIES, AND FUTURE DIRECTIONS OF THIS FASCINATING SCIENTIFIC DISCIPLINE, OFFERING A
COMPREHENSIVE OVERVIEW FOR ANYONE INTERESTED IN THE SCIENCE BEHIND OUR WEATHER AND CLIMATE.
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WHAT IS COMPUTATIONAL ATMOSPHERIC PHYSICS?

COMPUTATIONAL ATMOSPHERIC PHYSICS IS THE SCIENTIFIC DISCIPLINE THAT EMPLOYS MATHEMATICAL MODELS AND COMPUTER
SIMULATIONS TO STUDY AND UNDERSTAND THE PHYSICAL PROCESSES OCCURRING WITHIN THE EARTH'S ATMOSPHERE. |T BRIDGES
THE GAP BETWEEN THEORETICAL ATMOSPHERIC SCIENCE AND PRACTICAL, REAL-WORLD APPLICATIONS BY TRANSLATING
COMPLEX PHYSICAL LAWS INTO ALGORITHMS THAT CAN BE SOLVED BY COMPUTERS. THIS FIELD IS CRUCIAL FOR DECIPHERING THE
INTRICATE INTERACTIONS BETWEEN ENERGY, MOMENTUM, AND MATTER WITHIN THE ATMOSPHERE, DRIVING PHENOMENA FROM
EVERYDAY WEATHER PATTERNS TO LONG-TERM CLIMATE TRENDS. BY LEVERAGING THE POWER OF COMPUTATIONAL METHODS,
SCIENTISTS CAN ANALYZE VAST DATASETS, TEST HYPOTHESES, AND MAKE PREDICTIONS ABOUT FUTURE ATMOSPHERIC STATES,
PLAYING A PIVOTAL ROLE IN AREAS LIKE WEATHER FORECASTING, CLIMATE CHANGE RESEARCH, AND AIR QUALITY MANAGEMENT.

THE ESSENCE OF COMPUTATIONAL ATMOSPHERIC PHYSICS LIES IN ITS ABILITY TO SIMULATE ATMOSPHERIC BEHAVIOR UNDER
VARIOUS CONDITIONS. THIS INVOLVES CREATING VIRTUAL REPRESENTATIONS OF THE ATMOSPHERE, OFTEN DIVIDED INTO A
THREE-DIMENSIONAL GRID, WHERE PHYSICAL VARIABLES SUCH AS TEMPERATURE, PRESSURE, WIND SPEED, AND HUMIDITY ARE
CALCULATED AT DISCRETE POINTS OVER TIME. THE ACCURACY AND PREDICTIVE POWER OF THESE SIMULATIONS ARE DIRECTLY
TIED TO THE UNDERLYING MATHEMATICAL FORMULATIONS, THE COMPUTATIONAL RESOURCES AVAILABLE, AND THE QUALITY OF
INPUT DATA. AS COMPUTATIONAL CAPABILITIES ADVANCE AND OUR UNDERSTANDING OF ATMOSPHERIC PROCESSES DEEPENS, THE
SOPHISTICATION AND RELIABILITY OF THESE MODELS CONTINUE TO GROW , OFFERING INCREASINGLY VALUABLE INSIGHTS INTO THE
COMPLEX WORKINGS OF OUR PLANET'S ATMOSPHERE.

THE FUNDAMENTAL PILLARS oF COMPUTATIONAL ATMOSPHERIC PHYSICS

THE FOUNDATION OF COMPUTATIONAL ATMOSPHERIC PHYSICS RESTS ON SEVERAL CORE SCIENTIFIC DISCIPLINES THAT DESCRIBE
THE BEHAVIOR OF ATMOSPHERIC MATTER AND ENERGY. | HESE PILLARS PROVIDE THE THEORETICAL UNDERPINNINGS FOR THE
MATHEMATICAL MODELS THAT SIMULATE ATMOSPHERIC PROCESSES. EACH PILLAR CONTRIBUTES A UNIQUE SET OF PHYSICAL
PRINCIPLES AND EQUATIONS THAT ARE ESSENTIAL FOR CREATING COMPREHENSIVE AND ACCURATE REPRESENTATIONS OF THE
ATMOSPHERE.

THERMODYNAMICS AND ATMOSPHERIC PROCESSES

THERMODYNAMICS IS CENTRAL TO UNDERSTANDING HOW HEAT ENERGY IS TRANSFERRED AND TRANSFORMED WITHIN THE
ATMOSPHERE. |T GOVERNS PROCESSES SUCH AS CONVECTION, ADVECTION, AND RADIATIVE TRANSFER, WHICH ARE CRITICAL
DRIVERS OF WEATHER PATTERNS. KEY THERMODYNAMIC CONCEPTS INCLUDE TEMPERATURE, PRESSURE, DENSITY, HUMIDITY, AND
LATENT HEAT. IN COMPUTATIONAL MODELS, THESE PRINCIPLES ARE APPLIED TO SIMULATE HOW AIR PARCELS HEAT UP OR COOL
DOWN, EXPAND OR CONTRACT, AND CHANGE THEIR MOISTURE CONTENT, LEADING TO PHENOMENA LIKE CLOUD FORMATION,
PRECIPITATION, AND THE DEVELOPMENT OF ATMOSPHERIC STABILITY OR INSTABILITY.



THE IDEAL GAS LAV, WHICH RELATES PRESSURE, VOLUME, AND TEMPERATURE OF GASES, IS A FUNDAMENTAL EQUATION USED IN
ATMOSPHERIC MODELING. ADIABATIC PROCESSES, WHERE AIR PARCELS CHANGE TEMPERATURE DUE TO COMPRESSION OR
EXPANSION WITHOUT EXCHANGING HEAT WITH THEIR SURROUNDINGS, ARE ALSO MODELED EXTENSIVELY. UNDERSTANDING THE
PHASE CHANGES OF WATER — EVAPORATION, CONDENSATION, FREEZING, AND MELTING — AND THE ASSOCIATED LATENT HEAT
TRANSFERS IS CRUCIAL FOR ACCURATE SIMULATIONS OF PRECIPITATION AND STORM DEVELOPMENT. THESE THERMODYNAMIC
CALCULATIONS FORM THE BEDROCK FOR PREDICTING TEMPERATURE CHANGES AND THE VERTICAL STRUCTURE OF THE
ATMOSPHERE.

FLuib DYNAMICS AND ATMOSPHERIC MOTION

FLUID DYNAMICS DESCRIBES THE MOTION OF FLUIDS, INCLUDING GASES LIKE AIR. THE ATMOSPHERE, BEING A VAST EXPANSE OF
AIR, IS GOVERNED BY THE PRINCIPLES OF FLUID DYNAMICS. EQUATIONS LIKE THE NAVIER-STOKES EQUATIONS, ALTHOUGH
SIMPLIFIED FOR ATMOSPHERIC SCALES, ARE USED TO DESCRIBE THE MOTION OF AIR MASSES, THE FORMATION OF WINDS, AND THE
DEVELOPMENT OF LARGE-SCALE WEATHER SYSTEMS SUCH AS CYCLONES AND ANTICYCLONES. THESE EQUATIONS ACCOUNT FOR
FORCES SUCH AS PRESSURE GRADIENTS, THE CORIOLIS EFFECT (DUE To EARTH'S ROTATION), FRICTION, AND GRAVITY.

COMPUTATIONAL ATMOSPHERIC PHYSICS HEAVILY RELIES ON SOLVING THESE COMPLEX DIFFERENTIAL EQUATIONS NUMERICALLY.
THE INTERPLAY OF FORCES DICTATES THE MOVEMENT OF AIR, INFLUENCING TEMPERATURE DISTRIBUTION, MOISTURE TRANSPORT,
AND ULTIMATELY, WEATHER PATTERNS. (UNDERST ANDING HOW PRESSURE GRADIENTS DRIVE WINDS AND HOW THE CORIOLIS
FORCE DEFLECTS MOVING AIR IS ESSENTIAL FOR PREDICTING WIND DIRECTION AND SPEED, WHICH ARE FUNDAMENTAL TO ANY
WEATHER FORECAST. THE CONSERVATION OF MOMENTUM IS A KEY PRINCIPLE APPLIED IN THESE SIMULATIONS.

RADIATION AND ENERGY TRANSFER

THe EARTH'S ATMOSPHERE INTERACTS WITH SOLAR RADIATION AND EMITS ITS OWN THERMAL RADIATION. RADIATION PHYSICS
GOVERNS THE ABSORPTION, SCATTERING, AND EMISSION OF ELECTROMAGNETIC ENERGY BY ATMOSPHERIC GASES, AEROSOLS, AND
CLOUDS. THIS ENERGY TRANSFER IS THE PRIMARY DRIVER OF ATMOSPHERIC CIRCULATION AND TEMPERATURE VARIATIONS. SOLAR
INSOLATION HEATS THE EARTH'S SURFACE, WHICH IN TURN \WARMS THE LOWER ATMOSPHERE. THE GREENHOUSE EFFECT, WHERE
CERTAIN ATMOSPHERIC GASES TRAP OUTGOING INFRARED RADIATION, IS ALSO A CRITICAL ASPECT OF RADIATIVE TRANSFER.

COMPUTATIONAL MODELS INCLUDE SOPHISTICATED RADIATIVE TRANSFER SCHEMES THAT CALCULATE THE DISTRIBUTION OF
RADIATION THROUGHOUT THE ATMOSPHERE. T HESE SCHEMES CONSIDER THE OPTICAL PROPERTIES OF ATMOSPHERIC
CONSTITUENTS, SUCH AS THE ABSORPTION AND SCATTERING CROSS-SECTIONS OF WATER VAPOR, CARBON DIOXIDE, OZONE,
AND AEROSOLS. UNDERSTANDING THESE PROCESSES IS VITAL FOR ACCURATELY SIMULATING GLOBAL ENERGY BALANCE, DIURNAL
TEMPERATURE CYCLES, AND THE RADIATIVE FORCING ASSOCIATED WITH CLIMATE CHANGE. THE SCATTERING OF SUNLIGHT BY
CLOUDS AND AEROSOLS ALSO PLAYS A SIGNIFICANT ROLE IN MODULATING THE AMOUNT OF SOLAR ENERGY REACHING THE
SURFACE.

MicroPHYSICS AND CLOUD FORMATION

CLOUD MICROPHYSICS DEALS WITH THE FORMATION, GROWTH, AND PRECIPITATION OF WATER DROPLETS AND ICE CRYSTALS IN
CLOUDS. THIS SUB-DISCIPLINE IS CRITICAL FOR ACCURATE WEATHER FORECASTING, ESPECIALLY FOR PRECIPITATION. IT
INVOLVES COMPLEX PROCESSES LIKE CONDENSATION, ICE NUCLEATION, DROPLET COLLISION AND COALESCENCE, AND ICE
CRYSTAL AGGREGATION. THESE PROCESSES ARE OFTEN PARAMETERIZED IN LARGE-SCALE ATMOSPHERIC MODELS DUE TO THEIR
SMALL SPATIAL AND TEMPORAL SCALES.

COMPUTATIONAL ATMOSPHERIC PHYSICS INCORPORATES MICROPHYSICAL PARAMETERIZATIONS TO REPRESENT THESE COMPLEX
INTERACTIONS. THESE PARAMETERIZATIONS AIM TO CAPTURE THE BULK EFFECTS OF MICROPHYSICAL PROCESSES ON CLOUD
PROPERTIES AND PRECIPITATION WITHOUT EXPLICITLY SIMULATING EVERY INDIVIDUAL DROPLET OR ICE CRYSTAL.
(UNDERSTANDING THE CONDITIONS NECESSARY FOR CLOUD FORMATION, SUCH AS SUPERSATURATION AND THE AVAILABILITY OF
CLOUD CONDENSATION NUCLEI, IS PARAMOUNT. THE TRANSITION OF WATER FROM VAPOR TO LIQUID OR SOLID PHASES RELEASES
OR ABSORBS SIGNIFICANT AMOUNTS OF LATENT HEAT, FURTHER INFLUENCING ATMOSPHERIC DYNAMICS.



Key MeETHODOLOGIES IN COMPUTATIONAL ATMOSPHERIC PHYSICS

THE APPLICATION OF COMPUTATIONAL METHODS TO ATMOSPHERIC SCIENCE INVOLVES A RANGE OF SOPHISTICATED TECHNIQUES
AND TECHNOLOGIES. THESE METHODOLOGIES ARE DESIGNED TO HANDLE THE IMMENSE COMPLEXITY AND SCALE OF ATMOSPHERIC
PHENOMENA, ENABLING SCIENTISTS TO DEVELOP PREDICTIVE MODELS AND ANALYZE VAST AMOUNTS OF OBSERVATIONAL DATA.

NuMericAL WEATHER PrebicTioN (NWP) MopELs

NUMERICAL WEATHER PrebicTIoN (N\W/P) MODELS ARE COMPUTER PROGRAMS THAT USE MATHEMATICAL EQUATIONS TO
REPRESENT THE STATE OF THE ATMOSPHERE AND PREDICT ITS FUTURE EVOLUTION. THESE MODELS DIVIDE THE ATMOSPHERE INTO
A THREE-DIMENSIONAL GRID AND SOLVE FUNDAMENTAL PHYSICAL EQUATIONS GOVERNING MOTION, THERMODYNAMICS, AND
MOISTURE TRANSPORT AT EACH GRID POINT. N\W/P MODELS ARE THE BACKBONE OF MODERN WEATHER FORECASTING, PROVIDING
PREDICTIONS RANGING FROM A FEW HOURS TO SEVERAL WEEKS AHEAD.

THE PROCESS BEGINS WITH INGESTING REAL-TIME OBSERVATIONAL DATA FROM SOURCES LIKE WEATHER SATELLITES, GROUND
STATIONS, RADAR, AND WEATHER BALLOONS. THIS DATA IS THEN USED TO INITIALIZE THE MODEL, CREATING AN ACCURATE
SNAPSHOT OF THE CURRENT ATMOSPHERIC STATE. [ HE MODEL THEN STEPS FORWARD IN TIME, CALCULATING THE CHANGES IN
ATMOSPHERIC VARIABLES BASED ON THE GOVERNING PHYSICAL LAWS. CHALLENGES IN NP INCLUDE THE INHERENT CHAOS OF
THE ATMOSPHERE, WHICH LIMITS PREDICTABILITY, AND THE NEED FOR ACCURATE REPRESENTATION OF SMALL-SCALE PROCESSES
THAT CANNOT BE EXPLICITLY RESOLVED BY THE MODEL GRID.

CLIMATE MODELS

CLIMATE MODELS ARE SIMILAR TO N\W/P MODELS BUT ARE DESIGNED TO SIMULATE THE EARTH’'S CLIMATE SYSTEM OVER MUCH
LONGER TIMESCALES, TYPICALLY DECADES TO CENTURIES. THESE MODELS ENCOMPASS NOT ONLY THE ATMOSPHERE BUT ALSO
OTHER COMPONENTS OF THE CLIMATE SYSTEM, SUCH AS OCEANS, LAND SURFACES, SEA ICE, AND GLACIERS. BY SIMULATING THE
INTERACTIONS BETWEEN THESE COMPONENTS, CLIMATE MODELS HELP US UNDERSTAND LONG-TERM CLIMATE TRENDS, THE DRIVERS
OF CLIMATE CHANGE, AND THE POTENTIAL IMPACTS OF HUMAN ACTIVITIES.

CLIMATE MODELS ARE USED TO PROJECT FUTURE CLIMATE SCENARIOS UNDER DIFFERENT EMISSIONS PATHWAYS AND TO
ATTRIBUTE OBSERVED CLIMATE CHANGES TO SPECIFIC CAUSES. THEY PLAY A CRUCIAL ROLE IN INFORMING POLICY DECISIONS
RELATED TO CLIMATE CHANGE MITIGATION AND ADAPTATION. THE COMPLEXITY OF CLIMATE MODELS REQUIRES SIGNIFICANT
COMPUTATIONAL RESOURCES, AND ONGOING RESEARCH FOCUSES ON IMPROVING THEIR ABILITY TO REPRESENT KEY FEEDBACK
MECHANISMS AND EMERGENT PHENOMENA WITHIN THE CLIMATE SYSTEM, SUCH AS THE CARBON CYCLE AND CLOUD-CLIMATE
FEEDBACKS.

DATA ASSIMILATION TECHNIQUES

DATA ASSIMILATION IS A CRITICAL PROCESS THAT BRIDGES THE GAP BETWEEN OBSERVATIONAL DATA AND NUMERICAL MODELS.
[T INVOLVES SYSTEMATICALLY COMBINING REAL-\WORLD MEASUREMENTS WITH MODEL FORECASTS TO PRODUCE A MORE
ACCURATE AND COMPLETE REPRESENTATION OF THE CURRENT STATE OF THE ATMOSPHERE. | HIS IMPROVED INITIAL STATE IS
ESSENTIAL FOR THE ACCURACY OF SUBSEQUENT MODEL PREDICTIONS.

COMMON DATA ASSIMILATION TECHNIQUES INCLUDE:

o VARIATIONAL METHODS (E.G., 3D-V AR, 4D-V AR)
® KALMAN FILTERING (E.G., ENSEMBLE KALMAN FILTER - ENKF)

e OpTIMAL INTERPOLATION (OI)



THESE METHODS AIM TO FIND THE BEST ESTIMATE OF THE ATMOSPHERIC STATE BY MINIMIZING THE DIFFERENCES BETWEEN
OBSERVATIONS AND THE MODEL'S PREDICTION OF THOSE OBSERVATIONS, WHILE ALSO ACCOUNTING FOR THE UNCERTAINTIES IN
BOTH. EFFECTIVE DATA ASSIMILATION IS A CONTINUOUS CYCLE, CONSTANTLY REFINING THE MODEL’S INITIAL CONDITIONS TO
IMPROVE FORECAST SKILL.

HicH-PerrorMANCE CoMPUTING (HPC)

THE COMPLEXITY AND SHEER VOLUME OF CALCULATIONS REQUIRED FOR ATMOSPHERIC AND CLIMATE MODELING NECESSITATE THE
UsE of HiGH-PerForMANCE CoMPUTING (HPC) rREsoUrCES. HPC INVOLVES THE USE OF SUPERCOMPUTERS AND DISTRIBUTED
COMPUTING SYSTEMS TO PERFORM COMPLEX SIMULATIONS AT EXTREMELY HIGH SPEEDS. T HESE POWERFUL COMPUTING
PLATFORMS ENABLE SCIENTISTS TO RUN MODELS WITH HIGHER SPATIAL RESOLUTION, INCORPORATE MORE DETAILED PHYSICAL
PROCESSES, AND PERFORM LARGER ENSEMBLES OF SIMULATIONS.

THE ADVANCEMENT OF HPC HAS BEEN A SIGNIFICANT ENABLER OF PROGRESS IN COMPUTATIONAL ATMOSPHERIC PHYSICS. AS
MODELS BECOME MORE SOPHISTICATED, REQUIRING PETABYTES OF DATA AND TRILLIONS OF CALCULATIONS, ACCESS TO AND
EFFICIENT UTILIZATION OF HPC RESOURCES ARE PARAMOUNT. THIS INCLUDES DEVELOPING EFFICIENT PARALLEL ALGORITHMS
THAT CAN EFFECTIVELY DISTRIBUTE THE COMPUTATIONAL WORKLOAD ACROSS THOUSANDS OF PROCESSOR CORES, AS WELL AS
MANAGING THE MASSIVE DATASETS GENERATED BY THESE SIMULATIONS.

MAJOR APPLICATIONS OF COMPUTATIONAL ATMOSPHERIC PHYSICS

THE INSIGHTS AND PREDICTIONS DERIVED FROM COMPUTATIONAL ATMOSPHERIC PHYSICS HAVE FAR-REACHING APPLICATIONS,
IMPACTING VARIOUS ASPECTS OF SOCIETY, FROM DAILY LIFE TO GLOBAL POLICY. THESE APPLICATIONS LEVERAGE THE POWER
OF MODELING TO UNDERSTAND, PREDICT, AND MITIGATE ATMOSPHERIC PHENOMENA.

\WEATHER FORECASTING

THE MOST VISIBLE APPLICATION OF COMPUTATIONAL ATMOSPHERIC PHYSICS IS IN DAILY WEATHER FORECASTING. NP MODELS
ARE USED BY METEOROLOGICAL AGENCIES WORLDWIDE TO PREDICT TEMPERATURE, PRECIPITATION, WIND, AND OTHER WEATHER
VARIABLES FOR THE COMING HOURS, DAYS, AND EVEN \WEEKS. THESE FORECASTS ARE ESSENTIAL FOR PUBLIC SAFETY,
TRANSPORTATION, AGRICULTURE, ENERGY PRODUCTION, AND COUNTLESS OTHER SECTORS.

THE ACCURACY OF WEATHER FORECASTS HAS STEADILY IMPROVED OVER THE DECADES, LARGELY DUE TO ADVANCEMENTS IN
N\¥/P MopEL PHYSICS, RESOLUTION, DATA ASSIMILATION, AND COMPUTING POWER. ENSEMBLE FORECASTING, WHICH INVOLVES
RUNNING A MODEL MULTIPLE TIMES WITH SLIGHTLY DIFFERENT INITIAL CONDITIONS, IS A KEY TECHNIQUE USED TO QUANTIFY
FORECAST UNCERTAINTY AND PROVIDE PROBABILISTIC OUTLOOKS.

CLiMATE CHANGE PROJECTION AND ANALYSIS

CLIMATE MODELS, BUILT UPON THE PRINCIPLES OF COMPUTATIONAL ATMOSPHERIC PHYSICS, ARE INDISPENSABLE TOOLS FOR
UNDERSTANDING PAST CLIMATE VARIABILITY AND PROJECTING FUTURE CLIMATE CHANGE. SCIENTISTS USE THESE MODELS TO
ASSESS THE POTENTIAL IMPACTS OF INCREASED GREENHOUSE GAS CONCENTRATIONS, ANALYZE FEEDBACK MECHANISMS WITHIN
THE CLIMATE SYSTEM, AND EVALUATE THE EFFECTIVENESS OF DIFFERENT MITIGATION STRATEGIES.

BY SIMULATING VARIOUS SCENARIOS OF GREENHOUSE GAS EMISSIONS, LAND-USE CHANGE, AND AEROSOL CONCENTRATIONS,
CLIMATE MODELS PROVIDE INSIGHTS INTO PROJECTED CHANGES IN GLOBAL TEMPERATURE, SEA LEVEL RISE, PRECIPITATION
PATTERNS, AND THE FREQUENCY AND INTENSITY OF EXTREME WEATHER EVENTS. THESE PROJECTIONS ARE CRITICAL FOR
INFORMING INTERNATIONAL CLIMATE NEGOTIATIONS AND NATIONAL ADAPTATION PLANNING.



AR QUALITY MODELING

COMPUTATIONAL ATMOSPHERIC PHYSICS ALSO PLAYS A VITAL ROLE IN AIR QUALITY ASSESSMENT AND FORECASTING.
ATMOSPHERIC MODELS ARE USED TO SIMULATE THE TRANSPORT, TRANSFORMATION, AND DEPOSITION OF POLLUTANTS IN THE
ATMOSPHERE. THESE MODELS HELP IDENTIFY SOURCES OF POLLUTION, UNDERSTAND THE CHEMICAL REACTIONS THAT LEAD TO
THE FORMATION OF SECONDARY POLLUTANTS LIKE OZONE AND PARTICULATE MATTER, AND PREDICT AIR QUALITY FOR SPECIFIC
REGIONS.

AIR QUALITY MODELS ARE USED BY REGULATORY AGENCIES TO DEVELOP STRATEGIES FOR REDUCING EMISSIONS AND IMPROVING
AIR QUALITY. THEY CAN ALSO PROVIDE REAL-TIME AIR QUALITY FORECASTS, ALLOWING INDIVIDUALS TO TAKE PRECAUTIONS
DURING PERIODS OF HIGH POLLUTION. THE MODELS INCORPORATE EMISSIONS INVENTORIES, METEOROLOGICAL DATA, AND
ATMOSPHERIC CHEMISTRY MECHANISMS TO SIMULATE THE COMPLEX BEHAVIOR OF AIRBORNE POLLUTANTS.

SEVERE WEATHER PREDICTION AND MITIGATION

THE ABILITY TO ACCURATELY PREDICT SEVERE WEATHER EVENTS SUCH AS HURRICANES, TORNADOES, THUNDERSTORMS, AND
FLOODS IS A CRITICAL APPLICATION OF COMPUTATIONAL ATMOSPHERIC PHYSICS. HIGH-RESOLUTION ATMOSPHERIC MODELS CAN
CAPTURE THE MESOSCALE DYNAMICS ASSOCIATED WITH THESE PHENOMENA, PROVIDING VALUABLE LEAD TIME FOR W ARNINGS AND
EVACUATIONS.

BY SIMULATING THE DEVELOPMENT AND TRACK OF TROPICAL CYCLONES, FOR INSTANCE, COMPUTATIONAL MODELS HELP
EMERGENCY MANAGERS PREPARE FOR LANDFALL AND MINIMIZE DAMAGE. SIMILARLY/ UNDERSTANDING THE CONDITIONS CONDUCIVE
TO SEVERE THUNDERSTORM OUTBREAKS ALLOWS FOR MORE TARGETED WARNINGS, SAVING LIVES AND REDUCING PROPERTY
DAMAGE. RESEARCH IS ONGOING TO IMPROVE THE SIMULATION OF RAPIDLY DEVELOPING PHENOMENA LIKE TORNADOES.

ReEMOTE SENSING AND DATA ANALYSIS

COMPUTATIONAL ATMOSPHERIC PHYSICS IS INTRINSICALLY LINKED TO THE INTERPRETATION AND UTILIZATION OF DATA FROM
REMOTE SENSING PLATFORMS, SUCH AS WEATHER SATELLITES AND GROUND-BASED RADAR. SOPHISTICATED ALGORITHMS ARE
EMPLOYED TO PROCESS RAW SENSOR DATA, EXTRACT MEANINGFUL ATMOSPHERIC VARIABLES (E.G./ TEMPERATURE PROFILES,
CLOUD PROPERTIES, WIND VECTORS), AND QUALITY-CONTROL THESE DATA BEFORE THEY ARE ASSIMILATED INTO MODELS.

THE VAST QUANTITIES OF DATA GENERATED BY REMOTE SENSING INSTRUMENTS REQUIRE ADVANCED COMPUTATIONAL
TECHNIQUES FOR STORAGE, PROCESSING, AND ANALYSIS. MACHINE LEARNING AND ARTIFICIAL INTELLIGENCE ARE INCREASINGLY
BEING USED TO IDENTIFY PATTERNS, DETECT ANOMALIES, AND IMPROVE THE RETRIEVAL OF ATMOSPHERIC PARAMETERS FROM
SATELLITE IMAGERY, FURTHER ENHANCING OUR UNDERSTANDING OF ATMOSPHERIC PROCESSES AND IMPROVING MODEL
PERFORMANCE.

CHALLENGES AND FUTURE DIReCTIONS IN COMPUTATIONAL ATMOSPHERIC
PHYSICS

DESPITE SIGNIFICANT ADVANCEMENTS, COMPUTATIONAL ATMOSPHERIC PHYSICS FACES ONGOING CHALLENGES AND PRESENTS
EXCITING AVENUES FOR FUTURE RESEARCH AND DEVELOPMENT. ADDRESSING THESE CHALLENGES IS CRUCIAL FOR IMPROVING OUR
UNDERSTANDING AND PREDICTIVE CAPABILITIES CONCERNING THE ATMOSPHERE.

IMPROVING MODEL RESOLUTION AND ACCURACY

ONE OF THE PRIMARY GOALS IN COMPUTATIONAL ATMOSPHERIC PHYSICS IS TO INCREASE THE SPATIAL AND TEMPORAL
RESOLUTION OF MODELS. HIGHER RESOLUTION ALLOWS FOR THE EXPLICIT REPRESENTATION OF SMALLER-SCALE ATMOSPHERIC
PROCESSES THAT ARE CURRENTLY PARAMETERIZED, SUCH AS CONVECTION AND TURBULENCE. THIS CAN LEAD TO MORE



ACCURATE FORECASTS OF LOCALIZED WEATHER PHENOMENA AND A BETTER UNDERSTANDING OF ATMOSPHERIC VARIABILITY.

ACHIEVING HIGHER RESOLUTION REQUIRES ADVANCEMENTS IN BOTH NUMERICAL ALGORITHMS AND COMPUTING POWER. HO\X/EVER,
THERE ARE DIMINISHING RETURNS, AND THE COMPUTATIONAL COST OF INCREASING RESOLUTION IS SUBSTANTIAL. BALANCING
RESOLUTION WITH COMPUTATIONAL FEASIBILITY AND THE ACCURATE REPRESENTATION OF ALL RELEVANT PHYSICAL PROCESSES
REMAINS A KEY CHALLENGE.

INTEGRATING MORE COMPLEX PHYSICAL PROCESSES

CURRENT ATMOSPHERIC MODELS OFTEN SIMPLIFY OR PARAMETERIZE CERTAIN COMPLEX PHYSICAL PROCESSES, SUCH AS CLOUD
MICROPHYSICS, AEROSOL-CLOUD INTERACTIONS, AND LAND-ATMOSPHERE FEEDBACKS. FUTURE RESEARCH AIMS TO INTEGRATE
MORE DETAILED AND PHYSICALLY CONSISTENT REPRESENTATIONS OF THESE PROCESSES INTO MODELS. THIS INCLUDES IMPROVING
OUR UNDERSTANDING OF HOW AEROSOLS INFLUENCE CLOUD FORMATION AND PRECIPITATION, AND HOW VEGETATION AND SOIL
MOISTURE AFFECT ATMOSPHERIC CIRCULATION.

THE ACCURATE REPRESENTATION OF THESE INTERACTIONS IS CRUCIAL FOR IMPROVING CLIMATE PROJECTIONS AND
UNDERSTANDING PHENOMENA LIKE DROUGHTS AND EXTREME PRECIPITATION EVENTS. THIS REQUIRES A DEEPER UNDERSTANDING OF
THE UNDERLYING PHYSICS AND THE DEVELOPMENT OF EFFICIENT COMPUTATIONAL METHODS TO INCORPORATE THEM.

ADVANCEMENTS IN MACHINE LEARNING AND Al

MACHINE LEARNING (ML) AND ARTIFICIAL INTELLIGENCE (AD ARE INCREASINGLY BEING EXPLORED AND INTEGRATED INTO
COMPUTATIONAL ATMOSPHERIC PHYSICS. ML TECHNIQUES CAN BE USED TO IMPROVE PARAMETERIZATIONS OF SUB-GRID SCALE
PROCESSES, ENHANCE DATA ASSIMILATION, ACCELERATE MODEL COMPUTATIONS, AND IMPROVE THE INTERPRETATION OF MODEL
OUTPUTS AND OBSERVATIONAL DATA.

For EXAMPLE, ML ALGORITHMS CAN LEARN COMPLEX RELATIONSHIPS FROM DATA THAT ARE DIFFICULT TO CAPTURE WITH
TRADITIONAL PHYSICS-BASED PARAMETERIZATIONS. THEY CAN ALSO BE USED TO DEVELOP SURROGATE MODELS THAT RUN MUCH
FASTER THAN FULL PHYSICAL MODELS, ENABLING MORE EFFICIENT EXPLORATION OF MODEL UNCERTAINTIES AND SENSITIVITY
ANALYSES. THE ETHICAL AND SCIENTIFIC IMPLICATIONS OF USING Al IN MODELING ARE ALSO AN AREA OF ACTIVE DISCUSSION.

ADDRESSING DATA VOLUME AND UNCERTAINTY

THE EXPLOSION OF OBSERVATIONAL DATA FROM SATELLITES, GROUND SENSORS, AND OTHER SOURCES PRESENTS BOTH
OPPORTUNITIES AND CHALLENGES. EFFECTIVELY PROCESSING, STORING, AND ASSIMILATING THESE MASSIVE DATASETS REQUIRES
ADVANCED DATA MANAGEMENT AND COMPUTATIONAL INFRASTRUCTURE. FURTHERMORE, UNDERSTANDING AND QUANTIFYING THE
UNCERTAINTIES ASSOCIATED WITH BOTH OBSERVATIONAL DATA AND MODEL PREDICTIONS IS CRUCIAL FOR PROVIDING RELIABLE
FORECASTS AND PROJECTIONS.

TECHNIQUES SUCH AS ENSEMBLE FORECASTING AND UNCERTAINTY QUANTIFICATION ARE VITAL FOR CONVEYING THE RELIABILITY
OF MODEL RESULTS. RESEARCH CONTINUES TO FOCUS ON DEVELOPING MORE ROBUST DATA ASSIMILATION TECHNIQUES THAT
CAN HANDLE THE INCREASING VOLUME AND DIVERSITY OF OBSERVATIONAL DATA, AS WELL AS ON METHODS TO BETTER
CHARACTERIZE AND COMMUNICATE MODEL AND DATA UNCERTAINTIES.

INTERNATIONAL COLLABORATION AND DATA SHARING

ATMOSPHERIC AND CLIMATE PHENOMENA TRANSCEND NATIONAL BOUNDARIES, MAKING INTERNATIONAL COLLABORATION AND
DATA SHARING ESSENTIAL FOR SCIENTIFIC PROGRESS. SHARING OBSERVATIONAL DATA, MODEL CODE, AND RESEARCH FINDINGS
ALLOWS FOR VALIDATION, INTERCOMPARISON OF DIFFERENT MODELING APPROACHES, AND THE ACCELERATION OF SCIENTIFIC
DISCOVERY.



ORGANIZATIONS LIKE THE W ORLD METEOROLOGICAL OrRGANIZATION (\WMO) AND THE CoUPLED MODEL INTERCOMPARISON
ProJecT (CMIP) FACILITATE GLOBAL COOPERATION. CONTINUED EFFORTS TO FOSTER OPEN DATA POLICIES AND
COLLABORATIVE RESEARCH INITIATIVES ARE CRITICAL FOR TACKLING THE COMPLEX GLOBAL CHALLENGES POSED BY WEATHER
AND CLIMATE.

ConcLusioN: THE ENDURING IMPORTANCE oF COMPUTATIONAL ATMOSPHERIC
PHYSICS

COMPUTATIONAL ATMOSPHERIC PHYSICS STANDS AS A CORNERSTONE OF OUR ABILITY TO UNDERSTAND, PREDICT, AND RESPOND
TO THE DYNAMIC BEHAVIOR OF EARTH'S ATMOSPHERE. BY TRANSLATING FUNDAMENTAL PHYSICAL LAWS INTO POWERFUL
NUMERICAL MODELS, THIS FIELD PROVIDES INDISPENSABLE TOOLS FOR WEATHER FORECASTING, CLIMATE CHANGE PROJECTION, AIR
QUALITY MANAGEMENT, AND THE MITIGATION OF SEVERE WEATHER IMPACTS. THE CONTINUOUS EVOLUTION OF METHODOLOGIES,
FROM SOPHISTICATED N\W/P AND CLIMATE MODELS TO ADVANCED DATA ASSIMILATION AND THE TRANSFORMATIVE POTENTIAL
OF MACHINE LEARNING, UNDERSCORES THE VIBRANT AND FORW ARD-LOOKING NATURE OF THIS DISCIPLINE.

AS THE WORLD GRAPPLES WITH THE ESCALATING CHALLENGES OF CLIMATE CHANGE AND INCREASINGLY EXTREME WEATHER
EVENTS, THE INSIGHTS AND PREDICTIVE CAPABILITIES OFFERED BY COMPUTATIONAL ATMOSPHERIC PHYSICS BECOME EVER MORE
CRITICAL. CONTINUED INVESTMENT IN HIGH-PERFORMANCE COMPUTING, ALONGSIDE A COMMITMENT TO INTERNATIONAL
COLLABORATION AND THE INTEGRATION OF NOVEL COMPUTATIONAL TECHNIQUES, WILL BE PARAMOUNT IN PUSHING THE
BOUNDARIES OF OUR KNOWLEDGE AND ENSURING A MORE INFORMED AND RESILIENT FUTURE FOR OUR PLANET.

FREQUENTLY ASkeD QUESTIONS

\WHAT ARE THE LATEST ADVANCEMENTS IN USING MACHINE LEARNING FOR WEATHER
FORECASTING AND CLIMATE MODELING?

RECENT BREAKTHROUGHS INCLUDE THE DEVELOPMENT OF DEEP LEARNING MODELS LIKE GRAPH NEURAL NETWORKS (GNNS) AND
TRANSFORMER ARCHITECTURES THAT CAN CAPTURE COMPLEX SPATIAL AND TEMPORAL DEPENDENCIES IN ATMOSPHERIC DATA.
THESE MODELS ARE SHOWING PROMISE IN IMPROVING THE ACCURACY AND SPEED OF BOTH SHORT-TERM WEATHER FORECASTS
(E.G., PREDICTING EXTREME EVENTS) AND LONG-TERM CLIMATE PROJECTIONS (E.G., SIMULATING DECADAL CLIMATE VARIABILITY
AND PREDICTING REGIONAL CLIMATE CHANGE IMPACTS).

How IS COMPUTATIONAL ATMOSPHERIC PHYSICS CONTRIBUTING TO UNDERSTANDING
AND PREDICTING EXTREME WEATHER EVENTS LIKE HURRICANES AND HEATWAVES?

COMPUTATIONAL ATMOSPHERIC PHYSICS PLAYS A CRUCIAL ROLE BY ENABLING HIGH-RESOLUTION SIMULATIONS OF
ATMOSPHERIC PROCESSES. ADVANCED NUMERICAL MODELS, COUPLED WITH POWERFUL COMPUTING RESOURCES, ALLOW
SCIENTISTS TO SIMULATE THE FORMATION, INTENSIFICATION, AND TRACK OF HURRICANES WITH GREATER ACCURACY. For
HEATWAVES, THESE MODELS HELP IN UNDERSTANDING THE UNDERLYING ATMOSPHERIC DYNAMICS, SUCH AS BLOCKING PATTERNS
AND LAND-ATMOSPHERE FEEDBACKS, AND PROJECTING THEIR FUTURE FREQUENCY AND INTENSITY UNDER CLIMATE CHANGE
SCENARIOS.

WHAT ARE THE COMPUTATIONAL CHALLENGES AND OPPORTUNITIES IN SIMULATING
ATMOSPHERIC AEROSOLS AND THEIR IMPACT ON CLIMATE?

SIMULATING ATMOSPHERIC AEROSOLS IS COMPUTATIONALLY INTENSIVE DUE TO THEIR COMPLEX SIZE DISTRIBUTIONS, CHEMICAL
COMPOSITIONS, AND INTERACTIONS WITH RADIATION AND CLOUDS. CHALLENGES INCLUDE RESOLVING AEROSOL MICROPHYSICS
AND THEIR SPATIAL VARIABILITY. OPPORTUNITIES LIE IN DEVELOPING MORE EFFICIENT AEROSOL PARAMETERIZATIONS FOR GLOBAL
CLIMATE MODELS, LEVERAGING HIGH-PERFORMANCE COMPUTING FOR REGIONAL AEROSOL-CLIMATE MODELING, AND INTEGRATING
SATELLITE-DERIVED AEROSOL DATA FOR MODEL VALIDATION AND ASSIMILATION.



How ARE COMPUTATIONAL METHODS BEING USED TO IMPROVE THE REPRESENTATION OF
CLOUDS AND PRECIPITATION IN CLIMATE MODELS?

CLOUDS AND PRECIPITATION ARE NOTORIOUSLY DIFFICULT TO REPRESENT ACCURATELY IN CLIMATE MODELS DUE TO THEIR
SMALL SPATIAL AND TEMPORAL SCALES. COMPUTATIONAL ADVANCEMENTS INCLUDE THE DEVELOPMENT OF EXPLICIT CLOUD-
RESOLVING MODELS (CRMS) AND SUPER-PARAMETERIZATIONS, WHICH EMBED CRM-LIKE PHYSICS WITHIN LARGER-SCALE MODELS.
THESE APPROACHES, COMBINED WITH IMPROVED PARAMETERIZATIONS FOR MICROPHYSICAL PROCESSES AND CLOUD RADIATIVE
EFFECTS, ARE LEADING TO MORE REALISTIC SIMULATIONS OF THE HYDROLOGICAL CYCLE AND ITS RESPONSE TO CLIMATE CHANGE.

\WHAT IS THE ROLE OF COMPUTATIONAL ATMOSPHERIC PHYSICS IN STUDYING THE
IMPACT OF CLIMATE CHANGE ON ATMOSPHERIC CIRCULATION PATTERNS?

COMPUTATIONAL ATMOSPHERIC PHYSICS IS VITAL FOR UNDERSTANDING HOW CLIMATE CHANGE ALTERS LARGE-SCALE
ATMOSPHERIC CIRCULATION PATTERNS LIKE THE JET STREAMS, STORM TRACKS, AND MONSOON SYSTEMS. BY RUNNING ENSEMBLES
OF GLOBAL CLIMATE MODELS UNDER VARIOUS EMISSION SCENARIOS, SCIENTISTS CAN IDENTIFY ROBUST SIGNALS OF CHANGE,
SUCH AS POLEWARD SHIFTS IN JET STREAMS OR ALTERATIONS IN MONSOON INTENSITY. THESE SIMULATIONS HELP ATTRIBUTE
OBSERVED CHANGES TO ANTHROPOGENIC FORCING AND PREDICT FUTURE SHIFTS THAT CAN IMPACT REGIONAL WEATHER AND
CLIMATE.

ADDITIONAL RESOURCES

HERE ARE @ BOOK TITLES RELATED TO COMPUTATIONAL ATMOSPHERIC PHYSICS, WITH DESCRIPTIONS:

CoMPUTATIONAL FLUID DYNAMICS FOR METEOROLOGISTS

THIS FOUNDATIONAL TEXT DELVES INTO THE NUMERICAL METHODS ESSENTIAL FOR SIMULATING ATMOSPHERIC FLOWS. |IT COVERS
DISCRETIZATION TECHNIQUES, FINITE DIFFERENCE AND SPECTRAL METHODS, AND DISCUSSES THE CHALLENGES OF HANDLING
BOUNDARY CONDITIONS AND TURBULENT PHENOMENA. T HE BOOK PROVIDES A SOLID UNDERSTANDING OF HOW TO TRANSLATE
ATMOSPHERIC MODELS INTO EXECUTABLE CODE, CRUCIAL FOR WEATHER FORECASTING AND CLIMATE RESEARCH.

2.

NUMERICAL METHODS FOR WEATHER AND CLIMATE PREDICTION

THIS COMPREHENSIVE VOLUME EXPLORES THE MATHEMATICAL UNDERPINNINGS OF WEATHER AND CLIMATE MODELS. |T DETAILS
ALGORITHMS FOR SOLVING PARTIAL DIFFERENTIAL EQUATIONS THAT GOVERN ATMOSPHERIC DYNAMICS, INCLUDING SPECTRAL
ANALYSIS AND ADVANCED DATA ASSIMILATION TECHNIQUES. READERS WILL GAIN INSIGHTS INTO THE COMPUTATIONAL
COMPLEXITIES AND ERROR PROPAGATION INHERENT IN PREDICTING EARTH'S ATMOSPHERE OVER VARIOUS TIMESCALES.

3.

ATMOSPHERIC MODELING: AN INTRODUCTION TO THE THEORY AND PRACTICE

THIS INTRODUCTORY BOOK SERVES AS A GATEWAY TO THE WORLD OF ATMOSPHERIC MODELING, BRIDGING THEORY AND
PRACTICAL IMPLEMENTATION. [T EXPLAINS THE FUNDAMENTAL PHYSICS DRIVING ATMOSPHERIC PROCESSES AND HOW THESE ARE
REPRESENTED COMPUTATIONALLY. THE TEXT COVERS THE DEVELOPMENT AND VALIDATION OF MODELS, OFFERING A CLEAR
OVERVIEW FOR STUDENTS AND RESEARCHERS NEW TO THE FIELD.

4.

DATA AssIMILATION: A MATHEMATICAL AND COMPUTATIONAL FRAMEWORK

FOCUSING ON A CRITICAL ASPECT OF MODERN FORECASTING, THIS BOOK DETAILS THE MATHEMATICAL AND COMPUTATIONAL
FRAMEWORKS FOR DATA ASSIMILATION. |IT EXPLAINS HOW OBSERVATIONAL DATA IS INTEGRATED INTO NUMERICAL MODELS TO



IMPROVE THE ACCURACY OF INITIAL CONDITIONS. THE BOOK EXPLORES VARIOUS METHODS LIKE KALMAN FILTERING AND
VARIATIONAL ASSIMILATION, ESSENTIAL FOR CREATING RELIABLE ATMOSPHERIC STATE ESTIMATES.

5.

CuMATE DyNAMICS: WITH APPLICATIONS IN NUMERICAL MODELING

THIS TEXT EXPLORES THE INTRICATE DYNAMICS OF EARTH'S CLIMATE SYSTEM, WITH A STRONG EMPHASIS ON HOW THESE
PROCESSES ARE SIMULATED NUMERICALLY. |IT COVERS RADIATIVE TRANSFER, CLOUD PHYSICS, AND OCEAN-ATMOSPHERE
INTERACTIONS, EXPLAINING THEIR COMPUTATIONAL REPRESENTATION. THE BOOK PROVIDES A DEEP DIVE INTO LONG-TERM
CLIMATE PROJECTIONS AND THE ROLE OF SOPHISTICATED COMPUTATIONAL MODELS IN UNDERSTANDING CLIMATE CHANGE.

6.

PARAMETERIZATION OF SUBGRID-SCALE PROCESSES IN ATMOSPHERIC MODELS

THIS SPECIALIZED BOOK ADDRESSES THE CRUCIAL CHALLENGE OF REPRESENTING PHYSICAL PROCESSES OCCURRING AT SCALES
SMALLER THAN THE MODEL GRID. |T DISCUSSES VARIOUS PARAMETERIZATION SCHEMES FOR PHENOMENA LIKE CONVECTION,
TURBULENCE, AND CLOUD MICROPHYSICS. UNDERSTANDING THESE TECHNIQUES IS VITAL FOR DEVELOPING ACCURATE AND
EFFICIENT ATMOSPHERIC MODELS THAT CAPTURE THE FULL COMPLEXITY OF WEATHER AND CLIMATE.

HiGH-PerRFORMANCE COMPUTING FOR ATMOSPHERIC SCIENCE

THIS BOOK EXPLORES THE INTERSECTION OF ATMOSPHERIC SCIENCE AND ADVANCED COMPUTING TECHNOLOGIES. | T DELVES INTO
PARALLEL PROGRAMMING, ALGORITHMS OPTIMIZED FOR SUPERCOMPUTERS, AND EFFICIENT DATA MANAGEMENT STRATEGIES. THE
TEXT IS ESSENTIAL FOR RESEARCHERS AIMING TO RUN COMPLEX ATMOSPHERIC SIMULATIONS AND ANALYZE VAST DATASETS
GENERATED BY MODERN MODELS AND OBSERVATIONS.

8.

INTRODUCTION TO COMPUTATIONAL METHODS FOR THE ATMOSPHERIC AND
OCEANOGRAPHIC SCIENCES

THIS BOOK PROVIDES A BROAD INTRODUCTION TO COMPUTATIONAL TECHNIQUES RELEVANT TO BOTH ATMOSPHERIC AND
OCEANOGRAPHIC STUDIES. |T COVERS NUMERICAL METHODS FOR DIFFERENTIAL EQUATIONS, SPECTRAL TECHNIQUES, AND
VISUALIZATION METHODS. THE DUAL FOCUS MAKES IT VALUABLE FOR UNDERSTANDING THE INTERCONNECTEDNESS OF EARTH'S
FLUID SYSTEMS AND THE COMPUTATIONAL TOOLS USED TO STUDY THEM.

9.

CoMPUTATIONAL ASPECTS OF ATMOSPHERIC CHEMISTRY AND AEROSOLS

THIS BOOK FOCUSES ON THE COMPUTATIONAL CHALLENGES IN MODELING ATMOSPHERIC CHEMISTRY AND AEROSOL DYNAMICS. |T
EXPLAINS HOW COMPLEX CHEMICAL REACTION MECHANISMS ARE INTEGRATED INTO ATMOSPHERIC MODELS AND THE NUMERICAL
METHODS USED TO SOLVE THE ASSOCIATED EQUATIONS. THE TEXT IS CRUCIAL FOR UNDERSTANDING AIR POLLUTION, CLIMATE
FEEDBACK MECHANISMS INVOLVING AEROSOLS, AND ATMOSPHERIC COMPOSITION.
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