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Measurements and Modeling

v’ Studies of the Earth system are based on measurements and
numerical models.

v' In different fields of geophysical sciences, fundamental
information is often obtained first through measurements:

 Weather, climate
 Oceanography

* Cryosphere

* Biosphere
 Chemistry

v" Types of measurements: ground, sounding, remote sensing,
aircraft, drone, campaign?



Surface Meteorological Measurement Stations

Measurements of meteorological parameters:
Temperature, humidity, pressure, winds, visibility, cloud,
precipitation, solar radiation, etc. |




Visibility as Measurement of Meteorology and Pollution

Visibility = K / extinction_coefficient

Used traditionally as a meteorological indicator, but
employed more and more to study particulate air pollution



Radar Measurements
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Sounding
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Sounding: “Big Fish” over Tibetan Plateau
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Pictures taken in Lhasa in August 2020




Surface Meteorological Measurement Stations

Source: WorldClim
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Weather Chart
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Global Warming in the Past 150 Years

CRUTEMNM3

NCDC
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Lugina et al. 2005
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» Spatial averaging:

 CRUTEMS3: land-area weighted sum (0.68 X NH + 0.32 X SH)

* NCDC: area-weighted average of the grid-box anomalies

e GISS: area-weighted average for three latitudinal zones

* Lugina et al. (2005): (NH + 0.866 X SH) / 1.866 (excluding latitudes south of 60°S)
» Treatment of gaps in the data:

* NCDC: anomalies are interpolated to be spatially complete

* GISS: favors isolated island and coastal sites

* Lugina et al. (2005): optimal interpolation adjusting anomalies towards zero where

there are few observations nearby

» Numbers of stations: CRUTEM3, NCDC and GISS differ (4,349, 7,230 and >7,200)
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Millimeters
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Meteorological Satellites
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Weather Satellites: NOAA
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Global Operational Weather Satellites
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China’s Operational Weather Satellites

As of 2023
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Polar Orbiting Satellite: FY-3
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Geostationary Satellite: FY-4A
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Global Seasonal Surface Air Temperature: 1983-2004
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Global Water Content: 1983-2008

ISCCP-D2 198307-280806 Hean Annual
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Global Cloud Cover: 1983-2008
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Global Cloud Coverage: 2002-2015

Credit: NASA Earth Observatory image by Jesse Allen and Kevin Ward, using data
provided by the MODIS between July 2002 and April 2015. Colors range from dark blue
(no clouds) to light blue (some clouds) to white (frequent clouds).

Cloud Physics and Atmospheric Chemistry, Peking University = =




Global Precipitation: 1979-2008

GPCP Monthly Mean Precipitation Rate (mm /day)
Average of 1/1879——4/2008
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Observed Sea Level Rise: 1993-2019

Sea level trend
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Snow and Ice Change: 1979-2020
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Ocean Color: Concentration of Chlorophyll

Chlorophyll a concentration ( mg /m?)
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https://oceancolor.gsfc.nasa.gov/atbd/chlor_a/ 26



Land Surface Data

Surface products:
» Reflectance
LA

NDVI

* Land Use Type
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Measurements of Compositions of the Atmosphere

» Greenhouse Gases: CO,, CH,, N,O

» Gaseous pollutants: Ozone, NOx, VOC, CO, SO,

» Radicals: OH, HO,, RO,

» Aerosols: PM,,, PM, ., compositions, optical properties

> Measurement methods:

Ground-based
Space-based
Aircraft, drone
Sounding
Proxy




Cooperative Measurement Programs

Cooperative Measurement Programs
NOAA GML Carbon Cycle
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NOAA GML Carbon Cycle operates several measurement programs. Semi-continuous measurements are made at 4 baseline observatories, a few surface sites
and from tall towers. Discrete surface and aircraft samples are measured in Boulder, CO. Presently, atmospheric carbon dioxide, methane, carbon monoxide,
hydrogen, nitrous oxide, sulfur hexafluoride, the stable isctopes of carbon dioxide and methane, and halocarbon and volatile organic compounds are measured.
Contact: Dr. Arlyn Andrews, NOARA ESRL Carbon Cycle, Boulder, Colerade, (303) 497-6773, arlyn.andrews@noaa.gov, http:/fwww.esrl.noaa.govigmd/ccgal.
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Observed Growth in Background CO,

Carbon Dioxide Measurements
NOAA ESRL Carbon Cycle
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Top: Global average atmospheric carbon dioxide mixing ratios (blue line) determined using measurements from

the Carben Cycle cooperative air sampling network. The red line represents the long-term trend. Bottom: Global 30
average growth rate for carbon dioxide. Contact: Dr. Arlyn Andrews, NOAA ESRL Carboen Cycle, Boulder, Colorado,

(303) 4976773, arlyn_andrews@noaa.gov, http:/fwww.esr.noaa.gov/gmd/ccggl.



Surface Measurement Network in the U.S.

» Lots of pollutants: ozone, NOx, VOC, CO, PM, ., PM constituents, etc.
» 800+ sites since 1990; currently about 1200 sites
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Surface Measurements: The Chinese Case

» Before 2013: API, PM,, NO,, SO,. Regular measurements are
available in 86 cities

» Since 2013: AQl, PM, . & other gases; 300+ cities, 1500+ sites

http://www.cnemc.cn/ https://www.aqistudy.cn/
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Surface Measurements: The Chinese Case

API for PM_, AQl for PM, 5
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PM, . Compositions Measurements
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e
Using Ground-based AOD Measurements to Evaluate

Satellite Data
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Using Ground-based AOD Measurements to Evaluate

Satellite Data
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WOUDC Ozonesonde Network
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Ozone Profiles over Beijing

Ozonesonde over Beijing
(39.8° N, 116.5° E) 15 Beulng (40.1° N, 116.6° E)
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Pole-to-Pole Aircraft Measurements Over the Pacific
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Modern Satellite Remote Sensing of Air Pollutants

NASA A-Train

Advantages:

DN N N

Multiple species

Excellent spatial coverage
Long-term data

High resolution data

Easily accessible & verifiable

Aerosols: MODIS, CALIOP, H-8, FY-4

O;: OMI, TES, AIRS, TropOMI, GF-5

CO: TES, MOPITT, IASI

NH;: TES, IASI, CrIS

NO,: OMI, GOME-2, TropOMI, GF-5

SO,: OMI, GOME-2, TropOMI, GF-5

HCHO: OMI, GOME-2, TropOMI, GF-5
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High-Resolution Geostationary and Polar Orbiting Satellite
Measurements of NO, and Other Tracers

4 ' ! | )
-180 -150 -120 90 -60 -30 O 30 60 90 120 150 180

NO, sensors so far: GOME, SCIAMACHY, OMI, GOME-2A/B, GF-5, TropOMI, GEMS...
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Reflectance Spectra at VIS-NI from ESA GOME-1

Albedo ( IT x radiance / p x irradiance)
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DOAS Approach to Retrieving NO,, SO,, HCHO,
CHOCHO from Satellite Remote Sensing
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Retrieving NO, from Satellite Remote Sensing

DOAS method to derive total SCD:

1) = Iy(A)e~ ZioiDSi+E; a4

Solar radiation Radiation received by satellite

NO, abs

Cloud reflectance

Aerosol abs. & scat.

Atmos. scat.

Ground reflectance

From total SCD to tropospheric VCD:
_ S _S=S,
Mt Mt

{2

[ L1b radiance from satellite data ]
]
[ Differential Optical Absorption Spectroscopy (DOAS) ]
}
[ Total NO, slant column density (SCD) }

Route 1 ROute 2

[ Stratosphere-troposphere separation ]

[ Air mass factor calculation (RTM+CTM) J

[

! i
| Troposphericscp | | Totalvep=sco/avF |
| !
Air mass factor calculation (RTM+CTM) ] [ Stratosphere-troposphere separation

)

} }

| VCD, = SO,/ AV, |

[ TroposphericNO, VCD ]
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Tropospheric NO, Column: OMI versus TROPOMI
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POMINO NO, VCD Products for OMI, TROPOMI & GEMS

http://www.pku-atmos-acm.orq/acmProduct.php

All Level-2 and Level-3 data are freely available (2004-present)

2018~

35°N _{ (,.,‘_,/“\_% G

5 km-res Tropospheric NO, VCDs in JJIA 2018-2022

_PSMIN®-TROPOMI
e

25°N |\
(Jmt: 10> cm2
15°N
70°E 130°E 140°E
0 2 4 6 8 10

460+ registered wsers from 170+ institutes in 23 countries

Lin et al., ACP, 2014;
Lin et al., ACP, 2015;
Liu et al., AMT, 2019;
Liu et al., AMT, 2020;
Zhang et al., NRSB, 2022
Zhang et al., AMT, 2023
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http://www.pku-atmos-acm.org/acmProduct.php#POMINO

I —a—a—_—_ _ & ___-_....---..
OMI-Retrieved Tropospheric HCHO Column: 2005-2015

BIRA-IASB (v14)

BIRA-IASB (v14) / NASA h2co.aeronomy.be
h2co.aeronomy.be 2005 Level 1 NASA (collection 003) 2015
IMAGESV02.14 ap Profiles

5 -
OMI H,CO VC [10*"* molec.cm™] OMI H,CO VC [10*" molec.cm™]

0 2 4 6 8 10 12 14 16 18

0 2 4 6 8 10 12 14 16 18

www.temis.nl
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BOM

Annual Average AOD from MODIS: 2009

MODO0A M3.051 Asrasal GBI:i'cal Depth at 550 nm [unitleas]
Gan20669 2 Dac?ﬂﬂ?r)

BCHM

A0M

EQ

205

BOS
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Global XCO, in 2023 from DQ-1 Satellite
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Campaign

* Measurement campaigns: intensive measurements of
targets (e.g., pollutants) in a short period (weeks to
months), employing a variety of instruments.

* TRACE-P

* ICARTT

* INTEX-B

* ARCTAS

* PRIDE-PRD

* CAREBEUING

v' Aircraft measurements are used in these campaigns
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PRIDE-PRD 2004, 2006, 2008
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Field Measurement Parameters

Gases:

Process:
radicals
photolysis rates

O,, NOX,
NOy, CO,
SO,

HZOZ’
ROx
VOCs,

HNO,,
HNO,, HClI,
NH,

OVOCs,
OH,

| VOC

| voc’




With an Assumed OH Recycle Mechanism,
Model Calculated OH Concentrations Fit the Observed

Observed vs model

" observed
& Model
H02 noz E
“é’ " Intoduced a
ha unknown
5 . recycle
meachnism
£
(8]
/ Iv E
X 5
X 0.85ppbNO l T
L L L L ! ! -
o DoEHee HORRROZ BRETHoe 00:00 06:00 12:00 18:00 00:00

lnral tima

Hofzumahaus, A., F. Rohrer*, K. D. Lu, B. Bohn, T. Brauers, C. C. Chang, H. Fuchs, F. Holland, K. Kita, Y. Kondo, X. Li, S. R. Lou,
M. Shao, L. M. Zeng, A. Wahner and Y. H. Zhang* (2009). "Amplified Trace Gas Removal in the Troposphere." Science

324(5935): 1702-1704.
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Numerical Models in Atmospheric Research

> Type
e Statistical model, Al model, physical model
* Parameterization
» Purpose
* Meteorological, climate, ocean, sea ice, chemical
transport, ..., Earth system
» Dimension
* Box model, 1-D, 2-D, 3-D
» Scale (domain)
* Global, regional, nested
»Proceeding
* Forward, backward (back-trajectory), adjoint
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Primitive Equations (for Large-scale Motions)

Meteorological and climate models are based on these equations

Hypsometric equation (hydrostatic)

Horizontal equation of motion

Continuity equation

Thermodynamic energy equation

Bottom boundary condition

Five unknowns

Wallace and Hobbs, 2006

0®  RT

— = dd = gdz
dp p
dV(u,v)
= VO —fkXV+F
dt
dw . _dp
ap -V Cdt
dr kT N Ji ey
d = » w Cp K = Cp
dps dp Ps
E__(V Vp)5_<waz)s_ . (V-V)dp
Viu,v),w, ®,T

J and F need to be parameterized
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Meridional Circulation
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Atmospheric Chemical Transport Modeling

oC i
=E-D-V-CV—-V-CV +(P-1)

a t Grid-resolved Unresolved

Horizontal Grid
{Latitude-Longitude)

Vertical Grid

INmEE

Eulerian Model:
Discrete lon-lat grid

Atmospheric chemical transport models:
— Simulating spatiotemporal variations of trace species after
they or their precursors are emitted into the atmosphere
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Earth System Models

Chemistry

Biogeochemistry } (CAM6-Chem) |
[ (Carbon-Nitrogen Cycles) { Atn;gjﬁgefe High- TOp \

Land (WACCM6)
(CLM5)

[ Surface Waves} [

(WaveWatch3)

Land Ice
(CISM2)




Schematic for Global
Atmospheric Model

[Horizontal Grid (latitude - longitudce)

[ Verdical Grid (height or pressurc)

Governing equations

Initial conditions Parameterizations Evolution of atmosphere
Numerical dissipation

Boundary conditions ?

Resolution
&
Parameterization
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Global High-Resolution Simulation of Surface Ozone

at12.5km x 12.5 km

Fri 10 Aug Sat 11 Aug Sun 12 Aug Mon 13 Aug Tue 14 Aug
2012

Global Modeling and Assimilation Office 10 15 20 25 30 3 40 45 50 55 GEOS-5 CCM
NASA Goddard Space Flight Center 12.5 km x 12.5 km




Global High-Resolution Simulation of Tropospheric CO

Fri 10 Aug Sun 12 Aug Mon 13 Aug Tue 14 Aug
2012

Global Modeling and Assimilation Office 100 110 130 140 150 GEOS-5 CCM
NASA Goddard Space Flight Center 12.5 km x 12.5 km




Global versus Regional Models

Global Models Regional Models
= Covers the globe = Covers a region
— Good for global studies — Need LBCs from global
— No LBCs are necessary models via nesting
=" Low-resolution ( =100 km ) " High-resolution ( ~ 10 km )
— Sim. or no small-scale processes  — Resolve small-scale processes
" Example: GEOS-Chem, AM3 = Example: CMAQ, WRF-Chem

TS N

60°N

30°N

00

30°s

GM gives LBCs & RM revises GM
___ YanY.-Y. et al., 2014, ACP e

80°S

N ===:=2 S ISSESS
20 ?80"' 150°W 120°W  90°W 60°W 30°W o° 30°E B60°E 90°E 120°E 150°E 180°




Models Often Miss or Misrepresent Small-scale Processes

 Atmospheric chemical & physical processes have multiple scales
* Models often misrepresent scales smaller than 2 x grid size
— Critical, because small-scale processes affect large-scale ones
— Affect both distribution and total mass of trace species

A=B+C+D.

B = large-scale
ol well-resolv

C = intermediate D = small-scale
resolved Badly mogleleq
!

L] 200 Lo ele] SO0 SO0 1 OO0 L] 200 Lo ele] SO0 SO0 100D 8



e
A Simple Case

How Small Scales Affect Large Scales

X,= 1 Y,=1
X,,; = X;+0.5%sin(t/P)+Xr  Y,,,= Y, +0.5*sin(t/P) X;— Y
Xr =N(0,0.2); P =120

30

Mean(X)=15.8 | | Mean(Y)=10.6 Mean(X-Y) = 5.2

Q 200 400 SD0 a0 1000 1200 1400 Q 200 400 SD0 a0 1000 1200 1400 Q 200 400 SD0 a0 1000 200 140¢

0.5*sin(t/P) Xr = N(0,0.2)
larger scale smaller scale
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e
Limited by Resolution

Models Often Miss or Misrepresent Small-scale Processes

* Un-even terrain

* Small-scale meteorology

* Variability in land use, vegetation, etc.

* Small-scale horizontal & vertical transport

* Small-scale variability in chemistry & emissions

model reality

A-B—A-B=—-A"-B' = —145 0403

> 4 < 0: Model has an overestimation
> T4p > 0: Model has an underestimation
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Coarse Models Tend to Overestimate Ozone Production

O; Production Rate
1 coarse gridcell = 4 fine gridcells 1 NOx-limited (Rural)

o 1
.‘ 160 L 200

180

Optimized 160
(mixed) ¥

120

100
&0
/éaﬂn
VOC-limited (Urban)
o ¢ 4« s s m w1 1w 1

NOx emissions
Sillman et al., 1990

NMVOC emissions
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Finer Resolution Leads to Less Ozone
Surface Ozone over Europe in June 2006 at 12:00 UTC

F

ﬂj.e,uum ilpbu]
EECICT.>
40 45 50 55 60 65 70

Huijnen et al., 2010 72




2-way Coupling Better Simulates Tropospheric CO

—2008/08/15
Global model

CO at 6.5 km altitude. 2008/07/01

1-1

Two-way model

Bt

e

ifference

112

5

Relative d

uT

Two-way m

nus Global

[PTih] B [V BUE 120°E
N T T T .
s BB A0 U U0 20 =

u 1 20

-10

-4l

Yan Y.-Y. et al., ACP, 2014, 2016
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2-way Couplmg Better Simulates Tropospheric CO
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2-way Coupling Improves Tropospheric Simulation
by Reducing Modeled Oxidative Capability

OH (105 cm3) 11.8

O; (DU) 34.5
O, (Tg) 384
NOx (TgN) 0.169
CO (Tg) 359

MCF lifetime (yr) 5.58
CH, lifetime (yr) 9.63
NMVOC (TgC) 10.1

11.2 (-5%* 10.4-10.9

315 (-8.7% ) 31.1 1 3 (omMI/MLS)
348 (-9.5%%)

0.176 (+4.1%)

398 (+10.8% &)

5.87 (+5.2%) 6.0-6.3

10.12 (+5.1%) 10.2-11.2

10.2

* Greater than its interannual variability (2.3%)
# @Greater than the change from 2000 to 2100 under RCP6.0
& Equivalent to a 25% increase in global CO emissions

Yan Y.-Y. et al., ACP, 2014, 2016
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Assimilation

» Data assimilation combines the strengths of observations
and numerical models to reproduce the evolution of the
atmosphere, where observations provide critical
information to adjust calculations of models.

ERA-40, EACA (B Hhily)
NCEP/NCAR, NCEP/DOE R-2

GEOS, MERRA, MERRA-2

JAXA (HZ)

CRA-Land (PES&F)

OVALS, PODEn4DVar (AR B AS )
Al-based or Al-aided?

» Extremely useful in meteorology, climate, and chemistry, etc.



Quiz

How to design surface measurement network
considering the costs and benefits?

Is it necessary to conduct targeted measurements for
specific (types of) events, and what would be the
scientific challenges?

. Should we retrieve many species from satellite remote
sensing using a single algorithm?

For a horizontal resolution of 200km, what is the
smallest scale a model can resolve?

How to balance the benefits and trade-offs in
accounting for the interactions between different model
components (e.g., atmosphere, ocean, chemistry, etc.)?

How can Al methods be used in combination with
physical models? What would be challenges and
benefits? Is Al for Science the future direction?




Surface Meteorological Measurement Stations
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