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Figure credit:  C. A. Randles

MERRA-2 AOD in September, 1997 during a strong El Niño that
exacerbated fires in Indonesia. Colors represent AOD from various
aerosol types: dust (orange), carbonaceous (green), sulfate (white),
and sea salt (blue).
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Abstract

The Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2)
was undertaken by NASA’s Global Modeling and Assimilation Office (GMAO) with two primary
objectives: to place observations from NASA’s Earth Observing System (EOS) satellites into a
climate context and to update the Modern-Era Retrospective analysis for Research and Appli-
cations (MERRA) system to include the most recent satellite data. Many advancements have
been incorporated into MERRA-2, which focuses on the satellite era (1980 – present). Notably,
MERRA-2 now includes an online implementation of the Goddard Chemistry, Aerosol, Radiation,
and Transport model (GOCART) integrated into the Goddard Earth Observing System Model,
Version 5 (GEOS-5) modeling system. GOCART simulates organic carbon, black carbon, sea salt,
dust, and sulfate aerosols as well as sulfate aerosol precursors (dimethyl sulfide, sulfur dioxide),
carbon monoxide and carbon dioxide. While the original MERRA assimilated only meteorological
parameters (winds, temperature, humidity, etc.), using the Goddard Aerosol Assimilation Sys-
tem (GAAS) we now extend MERRA-2 to include assimilation of bias-corrected aerosol optical
depth (AOD) from AVHRR and MODIS, MISR AOD over bright surfaces, and AERONET AOD.
Details of the evaluation of MERRA-2 aerosols, major findings and recommendations to users of
the MERRA-2 aerosol products are documented in this text.





Contents

List of Figures iv

List of Tables vi

1 Introduction 1

2 Aerosol model and emissions 3
2.1 GOCART aerosol module . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.2 Emissions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2.1 Natural emissions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2.2 Biomass burning emissions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2.3 Anthropogenic emissions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.3 Aerosol optical properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3 Aerosol assimilation in MERRA-2 16
3.1 Aerosol optical depth (AOD) analysis splitting . . . . . . . . . . . . . . . . . . . . . 17

3.1.1 Local Displacement Ensembles (LDEs) . . . . . . . . . . . . . . . . . . . . . . 18
3.1.2 Choice of control variable for the 2D AOD Analysis . . . . . . . . . . . . . . 19
3.1.3 AOD background correction and approximate analysis

averaging kernel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.2 Observations and errors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.2.1 Aerosol observing system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.2.2 Bias correction: Neural Net Retrievals . . . . . . . . . . . . . . . . . . . . . . 23
3.2.3 Observation and background model error . . . . . . . . . . . . . . . . . . . . 26

3.3 Assimilation innovation statistics (O − F and O −A) . . . . . . . . . . . . . . . . . 29

4 Evaluation of aerosols in MERRA-2 34
4.1 Timeseries of AOD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.2 Temporal and spatial patterns of AOD . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.3 Validation with independent observations of AOD . . . . . . . . . . . . . . . . . . . 36
4.4 Aerosol Index (AI) and Aerosol Absorption Optical Depth (AAOD) . . . . . . . . . 42
4.5 Vertical distribution of aerosols . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.5.1 Zonal mean aerosol mass mixing ratios . . . . . . . . . . . . . . . . . . . . . . 45
4.5.2 Comparisons to CALIPSO observations . . . . . . . . . . . . . . . . . . . . . 45
4.5.3 Comparisons to aircraft observations . . . . . . . . . . . . . . . . . . . . . . . 47

4.6 Surface aerosol mass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

ii



4.7 Dust transport and sea salt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.8 Volcanic eruptions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

5 Summary and recommendations 68

References 73

Appendices 85

A Acronyms 86

B Regional Timeseries 91

C Seasonal Means 126

iii



List of Figures

2.1 Spatial distribution of aerosol emissions . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Seasonal cycle of aerosol emissions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.3 Volcanic and biogenic emissions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.4 Spatial distribution of biomass burning emissions . . . . . . . . . . . . . . . . . . . . 10
2.5 Timeseries of biomass burning emissions . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.6 Timeseries of anthropogenic aerosol emissions . . . . . . . . . . . . . . . . . . . . . . 14

3.1 Aerosol observing system: Number of observations . . . . . . . . . . . . . . . . . . . 21
3.2 Satellite observations of AOD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.3 AERONET observations of AOD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.4 AVHRR and MODIS Neural Net Retrieval (NNR) AOD . . . . . . . . . . . . . . . . 26
3.5 Bias-corrected MODIS AOD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.6 AVHRR AOD before bias correction . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.7 Bias-corrected AVHRR AOD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.8 Standard deviation of O − F by sensor . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.9 Comparison of climatological background and analysis AOD by sensor . . . . . . . . 30
3.10 Probability distribution functions (PDFs) of O − F and O −A . . . . . . . . . . . . 31
3.11 Taylor diagrams of innovation statistics by sensor . . . . . . . . . . . . . . . . . . . . 32
3.12 Spatial distribution of O − F . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.1 Timeseries of AOD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.2 Seasonal climatology of AOD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.3 Comparison to historical shipborne AOD observations . . . . . . . . . . . . . . . . . 39
4.4 Comparison to Marine Aerosol Network (MAN) AOD . . . . . . . . . . . . . . . . . 40
4.5 Comparison to aircraft AOD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.6 Comparison to OMI UV Aerosol Index (AI) and absorption AOD (AAOD) . . . . . 44
4.7 Zonal mean aerosol mass mixing ratios . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.8 Aerosol backscatter profiles compared to CALIPSO . . . . . . . . . . . . . . . . . . . 48
4.9 Aerosol extinction and backscatter profiles compared to aircraft observations . . . . 49
4.10 Black carbon vertical profiles compared to HIPPO observations . . . . . . . . . . . . 51
4.11 Black carbon vertical profiles compared to ARCTAS observations . . . . . . . . . . . 52
4.12 Comparisons of PM2.5 over the United States . . . . . . . . . . . . . . . . . . . . . . 54
4.13 Comparisons of PM2.5 speciation over the United States . . . . . . . . . . . . . . . . 55
4.14 Comparisons to EANET surface measurements over Asia . . . . . . . . . . . . . . . 57
4.15 Daily surface dust at Barbados . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
4.16 Climatology of surface dust at Barbados and Miami . . . . . . . . . . . . . . . . . . 60

iv



4.17 Historical dust surface mass comparisons . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.18 Historical dust deposition comparisons . . . . . . . . . . . . . . . . . . . . . . . . . . 61
4.19 Meridional AOD over the North Atlantic . . . . . . . . . . . . . . . . . . . . . . . . . 61
4.20 RSMAS surface sea salt mass climatology comparisons . . . . . . . . . . . . . . . . . 62
4.21 RSMAS surface sulfate mass climatology comparisons . . . . . . . . . . . . . . . . . 63
4.22 Surface PM10 at Cayenne . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.23 Observed and simulated stratospheric AOD from Pinatubo . . . . . . . . . . . . . . 66
4.24 Observed and simulated SO2 after Pinatubo . . . . . . . . . . . . . . . . . . . . . . . 67
4.25 Observed, forecasted, and analyzed AOD after Pinatubo . . . . . . . . . . . . . . . . 67

v



List of Tables

2.1 Aerosol and precursor emissions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

3.1 Aerosol observing system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.2 Assimilation innovation statistics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.1 Global average AOD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

vi





Chapter 1

Introduction

The Modern-Era Retrospective analysis for Research and Applications, Version 2 is a NASA at-
mospheric reanalysis for the modern satellite era (1980 - onward) that uses the Goddard Earth
Observing System Model, Version 5 atmospheric data assimilation system (ADAS), version 5.12.4.
MERRA-2 is a follow-on to the original MERRA project, which was produced by the Global Mod-
eling and Assimilation Office (GMAO) using a 2005 version of the GEOS ADAS. One of the
primary motivations for MERRA-2 is that the original MERRA system, described in Rienecker
et al. (2008) and Rienecker et al. (2011), required updating to incorporate observations from new
satellites launched after NOAA-18 (i.e. NOAA-19, Metop-A, Metop-B, and Suomi NPP). In addi-
tion to heritage and follow-on instruments, MERRA-2 also incorporates atmospheric measurements
from new data sources such as GPS radio occultation and the NASA Aura satellite. Advances in
the GEOS-5 system since MERRA have resulted in many additional features to the MERRA-2
system. Compared to MERRA, the MERRA-2 system has reduced spurious trends and jumps
related to changes in the observing system, and biases and imbalances in the water cycle are re-
duced (Reichle and Liu, 2014; Takacs et al., 2015). This reanalysis is viewed as an intermediate
product between the original MERRA and a next-generation reanalysis that will couple the land,
ocean, and atmosphere. Molod et al. (2012) and Molod et al. (2014) detail the differences be-
tween the original MERRA system and MERRA-2. Additional MERRA-2 technical memoranda
include further details on the meteorological assimilation and observing system (McCarty, 2016)
and the MERRA-2 climatology, including the improved representation of the stratosphere, ozone,
and cryospheric processes (Bosilovich et al., 2016).
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In a significant step towards an Integrated Earth System Analysis (IESA), MERRA-2 now includes
fully modeled and analyzed aerosol fields, with radiative effects that feed back to the atmospheric
fields. Previously, GMAO had performed an off-line aerosol reanalysis, known as MERRAero, in
which bias-corrected MODIS aerosol optical depth (AOD) from Terra and Aqua was assimilated into
the GEOS-5 model driven by meteorology from MERRA for the period 2002 to present (Buchard
et al., 2015). Now, for MERRA-2, the aerosol and meteorological assimilations are performed
concurrently. Additionally, MERRA-2 incorporates AOD measurements from various NOAA Polar
Operational Environmental Satellites (POES), NASA Earth Observing System (EOS) platforms,
and NASA ground-based observations. This document provides a description and assessment of
the aerosol assimilation in the MERRA-2 system.

The assimilation system uses a cubed-sphere grid of approximately a half-degree resolution. The
aerosol assimilation is performed at eight synoptic times a day (0, 3, 6, 9, 12, 15, 18, and 21Z),
and output data is interpolated onto a regular grid with resolution 0.625◦ longitude × 0.5◦ lat-
itude. Archived data streams include three-dimensional profiles of aerosol mass mixing ratio
output for synoptic times on the native 72 eta-coordinate levels, and two-dimensional surface-
level or column-integrated aerosol diagnostics (e.g. wet deposition rate, surface mass concen-
tration) and properties (e.g. AOD) output hourly or every three hours. Two-dimensional grid-
ded files are also available as monthly and diurnal average files. The MERRA-2 data is avail-
able online through the Goddard Earth Sciences (GES) Data and Information Services Cen-
ter (DISC) (http://disc.sci.gsfc.nasa.gov/mdisc/). Documentation of the data access proce-
dures, file specifications, and related publications can be found at http://gmao.gsfc.nasa.gov/

reanalysis/MERRA-2/.
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Chapter 2

Aerosol model and emissions

This section describes the online GOCART aerosol module (Section 2.1), aerosol emissions (Section
2.2), and aerosol optical properties (Section 2.3) used in MERRA-2. More information about the
GEOS-5 ADAS system used for MERRA-2 can be found in Bosilovich et al. (2016) and McCarty
(2016). MERRA-2 related peer-reviewed publications can be found at http://gmao.gsfc.nasa

.gov/reanalysis/MERRA-2/pubs/.

2.1 GOCART aerosol module

Aerosols in MERRA-2 are simulated with an online version of the the Goddard Chemistry, Aerosol,
Radiation, and Transport model (GOCART, Chin et al., 2002; Colarco et al., 2010) and are radia-
tively active. GOCART treats the sources, sinks, and chemistry of dust, sulfate (SO4), sea salt, and
black (BC) and organic carbon (OC) aerosols. Aerosol species are assumed to be externally mixed.
Total mass of sulfate and hydrophobic and hydrophilic modes of carbonaceous aerosols are tracked.
For dust and sea salt, the particle size distribution is explicitly resolved across five non-interacting
size bins each (Colarco et al., 2010). Both dust and sea salt have wind-speed dependent emissions.
Primary sulfate (SO4) and carbonaceous aerosol species have emissions principally from fossil fuel
combustion, biomass burning, and biofuel consumption, with additional biogenic sources of partic-
ulate organic matter. Secondary sources of sulfate include chemical oxidation of SO2 and Di-Methyl
Sulfide (DMS), and we include a database of volcanic SO2 emissions and injection heights. Note
that we report organic mass as Particulate Organic Matter (POM) where POM = 1.4 × OC as

3
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Table 2.1: Aerosol and precursor emissions in MERRA-2

Aerosol Type Source Temporal Resolution Spatial Resolutiona,b

Dust Wind-driven emissions w/Ginoux et al. (2001) Model 0.3125◦× 0.25◦c
static topographic depression map

Sea Salt Wind-driven emissions Model Model
Volcanic (SO2) AeroCom Phase II (HCA0 v2; Diehl et al., 2012) Daily degassing (1980 – onwards) Point-sources

and daily eruptive (1980 – 2010)
Biogenic terpene Guenther et al. (1995) Monthly-mean climatology 2◦× 2.5◦
Di-Methyl Sulfide (DMS) Lana et al. (2011) Monthly-mean climatology 1◦× 1◦

Biomass Burning (SO2, POM, and BC) scaled RETROv2 (Duncan et al., 2003) Monthly-varying (1980 – 1996) 0.3125◦× 0.25◦
scaled GFEDv3.1 (Randerson et al., 2006) Monthly-varying (1997 – 1999) 0.3125◦× 0.25◦
QFED 2.4-r6 (Darmenov and da Silva, 2015) Monthly-varying (2000 – 2009) 0.3125◦× 0.25◦
QFED 2.4-r6 (Darmenov and da Silva, 2015) Daily-varying (2010 – onwards) 0.3125◦× 0.25◦

Anthropogenic SO2 EDGARv4.2 (Energy + Non-Energy) Annually-varying (1980 – 2008) 0.1◦× 0.1◦
(European Comission, 2011)

Anthropogenic SO4, POM, and BC AeroCom Phase II (HCA0 v1; Diehl et al., 2012) Annually-varying (1980 – 2006) 1◦× 1◦
International Ships SO2 EDGARv4.1 (European Commission, 2010) Annually-varying (1980 – 2005) 1◦× 1◦
International Ships SO4, POM, and BC AeroCom Phase II (HCA0 v1; Diehl et al., 2012) Annually-varying (1980 – 2007) 1◦× 1◦
Aircraft SO2 AeroCom Phase II (HCA0 v1; Diehl et al., 2012) Monthly-varying (1980 – 2006) 1◦× 1.25◦× 72-levels
a Model = MERRA-2 time-step of 30 minutes with spatial resolution of 0.5◦ latitude × 0.625◦ longitude.
b latitude × longitude
c Resolution is for source map (Ginoux et al., 2001); wind-driven emissions at model time-step and grid.

in Textor et al. (2006), but optical properties are reported for OC. Loss processes for all aerosols
include dry deposition, wet removal, and convective scavenging. Aerosol hygroscopic growth is
considered in computations of particle fall velocity, deposition velocity, and optical parameters.

Further details on the implementation of GOCART in the GEOS-5 model can be found in Co-
larco et al. (2010). A major function of the GEOS-5/GOCART system is to perform Observing
System Simulation Experiments OSSEs (Buchard et al., 2015; Colarco et al., 2014a; Nowottnick
et al., 2015). This system has been used for forecast and post-mission field support for numerous
National Aeronautics and Space Administration (NASA) field campaigns such as TC4, ARCTAS,
DISCOVER-AQ, and SEAC4RS (e.g. Bian et al., 2013; Buchard et al., 2014; Nowottnick et al.,
2011; Randles et al., 2016). It has also been used to investigate aerosol-climate interactions (Ran-
dles et al., 2013), interactions between aerosols and the Indian monsoon (Kishcha et al., 2014;
Pan et al., 2015), feedbacks due to Saharan dust heating (Colarco et al., 2014b), aerosol impacts
on tropical cyclones (Reale et al., 2014), and the aerosol impact on snow albedo (Yasunari et al.,
2014). Additionally, stratospheric aerosol perturbations and their chemical, radiative, and dynami-
cal impacts in GEOS-5 have been studied in the context of volcanic eruptions (Aquila et al., 2014),
geo-engineering (Pitari et al., 2014), and meteor inputs (Gorkavyi et al., 2013).
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Figure Credit: P. R. Colarco

Figure 2.1: Annual average aerosol emissions over the period 2000-2014 from MERRA-2. Emissions
are shown for (a) dust, (b) sea salt, (c) POM, (d) black carbon (BC), (e) primary sulfate (SO4)
and sulfate from oxidation of gaseous sulfur dioxide (SO2), and (f) SO4 from aqueous production.
Note: POM = Particulate Organic Matter = 1.4 × OC as in Textor et al. (2006). Carbonaceous,
SO2, and SO4 emissions are from all sectors (fossil fuel, biofuel, biomass burning, and biogenic if
applicable). The global mean climatological annual emission is given in the top right of each panel.
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Figure 2.2: Seasonal cycle of aerosol emissions over the period 2000-2014 from MERRA-2 (solid
black lines). Shading is the minimum and maximum emission over the period considered. Emissions
are shown for (a) dust, (b) sea salt, (c) sulfate (SO4) and (d) carbonaceous (BC + POM). For
sulfate, the dashed line in (c) indicates the contribution from chemical production of SO4 aerosols
(oxidation of SO2 and aqueous production); the difference between the solid and dotted line is due
to primary emissions of SO4 particles. For carbonaceous aerosols in (d), the contribution from
all anthropogenic, biofuel, and biogenic sources is indicated by the grey line, and the black line
includes these sources plus biomass burning emissions.
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2.2 Emissions

Table 2.1 summarizes the emissions for different aerosol types used by the GOCART aerosol module
in MERRA-2. Annually- and monthly-varying emissions are temporally interpolated using linear
interpolation, and emissions datasets are conservatively re-gridded to the native model grid. Figure
2.1 shows the spatial distribution of aerosol emissions averaged over the period 2000-2014, and
Figure 2.2 shows the seasonal cycle of globally averaged aerosol emissions over the same period.
With the exception of sea salt, the global, annual mean emissions of all aerosol types are similar to
the multi-model AeroCom Phase I median emissions (Textor et al., 2006). Sea salt emissions are
similar to those reported in Colarco et al. (2010).

2.2.1 Natural emissions

With the exception of volcanic sulfur dioxide, natural aerosols (dust and sea salt) are emitted in
the lowest model layer. SO2 emissions from volcanic eruptions are emitted in the upper third of the
database-provided volcanic plume height (the difference between the volcano altitude and specified
volcanic cloud top altitude; Diehl et al., 2012). Outgassing volcanoes emit at the altitude of the
volcano.

Dust. Dust emissions use a map of potential dust source locations based on the observed correlation
of dust emitting regions with large-scale topographic depressions (Fig. 2.1a; Ginoux et al., 2001).
In MERRA-2 the topographic map is updated and provided at 0.25◦ spatial resolution (P. Ginoux,
personal communication). For each of the five dust size bins, dust emissions depend on the wind
speed formulation of Marticorena and Bergametti (1995, their Eq. 6), and the threshold wind-speed
for emission also depends on soil moisture. Additional details on dust and sea salt emissions are
found in Colarco et al. (2014b). Global dust emissions peak during boreal summer due to Saharan
emissions (Fig. 2.2a), with a secondary peak in boreal spring primarily from Asian emissions (e.g.
Taklamakan and Gobi deserts).

Sea Salt The parameterization of sea salt aerosol production follows the formulation of size
dependent number flux in Gong (2003) but with a wind dependent term equal to u2.41

∗ , where u∗
is the friction velocity. Similar to the work of Jaeglé et al. (2011), we apply an independently
derived SST correction term which modulates the strength of the emissions. Global average sea

7



salt emissions are comparable to Colarco et al. (2014b) (Fig. 2.1b); however, emissions in the
"Roaring Forties" of the Southern Hemisphere and in the storm tracks of the Northern Hemisphere
are reduced. Sea salt emissions show a slight peak in austral winter (Fig. 2.2b).

Volcanic Emissions Volcanic emissions of SO2 were compiled for the AEROsol COMparisons be-
tween Observations and Models (AeroCom) Phase II project (Diehl et al., 2012) and cover eruptive
and degassing volcanos on all days from January 1, 1979 to December 31, 2010 (Fig. 2.3a). Volca-
noes included are listed in the Global Volcanism Program’s database provided by the Smithsonian
Institution (Fig. 2.3d). Subglacial and submarine volcanoes are excluded. Degassing volcanoes
from 2010 are repeated in later years but no eruptive volcanoes are included in MERRA-2 after
2010. As noted previously, the database provides volcano elevation and the estimated cloud-top
height of the eruption, the difference of which gives the estimated plume height. Eruptive volcanoes
emit in the upper third of the column defined by the volcano elevation and the cloud-top height;
outgassing volcanoes emit at the volcano elevation. Figure 2.3a shows the global average volcanic
SO2 emissions; major volcanic eruptions (e.g. Pinatubo, El Chichón) are apparent.

Biogenic Emissions Emissions of terpene from vegetation are oxidized to produce organic carbon
particles. In GOCART, this is treated simply following Chin et al. (2002), and a monthly-mean
varying climatology of terpene emissions is used (Fig. 2.3b, Guenther et al., 1995). The spatial
distribution of terpene emissions is shown in Figure 2.3c. Di-Methyl Sulfide (DMS) emissions
from marine algae are based on the monthly varying climatology described in Lana et al. (2011).
DMS oxidizes to produce both SO2 and methane sulfonic acid (MSA). Figures 2.3b and 2.3e show
the seasonal cycle and spatial distribution of MSA and SO2 produced from DMS emissions in
MERRA-2.

2.2.2 Biomass burning emissions

Importantly, the time-frequency of biomass burning emissions differed between different periods
of MERRA-2. Between 1980 and 2009 emissions were monthly-mean varying, and daily-mean
emissions were used after 2010. Owing to the intense vertical mixing associated with fires, we
distribute biomass burning emissions uniformly throughout the Planetary Boundary Layer (PBL)
in the grid box where the fire emission occurs. Figure 2.4 shows the climatological seasonal mean
spatial distribution of carbonaceous biomass burning aerosol emissions in MERRA-2, and the global
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Figure 2.3: Volcanic and biogenic emissions in MERRA-2. (a) Timeseries of degassing and eruptive
volcanic SO2 emissions from Diehl et al. (2012). (b) Repeating seasonal cycle of global average
emissions of biogenic POM over land and production of SO2 and MSA from DMS emissions over
the ocean. (c) Annual-mean spatial distribution of biogenic POM emissions. (d) Location and
relative magnitude of SO2 emissions from degassing volcanos (Diehl et al., 2012). (e) Annual-mean
spatial distribution of SO2 and MSA production from oxidation of DMS.
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Figure 2.4: Climatology of biomass burning carbonaceous aerosol (POM + BC) emissions in [µg
m−2 s−1] for June-July-August (left) and December-January-February (right) for the period 1980-
2014. Global emissions are highest during JJA and are concentrated in boreal forests, the southern
African savannah, and the Amazon Basin. In DJF, emissions are prominent over the Sahel and
southeast Asia.

mean and regional time series of emissions are shown in Figure 2.5. Spatial and temporal patterns
of biomass burning SO2, CO and CO2 emissions are similar to the patterns of the carbonaceous
aerosol emissions and are not shown here. Below we provide additional details on the biomass
burning emissions databases used in MERRA-2.

QFED (Y2000 - onward): After 2000, emissions of carbonaceous aerosol (POM and BC),
sulfur dioxide (SO2), carbon monoxide (CO) and carbon dioxide (CO2) from biomass burning are
obtained from the Quick Fire Emissions Dataset (QFED) version 2.4-r6 (Darmenov and da Silva,
2015). QFED is based on the top-down Fire Radiative Power (FRP) approach and draws on the
cloud correction method used in the Global Fire Assimilation System (GFAS, Kaiser et al., 2012),
but in addition it employs a more sophisticated treatment of emissions from non-observed land
areas (Darmenov and da Silva, 2015). FRP and locations of fires are obtained from the MODerate
Resolution Imaging Spectroradiometer (MODIS) Level 2 fire products and the MODIS Geolocation
products. Data from the Level 2 fire products are gridded at 0.3125◦ × 0.25◦ longitude by latitude
horizontal resolution and combined to create daily mean emissions at the same resolution. A diurnal
cycle is imposed online on the daily mean emission values that is more prominent in the tropics
and gradually weakens in the higher latitude extratropical temperate zones. Monthly mean QFED
emissions are used for 2000-2009, and daily emissions are used from 2010 onwards.
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Figure credit: C. A. Randles
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Figure 2.5: Timeseries of carbonaceous aerosol emissions (BC + POM) in Tg month−1 from biomass
burning sources averaged globally (grey line; same in all panels) and over several major source re-
gions (panels). For the regional emissions, red and green shading indicates the relative contribution
of POM and BC to the total carbonaceous aerosol emissions. Blue (pink) shading indicates when the
Southern Oscillation Index (SOI) is positive (negative) corresponding to La Niña (El Niño) episodes.
SOI is from the NOAA Climate Prediction Center (CPC; http://www.cpc.ncep.noaa.gov).

11

http://www.cpc.ncep.noaa.gov


HFED (Y1980-Y1999): For the period 1980 to 1999, we have compiled an historical, homoge-
nized emissions database (HFED) of monthly mean biomass burning emissions of POM, BC, and
sulfur dioxide (SO2). For the period 1980 to 1996, HFED relies on the RETROv2 emissions from
Duncan et al. (2003), which used fire data from AVHRR and ATSR and the Aerosol Index (AI)
from the TOMS instrument to estimate the dry mass burned in eight global regions. Between
1997 and 1999, HFED emissions utilize the Global Fire Emissions Database, Version 3.1 (GFED)
(Randerson et al., 2006; van der Werf et al., 2006). GFED was compiled using satellite data and
the Carnegie-Ames-Stanford Approach (CASA) biogeochemical model. For continuity between
the MERRA-2 streams, we bias-corrected the underlying HFED data sources (RETROv2 and
GFED), with respect to the Quick Fire Emissions Dataset (QFED). The correction was done using
GFEDv3.1 and QFEDv2.4-r6 (Darmenov and da Silva, 2015) for the period 2003-2011. First, we
computed monthly, spatially varying fractional contributions of emissions from the tropical forest,
extra-tropical forest, savannah and grassland biomes using the QFED climatology. These fractional
contributions were then used to stratify the monthly GFED emissions by biome. Next, for each
biome, the estimated GFED emissions were used to determine a scaling factor by means of a linear
regression between the globally integrated QFED and GFED emissions. The final product, the
corrected GFED emissions, was computed as the sum over the biomes of the scaled GFED biome-
stratified emissions. Due to the similarities between emissions from RETROv2 and GFEDv3.1, the
aforementioned biome-specific scaling factors were applied to RETROv2 in order to correct it in a
similar manner.

2.2.3 Anthropogenic emissions

With the exception of aircraft and energy-sector sulfur dioxide, anthropogenic aerosol sources emit
into the lowest model layer. Additional details of the anthropogenic emissions are described be-
low. Figure 2.6 shows the time series of anthropogenic aerosol emissions used in MERRA-2 with
contributions from the different sectors described below.

Energy and Non-Energy Sulfur: Anthropogenic emissions of SO2 derive from the Emissions
Database for Global Atmospheric Research (EDGAR), version 4.2 database that covers the period
1970 - 2008 (European Comission, 2011). After this period, we repeat 2008 emissions. Energy-
sector and non-energy sector emissions of SO2 are included, with power-plant emissions emitted
between 100 and 500 m above the surface (Buchard et al., 2014). Non-energy emissions (from trans-
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portation, manufacturing, and residential sectors) are emitted in the lowest model layer. Additional
information about EDGAR is found at http://edgar.jrc.ec.europa.eu/.

Anthropogenic Carbonaceous and Primary Sulfate: For anthropogenic carbonaceous (POM
and BC) and primary sulfate (SO4) aerosol emissions, we used the AeroCom Phase II dataset (HCA0
v1) described in Diehl et al. (2012) (see also see also http://aerocom.met.no/emissions.html).
For carbonaceous aerosol, this database uses the 1996 gridded inventory from Bond et al. (2004)
and yearly global emission trends for 17 regions from Streets et al. (2008) and Streets et al. (2009).
Sectors included are residential, biofuel, industry, power, and land and inland waterway transport.
These emissions from AeroCom cover the period 1979-2006. After this period, we repeat the 2006
emissions.

International Shipping: SO4, POM and BC emissions from ocean-going ships were derived
from the gridded emission dataset of Eyring et al. (2005) downscaled to 1◦× 1◦ using the EDGAR
v4.1 ship SO2 spatial distribution (Diehl et al., 2012). Annual ship emissions from 1980 to 2007
were computed via linear interpolation between the available years mapped onto the EDGAR
v4.1 grid, assuming no change in shipping routes and attributions to the individual species. In
MERRA-2, emissions from 2007 are repeated in subsequent years. In contrast, for ship SO2 we use
the emissions available directly from EDGAR v4.1 (European Commission, 2010). Annual emissions
of ship SO2 were available for 1975, 1980, 1985, 1990, 1995, and 2000-2005, and interpolated for
the remaining years (2005 emissions are repeated thereafter).

Aircraft: Monthly aircraft emissions of sulfur dioxide derive from the AeroCom Phase II dataset
(HCA0 v1) and cover the period 1976-2006; after this time emissions from 2006 are repeated. The
AeroCom emissions (Diehl et al., 2012), which we vertically interpolated to the 72-layer GEOS-5
grid, were derived from a 3-dimensional gridded inventory of burned fuel generated within the
framework of NASA’s Atmospheric Effects of Aviation Program (AEAP). The AEAP inventory
covers the years 1976, 1984, 1992, 1999, and 2015 for both scheduled and non-scheduled (military,
charter, general aviation) air traffic. While the years 1976, 1984, 1992, and 1999 are based on
actual aircraft data, the data for 2015 is based on a projection study, and the non-scheduled data
for 1999 was derived via interpolation. The interpolation approach of Diehl et al. (2012) prevented
the gradual generation of new flight patterns (i.e. new flight patterns are only introduced based
on actual air traffic data). We convert fuel to emitted SO2 using an emission factor of 0.8 g SO2

per kg fuel.
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Figure credit: C. A. Randles

Figure 2.6: Timeseries of anthropogenic emissions from all sources (aircraft, international shipping,
land transport, and energy sectors, both fossil and bio-fuels) for (a) black carbon, (b) particulate
organic matter (POM = 1.4 × OC), (c) primary SO4, and (d) SO2 gas. The solid filled line is the
total global emission in Tg yr−1, circles are the emissions totaled over Europe, and triangles are for
the southern part of Asia (see inset maps for region definitions). Emission trends over additional
regions, as well as emissions broken down by sector, can be found in Diehl et al. (2012).

2.3 Aerosol optical properties

GOCART simulates three-dimensional profiles of aerosol mass mixing ratios which are converted
into vertical profiles of optical properties such as extinction, scattering, and absorption. For all
aerosols besides dust, optical properties derive from Mie-theory (Wiscombe, 1980), where we have
assumed a dry size distribution and spherical particles for carbonaceous and sulfate aerosols (spher-
ical sea salt optics are resolved over the five representative dry size bins). Optical properties are
primarily from the commonly used Optical Properties of Aerosols and Clouds (OPAC) data set
(Hess et al., 1998). The assumed particle dry sizes for sulfate and carbonaceous aerosols can be
found in Chin et al. (2002, Table 2), except the maximum radius is 0.3 µm. For most hydrophyl-
lic aerosols (sulfate and a portion of the carbonaceous species), the impact of increased particle
size with increased humidity (hygroscopic growth) is considered following Chin et al. (2002), with
refractive indices and growth factors from OPAC. The sea salt sub-bin distribution follows Gong
(2003) with growth factors from Gerber (1985) and refractive indices from OPAC. Note that upon
emission, 80% of black carbon and 50% of particulate organic matter is considered hydrophobic.
We include chemical processing, or aging, following Chin et al. (2002), converting hydrophobic
aerosol to hydrophilic assuming an e-folding timescale of 2.5 days (Maria et al., 2004). We have
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recently updated our dust optical properties data set to incorporate non-spherical dust properties
based on Meng et al. (2010) as described in Colarco et al. (2014b). This update permits, for ex-
ample, calculation of the aerosol depolarization ratio. Further details and evaluation of the aerosol
optical properties are given in Colarco et al. (2010), Randles et al. (2013), Colarco et al. (2014b),
and Buchard et al. (2015). In Chapter 4 we present the time-series, climatology and independent
verification of MERRA-2 aerosol optical properties and vertical distribution.
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Chapter 3

Aerosol assimilation in MERRA-2

We briefly describe the Goddard Aerosol Assimilation System (GAAS). More details can be found
in Buchard et al. (2015) and Buchard et al. (2016).

It is important to note that GEOS-5/GOCART carries speciated aerosol mass as prognostic tracers.
Aerosol optical depth (AOD), a column-integrated property, is derived as:

AOD = y =
∑
z,i

xi × bext,i(RH) × ∂z (3.1)

where xi is the concentration of 15 species i (dust (5 size bins), sea salt (5 size bins), hydrophobic
and hydrophilic black carbon and organic carbon, and sulfate (SO4)), ∂z is the layer thickness,
and bext,i(RH) is the species-specific extinction coefficient derived from Mie-theory (Section 2.3).
The extinction coefficient may, depending on the species, be a function of relative humidity (RH).
The assimilation constrains the simulated AOD to first order given the speciation and vertical
distribution of aerosols simulated by the forecast model (GEOS-5/GOCART). (N. B. the use of
Local Displacement Ensembles (LDEs) described in Section 3.1.1 can impact the strict validity of
this statement). GOCART aerosol optical properties for BC, OC, sea salt, and sulfate as a function
of species and relative humidity are presented in Randles et al. (2013, Supplemental Table S1 and
Figure S1). Colarco et al. (2014b) details the optical treatment of dust aerosol in MERRA-2.
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3.1 Aerosol optical depth (AOD) analysis splitting

The AOD analysis in GEOS-5 is performed by means of analysis splitting. First, every 3 hours a
2-D analysis of AOD is performed using error covariances derived from innovation data using the
maximul-likelihood method of Dee and da Silva (1999). The AOD analysis equation can be written
as:

τa ≡ Hxa = H(xf + δxa)

= τ f + δτa

= τ f + HPfHT (HPfHT + R)−1(τ o − Hxf )

(3.2)

AOD is denoted by τ . The superscripts o, f and a indicate observation, forecast, and analysis,
respectively. H is the linear observation operator that converts aerosol mass concentration (x) to
AOD. The operators Pf and R are the background and observation error covariance matrices,
respectively. The AOD analysis increments δτa are computed using a 2D version of the Physical-
space Statistical Analysis System (PSAS, Cohn et al., 1998). For algorithm consistency, this analysis
is performed using a natural log-transformed control variable (η = ln(AOD+ 0.01); Section 3.1.2).

Once the AOD analysis increments are obtained, the next step is to derive 3D analysis increments for
the mixing ratio of each aerosol species, δxa

i . Previous studies (e.g. Zhang et al., 2008, and references
therein) have opted to simply scale the mixing ratio increments as to promote consistency with
the analyzed AOD at each gridpoint, a procedure that does not make any use of error covariance
information. Here we seek a relationship relating analysis increments of AOD to analysis increments
of aerosol species mixing ratio that involve the corresponding error covariance operators. From the
mixing ratio analysis equation implicit in Equation 3.2, the vertical structure of δxa is determined
by the operator PfHT . Therefore we seek an operator Q such that

δxa = PfHT Qδτa (3.3)
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Imposing the condition Hδxa = δτa leads to

Q = (HPfHT )−1 (3.4)

Substituting Equation 3.4 into Equation 3.3 we arrive at:

δxa = PfHT (HPfHT )−1δτa (3.5)

Notice that the observation error covariance matrix R is not involved in Equation 3.5, and that
this expression is invariant to any scaling of the background error covariance operator Pf .

In principle, solving Equation 3.5 requires the 3D error covariance operator, including vertical and
horizontal correlations. However, for computational reasons, we solve this equation for each vertical
column separately, as the main purpose of this step is to project the horizontal AOD increments
into the vertical and across species. As described in Buchard et al. (2015) and Section 3.1.1, we
employ a Local Displacement Ensemble (LDE) formulation to solve Equation 3.5.

3.1.1 Local Displacement Ensembles (LDEs)

In order to evaluate Equation 3.5 we employ an ensemble formulation. Let

X = (x1 x2 ... xE) (3.6)

where X is a nq × nE matrix (nq is the number of aerosol concentration tracers times the number
of vertical levels and nE is the number of ensemble perturbations), for a particular column. From
Equation 3.2 it follows that

Y ≡ HX = (Hx1 Hx2 ... HxE)

= (τ1 τ2 ... τE)
(3.7)
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Approximating the background error covariance matrix by Pf ∼ XDXT , where D is a diagonal
matrix allowing for the weight of the ensemble perturbations, Equation 3.5 can be written as the
unbiased linear regression equation:

δxa = XDYT (YDYT )−1δτa (3.8)

At this point we have made no assumption about the nature of the ensemble perturbations.
MERRA-2 did not include an ensemble of aerosol forecasts, and a practical approach was de-
veloped to produce ensemble perturbations capable of producing realistic speciation and vertical
structures for the mixing ratio analysis increments. The underlying assumption of our error co-
variance modeling exercise is that aerosol forecast errors are due primarily to misplacements of
aerosol plumes. Implicit in this assumption is that the AOD analysis (Eq. 3.2) removes any sys-
tematic biases. For each gridpoint, ensemble perturbations are formed by computing the difference
of background aerosol mixing ratios from this central gridpoint and adjacent gridpoints within a
radius R (taken as 1,000 km in MERRA-2). Ensemble perturbations are weighted according to
exp(−4(τ f − τa)2) so that nearby gridpoints that better match the AOD analysis receive higher
weights.

3.1.2 Choice of control variable for the 2D AOD Analysis

Since AOD is not a normally distributed variable (e.g. O’Neill et al., 2000), the 2D analysis in
Equation 3.2 is performed using the natural log-transformed AOD,

η = ln(τ + ε) (3.9)

as the control variable. The parameter ε = 0.01 is chosen as to render the distribution closest to a
Gaussian using a probability plot technique (Chambers et al., 1983). Notice that for small values
of τ the log-transformed variable η is linear in τ and approaches ln τ for large AOD. This choice of
control variable avoids the classical problem of log-normal distributions for small values of τ and
allows for multiplicative rather than additive corrections for large τ (Henze et al., 2009; Saide et al.,
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2013). Notice that AOD errors τ ′ are related to η′ errors by

τ ′ ≈ (τ + ε)η′ (3.10)

Therefore, even when η errors are Gaussian and flow independent, AOD errors are a sum of flow
dependent (τη′) and flow independent (εη′) components. To preserve linearity, analysis increments
δηa are converted back to δτa before use in Equation 3.8.

3.1.3 AOD background correction and approximate analysis
averaging kernel

The MERRA-2 meteorological analysis is performed 6-hourly, while the AOD analysis occurs every
3 hours. For efficiency reasons, the overall analysis cycle in MERRA-2 is controlled by the me-
teorological assimilation, with two independent AOD analyses being performed within each cycle.
Consider the 12Z analysis cycle. The AOD analysis is performed at 9Z and 12Z, using backgrounds
that are forecasts from 6Z. The corresponding update of the GEOS-5 aerosol state occurs at 9Z
and 12Z. At 12Z the proper background state should be a forecast from 9Z rather than from 6Z as
in the (off-line) AOD analysis. Therefore a background correction is in order to account for this
mismatch in background states. Denoting the previous AOD analysis and background by τ̂a and
τ̂ f , respectively, it can be shown that

τa = τ̂a + (I − A)
(
τ f − τ̂ f

)
(3.11)

where τa and τ f are the proper analysis and forecast at 12Z, and A = KH is the analysis averaging
kernel with K being the usual Kalman gain. For typical satellite swaths, the operator A evaluates
to approximately zero outside the swath leading to simple replacement of background in those
regions; elsewhere Equation 3.11 provides a background correction that depends on the details of
the analysis.

In practice, a diagonal approximation for the analysis averaging kernel A is utilized. In such ap-
proximation, an additional AOD analysis is performed with all innovations set to 1 while preserving
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Global Number of Observations per Month by Sensor

Figure 3.1: Total global monthly observations from AVHRR, MODIS Terra over land (MODL)
and ocean (MODO), MODIS Aqua over land (MYDL) and ocean (MYDO), MISR over bright
surfaces (deserts), and AERONET. Note the data counts for AERONET and MISR are very small
compared to MODIS. Stronger cloud contamination in the Southern Hemisphere relative to the
Northern Hemisphere imparts a seasonal variation on the data volume for the satellite sensors
during the EOS period.

the actual observational coverage. This averaging kernel field is computed as the second step of
each AOD analysis and is provided as an additional diagnostic for MERRA-2. Such an algorithm
can be derived as a limiting case of a banded approximation for the Kalman gain K (derivation
not shown).

3.2 Observations and errors

3.2.1 Aerosol observing system

The observing system sensors used by the GAAS are shown in Table 3.1. Here we provide a brief
description of each sensor and its AOD retrieval algorithm(s). Additional information can be found
in the cited publications. Figure 3.1 shows the total number of monthly global observations used in

Table 3.1: MERRA-2 aerosol optical depth (AOD) Observing System Sensors

Sensor Temporal Coverage Description
AVHRR NNR* 1979 - August 2002 PATMOS-x radiances over ocean only (PM orbit)
AERONET Station Dependent (∼1999 - October 2014) AOD from land station network
MISR February 2000 - June 2014 AOD over bright land surfaces only (albedo > 0.15)
MODIS Terra NNR* March 2000 - present (NRT**) "Dark Target" C5 land and ocean radiances (AM orbit)
MODIS Aqua NNR* August 2002 - present (NRT**) "Dark Target" C5 land and ocean radiances (PM orbit)
N.B.: *NNR refers to Neural Net Retrieval (See Section 3.2.2). **MODIS data is available in Near Real Time (NRT).
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the assimilation by sensor. Note that Advanced Very High Resolution Spectroradiometer (AVHRR)
observations are only over the ocean, and the seasonal cycle in the MODIS observations is due to
the orbital coverage of the satellite combined with higher cloud contamination at high latitudes.
Figures 3.2 and 3.3 show the climatological annual mean number of observations and annual mean
log-transformed AOD (i.e. Eq. 3.9; hereafter referred to as log-space or log-transformed) for each
satellite sensor and the ground-based network used in MERRA-2. Note that the log-transform of
the AOD is taken to make the AOD distribution more Gaussian, an assumption necessary for most
statistical calculations. The offset value ε = 0.01 in Eq. 3.9 insures that no negative values are
obtained from the log-transform of AOD.

• Advanced Very High Resolution Spectroradiometer (AVHRR): A series of 10
AVHRRs have flown on NOAA polar-orbiting satellites for over 25 years. We utilize the 25-
year record of AOD retrieved from the inter-calibrated radiances in the AVHRR Pathfinder
Atmosphere-Extended (PATMOS-x) data set. The PATMOS-x radiance dataset was recali-
brated using radiances from MODIS (Heidinger et al., 2014). N. B. The aerosol assimilation
does not use the official PATMOS-x AOD product, but rather the Neural Net Retrieval AOD
derived from radiances and described in Section 3.2.2.

• AEROsol RObotic NETwork (AERONET): AERONET is a global ground-based
network of automatic sunphotometers that measure direct sun and sky radiances at several
wavelengths (Holben et al., 1998). AOD is obtained from direct sun measurements with an
accuracy to within ± 0.015. In the assimilation, we used cloud-screened Level 2.0 data (quality
assured) (Smirnov, 2000). Because it is not available in NRT, AERONET data assimilation
stops on October 29, 2014.

• MODerate Resolution Imaging Spectroradiometer (MODIS): The MODIS instru-
ments aboard the Terra and Aqua spacecraft provide approximately two-day coverage of the
global multi-spectral aerosol optical depth at 10 × 10 km2 resolution (Remer et al., 2008).
NASA Earth Observing System (EOS) Terra was launched in December 1999, and the MODIS
Terra sensor retrieves AOD at approximately 10:30 local solar time at the equator. NASA
EOS Aqua launched in May 2002, and the MODIS Aqua sensor retrieves AOD at approxi-
mately 13:30 local solar time at the equator. AOD is retrieved separately over land (Levy
et al., 2007, "Dark Target") and ocean (Remer et al., 2005). N. B. The aerosol assimila-
tion does not use the official MODIS Collection 5 AOD product, but rather the Neural Net
Retrieval AOD derived from Collection 5 MODIS radiances (see Section 3.2.2).
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• Multi-angle Imaging SpectroRadiometer (MISR): The MISR instrument flying on
the Terra spacecraft uses multiple camera views to retrieve multi-spectral aerosol optical
properties including aerosol optical depth at 16 × 16 km2 spatial resolution with about eight-
day global coverage. MISR’s multi-angle capability allows for aerosol characterization and
retrievals over bright surfaces (Diner et al., 1998; Kahn et al., 2005). N. B. To provide
observations in regions where MODIS C5 Dark Target does not retrieve AOD, in MERRA-2
we use MISR AOD version 22 retrievals ONLY over bright surfaces (albedo > 0.15) in the
aerosol assimilation. Because it is not available in NRT, MISR data assimilation stops on
June 30, 2014.

3.2.2 Bias correction: Neural Net Retrievals

Satellite aerosol product assimilation requires careful data quality assurance and bias removal
(Zhang et al., 2014). GEOS-5 includes assimilation of bias-corrected AOD observations from
AVHRR and the MODIS sensors on both Terra and Aqua satellites. The bias correction algo-
rithm involves cloud screening and homogenization of the observing system by means of a neural
net scheme that translates cloud-cleared observed reflectances into AERONET-calibrated AOD
(referred to hereafter as the Neural Net Retrieval or NNR). Based on the work of Zhang and Reid
(2006) and Lary et al. (2010), we originally developed a back-propagation neural network to correct
observational biases in MODIS AOD operational retrievals. Later this system evolved into a neural
net type of retrieval using observed reflectances. Note that in addition to the bias correction from
the neural net scheme, upon assimilation of the NNR AOD in GAAS, online quality control is
performed with the adaptive buddy check of Dee et al. (2001).

To derive 10-km resolution MODIS NNR AOD, over-ocean predictors include Level-2 multi-channel
top-of-the-atmosphere (TOA) reflectances, glint, solar and sensor angles, cloud fraction (pixels are
discarded when cloud fraction > 70%), and albedo derived using GEOS-5 surface wind speeds.
Over land, predictors are the same, except the climatological albedo is included for pixels with
surface albedo < 0.15. The target of the NNR algorithm is the log-transformed AERONET AOD.
For the AVHRR NNR AOD, the neural net predictors over ocean are the AVHRR Pathfinder
Atmosphere-Extended (PATMOS-x) TOA radiances at 630 and 860 nm (Heidinger et al., 2014),
total precipitable water (TPW), ocean albedo (wind speed), solar and sensor angles, and the clima-
tological GEOS-5 fractional AOD speciation. The AVHRR NNR targets the MODIS NNR AOD
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Figure 3.2: Climatological annual-mean number of observations (left) and annual
mean log (AOD + 0.01) (right) included in the assimilation from AVHRR (top row 1982-
1999), MODIS Terra (second row; 2001-2014), MODIS Aqua (third row; 2003-2014), and MISR
(bottom row; bright surface only; 2001-2012). Grey shading indicates regions with no data. Note
the different scales for the observation counts.
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Figure 3.3: Same as Figure 3.2 but for AERONET (2000-2013) observations. Note that not all
stations have observations covering the entire period. Grey shading indicates regions with no data.

for consistency of the observing system (Fig. 3.4).

The performance of the MODIS C5 NNR AOD observations were evaluated against other obser-
vational datasets in the WRF-Chem data assimilation system (Saide et al., 2013). Post-processing
techniques such as the NNR reduce biases relative to independent AERONET observations of AOD
compared to assimilation of operational MODIS Level 2 retrievals. Additionally, compared to other
AOD bias correction schemes (e.g. Zhang and Reid, 2006), Saide et al. (2013) found that the NASA
NNR retrieval produces higher error reductions because of a less restrictive cloud fraction require-
ment (and thus increased data availability).

Figure 3.5 shows the impact of the Neural Net Retrieval (NNR) bias correction on MODIS Aqua
AOD. Clearly, the NNR algorithm greatly reduces the bias in AOD relative to AERONET, where
the stations considered were not used in the training of the neural network. Figure 3.6a compares
the PATMOS-x AVHRR AOD to AERONET, and Figure 3.6b compares this same AVHRR AOD to
our previous aerosol assimilation (MERRAero). The original observations (Fig. 3.6a) show a high
bias compared to AERONET. Compared to MERRAero, which included assimilation of MODIS
NNR AOD, we primarily see that the AVHRR observations are biased for lower AOD. Breaking
down the AVHRR comparison to MERRAero by species (as determined from MERRAero; Fig.
3.7, left column), we can see much of the bias in the total AOD relative to MERRAero (Fig. 3.6a
and 3.6b) is due to sea-salt aerosol (Fig. 3.7e). Bias-correction of the PATMOS-x AVHRR AOD
(Fig. 3.7, right column) removes the biases both for the total AOD as well as the biases in the
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Figure credit: A. da Silva

Figure 3.4: Comparison of AVHRR NNR AOD (top) and ocean-only MODIS Aqua NNR AOD
(bottom) in July 2008 at 550 nm. Here we see that the the NNR retrieval used for AVHRR
provides continuity in the distribution of AOD between these two sensors.

species-specific AOD compared to MODIS NNR AOD.

3.2.3 Observation and background model error

Recall that forecast error (background error covariance matrix Pf ) is computed from innovation
time-series (observation - forecast difference; τ o − Hxf ) using the maximum likelihood algorithm
of Dee and da Silva (1999) (Section 3.1). An upper limit of the updated forecast model error is
the standard deviation of observation minus forecast (O − F ) shown in Figure 3.8. Note that this
upper bound on error is reduced for MODIS Aqua compared to MODIS Terra because the forecast
time for the former more recently was impacted by observations. The morning overpass time of
Terra means that the forecast was last informed by observations the previous day at the latest.
Figure 3.9 compares the background (forecast) AOD and analysis AOD by sensor. This shows that
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(a) MODIS Aqua Observations before NNR (b) MODIS Aqua after NNR
Figure credit: A. da Silva

Figure 3.5: Comparison of MODIS Aqua AOD to co-located AERONET observations (a) prior to
bias correction and (b) after bias-correction using the neural network retrieval (NNR). Note, here
we show log (AOD + 0.01).

(a) NOAA CDR AVHRR AOD v. AERONET (Y2008) (b) NOAA CDR AVHRR AOD v. MERRAero (Y2008)

Figure credit: A. da Silva

Figure 3.6: Comparison of the NOAA AVHRR Pathfinder Atmosphere-Extended (PATMOS-x) Cli-
mate Data Record (CDR) to AERONET (left) and MERRAero (right) at 630 nm. All comparisons
are for Y2008.
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(a) Total CDR AOD

(c) CDR Dust AOD

(e) CDR Sea Salt AOD

(g) CDR Sulfate AOD

(i) CDR Carbonaceous AOD

(b) Total NNR AOD

(d) NNR Dust AOD

(f ) NNR Sea Salt AOD

(g) NNR Sulfate AOD

(j) NNR Carbonaceous AOD

Figure credit: A. da Silva

Figure 3.7: Comparison of the AVHRR PATMOS-x AOD to MERRAero (left column) for the
total aerosol optical depth (top row) and stratified by aerosol species (remaining rows). A similar
comparison is shown in the right column, but now comparing the AVHRR NNR AOD to MODIS
NNR observations.
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(a) AVHRR Std. Dev. O-F (1979-2002) (b) MODIS Terra and MISR Std. Dev. O-F (2000-2015) (c) MODIS Aqua Std. Dev. O-F (2002-2015)

Figure credit: C. A. Randles

Figure 3.8: Standard deviation of observation minus forecast (O−F ) for (a) AVHRR, (b) MODIS
Terra plus MISR over bright surfaces, and (c) MODIS Aqua. This represents the upper bound of
the forecast error in log-transformed AOD space.

on average, the analysis resembles the background (forecast), though there are clear regions where
a strong impact of observations can be seen (e.g. over parts of Asia and northern Africa).

3.3 Assimilation innovation statistics (O − F and O − A)

Table 3.2 shows for pairwise observations (O) and forecast (F ) or assimilation (A) data, the Pear-
son’s correlation coefficient (r), the root mean square of the difference (RMS), the standard devia-
tion of the differences (STDV), and the mean difference (mean O− F or O−A). All statistics are
calculated in log-space (log (AOD + 0.01)). Probability distribution functions (PDFs) of observa-
tion minus forecast (O − F ) and observation minus analysis (O − A) in log-space for each sensor
in Table 3.2 are shown in Figure 3.10. PDFs are calculated by fitting a gaussian kernel density
estimator (KDE, Scott, 1992; Silverman, 1986) to all co-located (spatial and temporal) observed
and modeled (analysis or forecast) AODs in log space covering the years indicated. Note that for
AVHRR, here we only consider years after the Pinatubo volcanic eruption (1993 – onward). In
Section 4.8 we explain the impacts of this major volcanic eruption on the assimilation and speci-
ated AOD. With the exception of the MISR instrument, the GEOS-5 forecast indicates lower AOD
than observed. After the assimilation, the differences between the analysis and observations ared
reduced towards zero, though there is more spread in the distribution over land compared to over
ocean. The spread in the O − A distributions are due in part to the influence of other sensors.
Figure 3.11 summarizes the improved statistics between sensor observations and the analysis as
compared to the forecast in the form of Taylor diagrams.
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MERRA-2 Forecast AOD (AVHRR; 1979-2002) MERRA-2 Analysis AOD (AVHRR; 1979-2002)

MERRA-2 Forecast AOD (MODIS Aqua, 2002-2015) MERRA-2 Analysis AOD (MODIS Aqua, 2002-2015)

MERRA-2 Forecast AOD (MODIS Terra + MISR, 2000-2015) MERRA-2 Analysis AOD (MODIS Terra + MISR, 2000-2015)

Figure credit: C. A. Randles

Figure 3.9: Background (left column) and analysis (right column) AOD for AVHRR (top row),
MODIS Terra plus MISR over bright surfaces (middle row), and (c) MODIS Aqua (bottom row).
Grey regions are regions of no data.
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Table 3.2: MERRA-2 statistical relationship between pairwise observations (O) and forecast (F )
or assimilation (A) computed in log-transformed space.

Sensor n r STDV RMS BIAS
Forecast Statistics (O vs. F or O − F for Bias)

AVHRR (1993-1999) 62,509,004 0.827 0.317 0.363 -0.177
AERONET (2000-2013) 230,629 0.896 0.370 0.372 -0.038
MISR (2001-2012) 2,269,842 0.822 0.419 0.431 0.100
MODIS Terra Ocean NNR (2001-2014) 92,276,142 0.992 0.321 0.328 -0.081
MODIS Terra Land NNR (2001-2014) 37,129,053 0.876 0.426 0.428 -0.042
MODIS Aqua Ocean NNR (2003-2014) 94,671,744 0.991 0.288 0.303 -0.102
MODIS Aqua Land NNR (2003-2014) 30,808,987 0.878 0.400 0.413 -0.105

Analysis Statistics (O vs. A or O −A for Bias)
AVHRR (1993-1999) 62,509,004 0.972 0.129 0.129 -0.005
AERONET (2000-2013) 230,629 0.975 0.187 0.188 -0.019
MISR (2001-2012) 2,269,842 0.930 0.239 0.239 0.011
MODIS Terra Ocean NNR (2001-2014) 92,276,142 0.997 0.115 0.115 -0.013
MODIS Terra Land NNR (2001-2014) 37,129,053 0.967 0.220 0.220 -0.010
MODIS Aqua Ocean NNR (2003-2014) 94,671,744 0.996 0.117 0.117 -0.009
MODIS Aqua Land NNR (2003-2014) 30,808,987 0.962 0.239 0.239 -0.006
n = number of co-locations for time period indicated,
r = Pearson’s correlation coefficient,
STDV = standard deviation of the differences,
RMS = root mean square of the differences, BIAS = mean O − F or O −A

Figure credit:  C. A. Randles

Figure 3.10: Probability distribution functions of all O− F (dashed lines) and O−A (solid lines)
for AVHRR, MODIS, MISR, and AERONET (ANET). PDFs are for the time periods listed for
each sensor in Table 3.2.
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Annual Forecast Annual Analysis

DJF Forecast DJF Analysis

Figure credit: C. A. Randles

Figure 3.11: Taylor diagram comparing standard deviation (radial distance), Pearson’s correlation
(angle), and root mean square error (RMSE; dotted circles) between the annual forecast (left panel,
colored numbers) or annual analysis (right panel, colored numbers) and the reference sensor (stars
for standard deviation). For all sensors, after the analysis the correlation is improved, and RMSE
and bias are reduced. Statistics are for the time periods listed for each sensor in Table 3.2.

The climatological mean spatial distribution of O − F for each sensor in Table 3.1 is shown in
Figure 3.12. Red shading indicates that the observations are higher than the forecast in logarithmic
space, and blue shading indicates the opposite condition. AVHRR and MODIS indicate that the
forecast underestimates log (AOD + 0.01) over the ocean in the Southern Hemisphere, at high
latitudes, and over biomass burning regions. These biases are reduced greatly in the analysis (not
shown), but remain higher over land compared to ocean. Over dusty regions observed by MISR, the
forecast underestimates log (AOD + 0.01), with biases largely removed in the analysis (not shown).
Biases in the analysis are generally spatially similar to the forecast biases; however, their magnitude
is greatly reduced (not shown).
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(a) AVHRR NNR O-F (Y1982-Y1999)

(b) MODIS Terra NNR O-F (Y2001-Y2014)

(c) MODIS Aqua NNR O-F (Y2003-Y2014)

∆log(AOD+0.01)

(d)  MISR O-F (Y2001-Y2012)

(e) AERONET O-F (Y2000-Y2014)

∆log(AOD+0.01)

Figure credit: C. A. Randles

Figure 3.12: Climatological mean O − F in log (AOD + 0.01) space for (a) AVHRR NNR, (b)
MODIS Terra NNR, (c) MODIS Aqua NNR, (d) MISR, and (e) AERONET. N. B. Annual means
were computed using only the years cited on each panel, and only for years with all months present.
Red shading indicates that the observations are higher than the forecast; blue shading indicates
the opposite case. Grey regions indicate no observations. Differences are in log-transformed space.
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Chapter 4

Evaluation of aerosols in MERRA-2

We present an overview evaluation of the aerosol fields produced by the MERRA-2 GAAS. First,
in Section 4.2 we review the climatology of assimilated AOD in MERRA-2 and compare it to our
previous aerosol reanalysis, MERRAero (Buchard et al., 2015). We validate MERRA-2 AOD with
available independent station and aircraft observations in Section 4.3. Simulated Aerosol Index
(AI) and Aerosol Absorption Optical Depth (AAOD) are compared to retrievals from the Ozone
Monitoring Instrument (OMI) and MERRAero in Section 4.4. Section 4.5 shows the climatological
zonal mean vertical distribution of aerosol species as well as verification of vertical aerosol mass
and optical properties compared to satellite and aircraft measurements. Surface mass (PM2.5) is
evaluated with ground-based networks over the continental United States and East Asia in Section
4.6. We evaluate the performance of dust transport and the simulation of sea salt aerosol (Section
4.7), and the stratospheric aerosol associated with the Pinatubo eruption and consequences of this
eruption on the assimilation appear in Section 4.8. The purpose of this evaluation is not to provide
an exhaustive assessment of the MERRA-2 aerosol products, but it does point out key features and
limitations of the aerosol products. Further validation and evaluation of MERRA-2 aerosols will
appear in the peer-reviewed literature (see http://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/

pubs/).
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Figure 4.1: Global, area-weighted average monthly-mean 550 nm AOD from MERRA-2 and contri-
butions from various aerosol types. The carbonaceous aerosol AOD is the sum of organic plus black
carbon AOD. Timeseries of AOD for various regions over the globe are presented in Appendix B.

4.1 Timeseries of AOD

We begin the evaluation of the MERRA-2 aerosol assimilation by examining the assimilated aerosol
property, the aerosol optical depth (AOD). This is the only aerosol property directly constrained
by the Goddard Aerosol Assimilation System (GAAS). The speciation of aerosols, their verti-
cal distribution, the relationship between aerosol mass tracers and AOD (e.g. individual aerosol
species extinction, hygroscopic growth, absorption, and asymmetry parameters), are not directly
constrained by the assimilation of the two-dimensional, column-integrated AOD. Rather, they are
the result of the convolution of the parameterizations and assumptions of the underlying forecast
model (GEOS-5/GOCART), the observationally-constrained AOD through the assimilation process
(Eq. 3.1), and the Local Displacement Ensemble method (LDE) described in Section 3.1.1.

4.2 Temporal and spatial patterns of AOD

Figure 4.1 presents the globally, area-weighted monthly-mean time series of AOD with contribu-
tions from the various aerosol species simulated in GOCART. Despite the use of various emission
inventories over time (e.g. biomass burning emissions discussed in Section 2.2) and a changing ob-
serving system (Section 3.2), the total AOD timeseries (black line) shows relative stability without
obvious spurious jumps or trends. Apparent in the time series are the eruptions of the El Chichón
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and Pinatubo volcanoes in 1982 and 1991, respectively. These eruptions injected large amounts of
SO2 gas into the stratosphere, where it was subsequently converted into sulfate (SO4) aerosol. In
Section 4.8 we discuss the impact of these large eruptions on the assimilation in more detail.

Table 4.1 compares the global, area-weighted annual mean MERRA-2 AOD to our previous aerosol
assimilation (MERRAero), and the AeroCom Phase II multi-model inter-comparison (Kinne et al.,
2006). In general, MERRA-2 and MERRAero AOD are comparable given the differences in the
aerosol emissions inventories, driving meteorology (i.e. MERRA-2 vs. MERRA meteorological
reanalyses, respectively), and the AOD observing system (e.g. MERRAero assimilates MODIS
NNR AOD only). Notably, sea salt AOD is generally higher in MERRA-2 compared to the other
estimates, and carbonaceous aerosol AOD is higher than in Kinne et al. (2006). This latter difference
is most likely due to the MERRA-2 use of QFED-scaled MODIS FRP-based biomass burning
emissions (Darmenov and da Silva, 2015) relative to the GFED emissions used by most AeroCom
models. AOD in dusty regions is slightly higher in MERRA-2 compared to MERRAero due to the
inclusion of MISR in the MERRA-2 observing system over desert dust source regions.

Appendix B shows the time series of monthly-mean AOD from MERRA-2 and MERRAero for
multiple regions around the globe. The MERRA-2 sea salt AOD is higher than in MERRAero,
even over land regions (see Section 4.7). This has consequences for the surface mass comparisons
discussed in Sections 4.6 and 4.7. Other noticeable regional differences include increased dust AOD
in MERRA-2, which now also includes assimilation of MISR AOD over bright desert dust source
regions. Finally, there are differences in the carbonaceous AOD during the period 2002 to 2010,
where MERRA-2 used monthly-mean QFED emissions and MERRAero used daily QFED emissions.
Figure 4.2 shows the boreal summer and wintertime climatological mean AOD from MERRA-2.
Appendix C shows similar plots for other seasons, as well as climatological AOD contributions from
the various aerosol species. Appendix C also shows the climatological global mean seasonal cycle
of AOD for each aerosol type for the pre- and post-EOS periods.

4.3 Validation with independent observations of AOD

The MERRA-2 aerosol assimilation incorporates many of the available global measurements of AOD
into the observing system described in Section 3.2. Here we validate the assimilated AOD with
available independent observations. While certainly not an exhaustive validation, the comparisons
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Table 4.1: Global, annual average 550 nm AOD by species.

Species MERRA-2a MERRAerob AeroCom Phase IIc

Dust 0.030 ± 0.010 0.026 ± 0.009 0.032 (0.012 - 0.054)
Sea Salt 0.041 ± 0.002 0.034 ± 0.002 0.030 (0.020 - 0.067)
Black Carbon 0.0056 ± 0.001 0.0060 ± 0.001 0.004 (0.0017 - 0.0088)
Organic Carbon 0.022 ± 0.007 0.025 ± 0.007 0.019 (0.006 - 0.030)
Sulfate 0.040 ± 0.004 0.039 ± 0.004 0.034 (0.015 - 0.051)
Total 0.138 ± 0.013 0.130 ± 0.015 0.127 (0.065 - 0.149)
a Global, annual average ± standard deviation calculated from monthly-mean
AOD for the period 2003 – 2013.
b Global, annual average ± standard deviation calculated from monthly-mean
AOD for the period 2003 – 2013 (Buchard et al., 2015).
c From Kinne et al. (2006) Table 4 for 15 AeroCom II models (median and range)
with harmonized emissions for Y2000 (Dentener, 2006).

Figure credit: C. A. Randles

Figure 4.2: Spatial distribution of AOD in June-July-August (left) and December-January-February
(right) averaged for the period 1980-2014. Similar figures for other seasons and for individual aerosol
components are found in Appendix C.
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presented here generally indicate a high degree of correlation and low degree of bias between the
assimilation and independent observations.

• Historical Shipborne Sun Photometers: We use historical shipborne sun photome-
ter data to validate MERRA-2 AOD prior to the EOS-period. These data, summarized in
Smirnov et al. (2002) and partially used by Liu et al. (2004) for AVHRR validation, span the
timeframe 1982-1996 and cover the cruises shown in Figure 4.3a. We compare the co-sampled
MERRA-2 AOD at the observed wavelength closest to 500 nm (range 499 - 517 nm depending
on the cruise). The observed AOD accuracy should be considered ± 0.02. Observations are re-
ported as morning or afternoon averages. The model is sampled every three hours for a given
observation date and then averaged over the periods from 9 am - noon or noon to 3 pm local
time for purposes of comparison. Figure 4.3b shows a scatter plot of the AOD comparison,
with statistics reported by year and geographical region. The correlation between MERRA-2
and the observations is best near dust-influenced regions (e.g. the Red Sea, Mediterranean,
and near North Africa). In the remote Pacific, MERRA-2 AOD is not well-correlated with
the observations, but the bias is low. Importantly, the observations indicate that MERRA-2
AOD is biased high after the Pinatubo eruption (1991). We will discuss reasons for this in
Section 4.8.

• MAN: The Maritime Aerosol Network (MAN), a subsidiary of AERONET, employs Micro-
tops II sun photometers aboard ships of opportunity to measure AOD (http://aeronet.gsfc

.nasa.gov/new_web/maritime_aerosol_network.html). The photometers used in MAN
are calibrated to have an estimated uncertainty in AOD of ± 0.02 (Smirnov et al., 2009).
MAN cruises cover the period 2004-present. These observations have not been assimilated in
the MERRA-2 GAAS and therefore serve as independent validation of the assimilated AOD
product. Figure 4.4 compares all available MAN observations with co-located MERRA-2
AOD. A high degree of correlation is found between the MERRA-2 and MAN observations,
and the bias is generally low, though MERRA-2 does tend to slightly overestimate the lowest
observed AOD. (N.B. Figure 4.4 is presented on a log-log scale).

• DIAL/HSRL: The NASA Langley Research Center (LaRC) DIfferential Absorption Li-
dar (DIAL) system implements the High Spectral Resolution Lidar (HSRL) technique to
retrieve aerosol extinction and AOD at 532 nm (Hair et al., 2008). The instrument also
retrieves aerosol backscatter coefficients and is sensitive to polarization at three wavelengths
(355, 532, and 1064 nm), measuring both above and below the aircraft (i.e. zenith and nadir).
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1982, N = 5, r = -0.25, b = -0.068

1983, N = 44, r = 0.89, b = 0.035
1984, N = 11, r = 0.91, b = 0.013
1985, N = 72, r = 0.26, b = -0.023
1986, N = 59, r = 0.62, b = 0.063
1987, N = 7, r = 0.11, b = 0.007
1988, N = 78, r = 0.78, b = 0.040
1989, N =108, r = 0.8, b = 0.035

1990, N = 25, r = 0.65, b = 0.002

1991, N = 57, r = 0.33 b = -0.136
1994, N = 19, r = 0.76, b = -0.007
1995, N = 67, r = 0.75, b = 0.041
1996, N = 25, r = 0.69, b = 0.0004

Figure 4.3: Comparison of MERRA-2 and historical shipborne AOD observations. (a) Map showing
the location of the ship cruises spanning the period 1982 – 1996. (b) Scatter plot of AOD spanning
various years (indicated by different colors) and different cruises (indicated by marker shape). X-
axis error bars represent the assumed observed AOD error of 0.02, and y-axis error bars are the
standard deviation of the MERRA-2 AOD used to make the morning or afternoon averages.
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Pearson’s r: 0.93
Linear Regression: y = 0.77x + 0.36
Mean Bias (MAN - MERRA-2): 0.01
Standard Error: 0.002
N: 29,022
N. B.: Statistics computed in log(AOD + 0.01) space

Marine Aerosol Network (MAN) Cruises

Figure credit:  C. A. Randles
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Figure 4.4: (a) Maritime Aerosol Network (MAN) cruises 2004-present, color coded by year. (b)
Joint PDF comparison of MAN-observed AOD and MERRA-2 AOD for the same period.
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Figure credit: C. A. Randles

Figure 4.5: Comparisons of AOD observed during the NASA SEAC4RS campaign (August -
September 2013) and MERRA-2. (a, left) 532 nm AOD observed by the DIAL/HSRL instru-
ment aboard the NASA DC8 for the entire campaign compared to MERRA-2 AOD sampled along
the flight paths and over the same portion of the column as reported by the instrument. (b, right)
550 nm AOD observed by the 4STAR instrument aboard the DC8 and MERRA-2 AOD sampled
along the flight paths and for the portion of the column above the aircraft altitude. Note that the
x -and y-axis labels are in units of AOD but the statistics reported are in log-space.

AOD are derived from nadir aerosol extinction profiles when the aircraft is above 6 km; a 1 km
region below the aircraft is omitted from the AOD column as the laser and telescope are not
fully aligned in this region. During the NASA Studies of Emissions and Atmospheric Compo-
sition, Clouds, and Climate Coupling by Regional Surveys (SEAC4RS) campaign from August
to September 2013 (http://www.nasa.gov/mission_pages/seac4rs), the DIAL/HSRL sys-
tem aboard the NASA DC8 aircraft measured AOD over a large portion of the southeast-
ern and western continental United States, including several smoke plumes from large fires
(e.g. the Rim Fire). We sample MERRA-2 along the aircraft trajectories for the entire
SEAC4RS campaign and calculate the AOD over the same portion of the column as the
observations. Figure 4.5a shows the performance of the MERRA-2 aerosol relative to these
independent observations in logarithmic space. There is a high degree of correlation and low
bias between MERRA-2 and AOD measured by the DIAL/HSRL system. Further note that
the statistics reported in Figure 4.5a are in logarithmic space; in linear space the Pearson’s
correlation coefficient and bias (DIAL/HSRL - MERRA-2) are 0.74 and 0.02, respectively.

• 4STAR The Spectrometer for Sky-Scanning, Sun-Tracking Atmospheric Research (4STAR)
instrument combines airborne sun tracking and sky scanning with diffraction spectroscopy for
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direct-beam hyper-spectral measurement of aerosol optical depth above the aircraft (Duna-
gan et al., 2013). 4STAR’s hyper-spectral measurement of the direct solar beam improves
retrievals of gas constituents (e.g. H2O, O3, and NO2, Segal-Rosenheimer et al., 2014) and
therefore improves determination of aerosol properties (e.g. AOD) as residuals of the to-
tal optical depth. 4STAR has been shown to compare well with HSRL-2 (Shinozuka et al.,
2013). During SEAC4RS, AOD was reported for 15 channels (355, 380, 452, 501, 520, 532,
550, 606, 675, 781, 865, 1020, 1064, 1236, and 1559 nm). Additionally, during this campaign
ambient temperature varied more widely than in 4STAR’s previous deployments, and the
measurements exhibited a systematic high bias in AOD. An empirical correction was applied
to improve the accuracy of reported AOD, but it also disproportionally eliminated AODs
under conditions of low aerosol burden or high altitude. Estimated measurement uncertainty
in AOD was determined to be ± 0.02 for SEAC4RS. In Figure 4.5b we compare the along-
track and above aircraft altitude 550 nm AOD from MERRA-2 and 4STAR for the entire
campaign. The assimilation results and independent observations are again highly correlated,
but MERRA-2 shows a low bias. The assimilation tends to underestimate the above-aircraft
AOD when the aircraft is at higher altitudes (e.g. above 8 km) or in the vicinity of a very
strong biomass burning source (e.g. the Rim Fire; not shown). Recall that the assimilation
does not constrain the vertical distribution of aerosols, and unlike the total column AOD, the
AOD calculated above the aircraft is sensitive to this vertical distribution of aerosols. Again
note that the statistics reported in Figure 4.5 are in logarithmic space; in linear space the
Pearson’s correlation coefficient and bias (4STAR - MERRA-2) are 0.78 and 0.03, respectively.

4.4 AI and AAOD

The Ozone Monitoring Instrument (OMI) aboard the NASA EOS Aura spacecraft (July 2002-
present) measures scattered sunlight in the 270 to 500 nm wavelength range with a footprint
ranging from 13 km × 24 km at nadir to 28 km × 150 km along the edges. Using the OMAERUV
algorithm, the near-ultra-violet (UV) Aerosol Index (AI) is derived following Torres et al. (2007). AI
is a qualitative parameter useful for detecting the presence of absorbing aerosols in the atmosphere
based on a spectral contrast method in the near-UV region where ozone absorption is very small
(Herman et al., 1997; Torres et al., 1998, 2007). In addition, the OMAERUV algorithm uses OMI-
reflectances at 354 and 388 nm to derive AOD and AAOD at 388 nm using pre-computed top-of-the
atmosphere (TOA) aerosol reflectance look-up tables (LUTs) based on 21 aerosol models. The UV
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AI is well-known to be sensitive to aerosol concentration, aerosol optical properties, and aerosol
layer height (de Graaf and Stammes, 2005; Herman et al., 1997; Hsu et al., 1999; Torres et al.,
1998).

Buchard et al. (2015) developed a radiative transfer interface using the Vector LInearized Discrete
Ordinate Radiative Transfer (VLIDORT) radiative transfer code (Spurr, 2006) to simulate the UV
AI from GEOS-5 aerosol fields. Simulated UV AI can then be compared to retrievals from the OMI
instrument. The simulated AI is computed as:

AI = −100 × log10
IModel

354

IcRayleigh
354 (RModel

388∗ )
(4.1)

where IModel
354 is the VLIDORT-calculated TOA radiance at 354 nm using MERRA-2 aerosol con-

centrations; IcRayleigh
354 is the TOA radiance at 354 nm without aerosols assuming the Lambertian

Equivalent Reflectivity (LER) at 388 nm (RModel
388∗ ). Additional details on the calculation of AI

using the VLIDORT simulator can be found in Buchard et al. (2015).

MERRA-2 includes assimilation of AOD from various ground- and satellite-based sensors. Notably,
in constraining the AOD, the assimilation does not directly constrain the AAOD or AI. We
therefore can consider a comparison of these aerosol properties to observations as independent
validation points for MERRA-2. Figure 4.6 compares the monthly mean OMI UV AI and AAOD
to the MERRA-2 AI and AAOD in July 2007. Differences between OMI and MERRA-2 are also
shown. As in Buchard et al. (2015), in the comparison we use a research version of the Level 2
OMAERUV aerosol data products (Torres et al., 2013). Globally, MERRA-2 well simulates the
AI compared to OMI. Compared to Buchard et al. (2015), there is improved agreement with dust
AI over desert regions because MERRA-2 uses the improved dust optics tables developed in that
study. The worst agreement between OMI AI and that simulated from MERRA-2 occurs in the
biomass burning region of southern Africa. A similar discrepancy was seen in Buchard et al. (2015)
and attributed to the assumed spectral dependence of organic carbon near-UV absorption in the
model (i.e. the model does not simulate so-called brown carbon that is much more absorbing in
the near-UV). The 388 nm AAOD shows good agreement with OMI, and is improved compared to
the MERRAero aerosol reanalysis evaluated in Buchard et al. (2015), particularly in parts of Asia
such as over the Indo-Gangetic plain in India.
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Figure credit:  V. Buchard

Figure 4.6: Monthly mean UV AI (left column) and AAOD (right column) at 388 nm from OMI
(top row) and simulated from MERRA-2 (middle row) in July 2007. Difference plots (OMI -
MERRA-2) are on the bottom row. MERRA-2 AI is simulated as described in Buchard et al.
(2015).
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4.5 Vertical distribution of aerosols

4.5.1 Zonal mean aerosol mass mixing ratios

Figure 4.7 shows the climatological annual, zonal mean distribution of the five different aerosol
types. In the following subsections, we validate the vertical distribution of the assimilated aerosols
with available vertically-resolved aerosol optical properties and mass. Again, this comparison is not
exhaustive but does illustrate where the MERRA-2 aerosol assimilation performs well and where
it may have deficiencies.

4.5.2 Comparisons to CALIPSO observations

Since 2006, the Cloud Aerosol Lidar with Orthogonal Polarization (CALIOP) instrument aboard
the NASA A-Train CALIPSO satellite (Winker et al., 2007,0) has provided important global in-
formation about aerosol vertical structure. Here we evaluate the vertical structure of attenuated
backscatter from MERRA-2 sampled along the CALIOP path. As in Buchard et al. (2016), we
use CALIPSO version 3.01 Level 1B attenuated backscatter. This product has been cloud-cleared
using the Level 2 vertical feature mask and then averaged to a uniform resolution of 20 km hor-
izontally and 60 m vertically. There are at most 120 full resolution samples (i.e. single shot ∼3
km horizontal × 30 m vertical resolution) averaged per lidar range bin. Note that the attenuated
backscatter coefficient here includes the Rayleigh contribution. While CALIOP derived extinction
profiles are available, these retrievals rely on assumptions about the extinction-to-backscatter ratio
which may or may not be consistent with the aerosol optical properties assumed in MERRA-2.
The computation of the aerosol-only contribution is straightforward in MERRA-2, but removal of
the Rayleigh contribution from the CALIOP attenuated backscatter data often can lead to error
sources (Buchard et al., 2016). For these reasons, we restrict our analysis to the total (aerosol plus
molecular) attenuated backscatter coefficient.

Figure 4.8 compares day and night profiles from CALIOP and MERRA-2 averaged over the dust
transport region from northern Africa to the North Atlantic, biomass burning regions of southern
Africa and the Amazon, and over the continental United States. Generally, MERRA-2 well rep-
resents the CALIOP attenuated backscatter profiles over these important aerosol source regions,
though the near-surface attenuated backscatter is underestimated in northern and southern Africa.
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Figure credit:  C. A. Randles

Figure 4.7: Zonal, annual mean aerosol mass mixing ratios [ng kg−1] averaged over the period
2003-2014 for, from top to bottom, sea salt, dust, sulfate, organic carbon, and black carbon. The
thick magenta line is the zonal mean tropopause height.
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This underestimate is due to underestimated backscatter from sea-salt aerosol over the ocean (not
shown).

4.5.3 Comparisons to aircraft observations

Airborne LIDAR: Using the HSRL technique, the first-generation NASA Langley Research
Center (LaRC) airborne HSRL-1 system measures aerosol extinction, backscatter, and depolariza-
tion at 532 nm without requiring additional aerosol measurements or assumptions about aerosol
type. HSRL-1 was deployed during the NASA Deriving Information on Surface Conditions from
COlumn and VERtically Resolved Observations Relevant to Air Quality (DISCOVER-AQ) (https://

www.nasa.gov/mission_pages/discover-aq/) deployment over the Baltimore, Maryland and
Washington D.C. region in July 2011. In addition to implementing the HSRL technique at 532
nm, the second-generation HSRL-2 instrument also implements the technique at 355 nm enabling
independent, unambiguous retrievals of aerosol extinction and backscatter at both wavelengths. It
also uses standard backscatter technique at 1064 nm and has sensitivity to polarization at all three
wavelengths. HSRL-2 provides profile measurements of extinction and optical thickness at 355
and 532 nm and profile measurements of backscatter and depolarization at all three wavelengths
(Muller et al., 2014). HSRL-2 was deployed during the San Joaquin Valley, California (January
- February, 2013) and Houston, Texas (September 2013) phases of the NASA DISCOVER-AQ
campaign. Finally, the previously described DIAL/HSRL instrument was deployed during the
SEAC4RS campaign in August-September, 2013. All three different instruments share similar
measurement techniques and analysis algorithms.

Figure 4.9 compares the campaign-median extinction and backscatter profiles from the various
phases of the DISCOVER-AQ and SEAC4RS campaigns to co-sampled profiles simulated in
MERRA-2. In general, given the variability of the profiles encountered (shading) and the model
resolution, MERRA-2 well-represents the observed vertical profiles of extinction and backscatter
over the continental United States. The one exception is over the San Joaquin Valley region of
California (bottom row, Fig. 4.9). Here the model profile does not show the strong increase in
aerosol optical properties near the surface; this is likely due to the representation of the PBL in
MERRA-2 and the lack of nitrate aerosols in the GEOS-5/GOCART system (Buchard et al., 2016).

Black Carbon Mass Mixing Ratio: The airborne Single Particle Soot Absorption Photometer
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(c) Day pro�les averaged over southern Africa [30S-EQ, 10W-30E] (d) Night pro�les averaged over southern Africa [30S-EQ, 10W-30E]

(e) Day pro�les averaged over northern Africa [EQ-30N, 60W-20E] (f ) Night pro�les averaged over northern Africa [EQ-30N, 60W-20E]

(b) Night pro�les averaged over South America [30S-10N, 80W-50W](a) Day pro�les averaged over South America [30S-10N, 80W-50W]

(g) Day pro�les averaged over continental U.S. [30N-47N, 125W-70W] (h) Night pro�les averaged over continental U.S. [30N-47N, 125W-70W]

Figure credit:  V. Buchard

Figure 4.8: Seasonal (JJA, 2008) vertical profiles of attenuated backscatter coefficient [km−1 sr−1]
at 532 nm from CALIOP and derived from MERRA-2 simulations sampled on the CALIOP path
averaged over (a-b) South America, (c-d) southern Africa, (e-f) northern Africa, and (g-h) the
continental United States for all day profiles (left column) and night profiles (right column). Solid
lines are the median of all profiles, and shading represents the 25% to 75% percentile of all modeled
and observed profiles. Similar plots over the continental US for the previous aerosol assimilation,
MERRAero, are found in Buchard et al. (2016), and comparisons in north Africa can be seen in
Buchard et al. (2015). Note that the attenuated backscatter shown here includes contributions
from both Rayleigh and aerosol scattering. 48



Figure credit:  C. A. Randles

Figure 4.9: Vertical profiles of extinction coefficient (Mm−1; left column) and aerosol backscatter
(Mm−1 sr−1; right column) at 532 nm measured by HSRL instruments and derived from MERRA-2
sampled on the HSRL flight path during US aircraft-based field campaign: SEAC4RS (top row;
August-September 2013; western and southeastern US), DISCOVER-AQ TX (second row; Septem-
ber, 2013; Houston, Texas), DISCOVER-AQ MD (third row; Baltimore-Washington DC; July
2011), and DISCOVER-AQ CA (bottom row; San Joaquin Valley, California; January-February
2013). The solid red and black lines are the median for HSRL and MERRA-2, respectively. Shaded
areas represent between the 25% and 75% percentiles of all modeled and observed profiles. Similar
plots for the previous aerosol assimilation, MERRAero, are found in Buchard et al. (2016).
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(SP2) (Schwarz et al., 2006; Slowik et al., 2007) instrument uses an intense laser to heat the
refractory component of individual aerosol particles to vaporization. The refractory black carbon
(rBC) mass of each particle is determined from the detected thermal radiation (Schwarz et al., 2006),
independent of particle morphology and mixing state (Cross et al., 2010). SP2 observed rBC is
interchangeable with the BC defined in model parameterizations and aerosol emission inventories
(Dentener, 2006; Schwarz et al., 2010). The mass-mixing ratio of black carbon in the atmosphere
along the flight track can be obtained by aggregating the observed particles over short time intervals
(1 second - 1 minute; Schwarz et al., 2010). Unlike optical measurements of black carbon mass,
comparing SP2 measured rBC to model-derived black carbon mass mixing ratio is not sensitive to
assumptions about black carbon optical properties.

The NOAA High-performance Instrumented Airborne Platform for Environmental Research Pole-
to-Pole Observations of Carbon Cycle and Greenhouse Gases Study (HIPPO; Wofsy et al., 2011)
provides vertically resolved rBC mass over the remote Pacific ocean. The HIPPO aircraft campaign
is unique in that it provides consistently collected observations of rBC mass vertical distribution
at most latitudes spanning several seasons and years. Each of the five HIPPO phases consist of a
meridional transect over the Pacific, with occasional detours to nearby continental regions. Regular
ascents and descents were made along the track providing vertically resolved measurements from
about 200 m to 8.5 km (and occasionally 14 km) above sea level. Averaged vertical profiles of rBC
from HIPPO-1 data were compared to monthly mean results from 14 global models participating
in the AeroCom project. The model ensemble spread was over an order of magnitude, and models
typically overestimated black carbon concentrations by a factor of 5, with the highest biases in the
tropical upper troposphere (Schwarz et al., 2010). Flight paths of the various HIPPO campaigns
can be seen in Figure 1 of Schwarz et al. (2013).

The comparisons of vertically-resolved black carbon mass from MERRA-2 with observations from
SP2 paint a mixed picture of model performance. Figure 4.10 compares the co-sampled MERRA-2
black carbon mass mixing ratio to observations from the HIPPO 1-5 campaigns for different lat-
itude bands. In all cases MERRA-2 is biased high relative to the observations in the remote
locations sampled during the HIPPO campaigns. Notably, though, this high bias tends to be
smaller in the Northern Hemisphere high latitudes. In contrast, at higher latitudes MERRA-2
tends to underestimate the SP2 observations during the Arctic Research of the Composition of
the Troposphere from Aircraft and Satellites (ARCTAS)-A campaign (Fig. 4.11a), when large
springtime Siberian fires impacted the observed black carbon concentrations over northern Alaska
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Figure credit:  H. Bian

Figure 4.10: Comparison of MERRA-2 black carbon mass mixing ratio [ng kg−1] to observations
from the SP2 instrument zonally averaged over bands from north to south (left to right) for the
five HIPPO campaigns (top to bottom). See Schwarz et al. (2013) for a map of the HIPPO flight
paths.
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Figure credit:  H. Bian

Figure 4.11: Comparison of MERRA-2 black carbon mass concentration [ng m−3] to observations
from the SP2 instrument during the (a) ARCTAS-A campaign (Fairbanks, Alaska; 3-19 April 2008),
(b) the ARCTAS-CARB campaign (Palmdale, CA; 18-24 June, 2008), and (c) the ARCTAS-B
campaign (Cold Lake, Alberta, Canada; 29 June -13 July, 2008).

(Jacob et al., 2010). Where northern California fires impacted the amount of black carbon observed
during the ARCTAS-CARB campaign (Fig. 4.11b), MERRA-2 shows reasonable agreement with
the observations. Finally in July over central Canada during ARCTAS-B, MERRA-2 tends to
overestimate black carbon mass below about 3 km, though it is generally within the variability of
the observations (Fig. 4.11c). This overestimate is similar to the results of Bian et al. (2013) who
compared the GEOS-5 forecasted AOD to ARCTAS observations. Overall, the ARCTAS compar-
isons reveal that closer to sources the black carbon vertical distribution is somewhat reasonable. In
contrast, the HIPPO comparisons show that the largest discrepancies exist over the remote ocean
where MERRA-2 black carbon mass is generally too high throughout the column, and especially
in the free troposphere. Global models including GOCART typically overestimate black carbon in
these regions (Schwarz et al., 2010), and positive AOD increments can exacerbate the bias in the
assimilation.

4.6 Surface aerosol mass

Fine surface particulates near the surface with diameters less than 2.5 µm (PM2.5) negatively impact
both air quality and human health (e.g. Pope and Dockery, 110; Pope III et al., 2009). Air quality
monitoring networks exist in various regions over the globe, but they offer sparse geographical and
temporal coverage. There exists a desire for some in the air quality scientific community to use data
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assimilation systems as an integrator of observations and models to provide better spatio-temporal
forecasts of PM2.5. Here we examine the surface aerosol concentrations over the continental US as
in Buchard et al. (2016), and we also compare surface SO2 and sulfate to observations over East
Asia.

PM2.5 over the United States: The US Environmental Protection Agency (EPA) uses 24-
hour surface filters to measure PM2.5 and surface aerosol speciation as part of their Air Quality
System (AQS) and Chemical Speciation Network (CSN) networks, respectively, both of which tend
to be located in suburban or urban locations primarily in the eastern part of the US (Buchard
et al., 2016; Malm et al., 2011, 1994). The National Park Service’s Interagency Monitoring of
Protected Visual Environments (IMPROVE) network has 150 stations in mostly remote or rural
locations that measure speciated PM2.5 and reconstruct total PM2.5 through Reconstructed Fine
Mass (RCFM) (Hand et al., 2011; Malm et al., 1994). Additional details on the AQS, CSN, and
IMPROVE networks and how they are compared to the MERRAero aerosol reanalysis are found
in Buchard et al. (2016).

Figure 4.12 compares the monthly-mean MERRA-2 PM2.5 to observations from the AQS and
IMPROVE networks over several regions of the United States for the period 2003 to 2012. Overall,
MERRA-2 PM2.5 compares to observations similarly well as MERRAero, except MERRA-2 PM2.5 is
higher than MERRAero in the eastern US, particularly in summer. The model biases in Figure 4.12
are largely explained in Buchard et al. (2016). Briefly, better agreement between the assimilation
and observations is found for the rurally-located IMPROVE stations, and the largest model biases
are found in the winter time compared to EPA stations.

Figure 4.13 shows the monthly-mean variation of surface PM2.5 divided into different aerosol species
for the northwestern and northeastern US, similar to Buchard et al. (2016, their Fig. 5). The
comparison of MERRA-2 ammonium sulfate, black carbon, and organic carbon to the observations
is similar to the results for MERRAero described in Buchard et al. (2016). For the mostly suburban
and urban AQS sites, the underestimate in winter in both the northeastern and northwestern US
(Fig. 4.12) is due to an underestimation of POM and a lack of nitrate aerosols. Unlike MERRAero,
Figure 4.13 shows a larger overestimation of dust and especially sea salt for both networks. The
excessive surface sea salt will be discussed further in Section 4.7.

Surface sulfur over Asia: The Acid Deposition Monitoring Network in East Asia (EANET)
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Figure 4.12: Monthly and regional variations of surface PM2.5 [µg m−3] from both the EPA-AQS
(grey dashed-line) and IMPROVE (red dashed-line) networks compared to MERRA-2 sampled at
AQS sites (black continuous-line) and IMPROVE sites (red continuous-line) located in the north-
western (NW), north-central (NC), northeastern (NE), southwestern (SW), south-central (SC), and
southeastern (SE) US for the period 2003 to 2012. Vertical bars are the standard deviations of the
monthly values calculated from the years 2003-2012 in the model, and the shaded areas are the
standard deviations over this periods for the observations. The inset map shows the geographical
regions as well as the AQS sites (circles), CSN sites (crosses), and IMPROVE sites (triangles). Yel-
low symbols are in rural areas and white symbols are urban and suburban areas. A larger version
of the inset map can be found in Buchard et al. (2016).
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Figure 4.13: Monthly and regional variations of surface PM2.5 [µg m−3] for each species in the
northwestern (NW) US (left two columns) and the northeastern (NE) US (right two columns).
Species are (top row) ammonium sulfate (AS) and ammonium nitrate (AN), (middle row) POM
and black carbon, and (bottom row) dust (DU) and sea salt (SS). The EPA-CSN and IMPROVE
network observations are the grey and red dashed lines, respectively. MERRA-2 sampled at CSN
and IMPROVE sites is shown by grey and red continuous lines, respectively. Vertical bars are
the standard deviations of monthly values between 2003 and 2012 for the model, and the shaded
regions are the standard deviations for the observations.
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started in 1998 as an intergovernmental initiative to create a common understanding of the state
of acid deposition problems in East Asia, to provide useful inputs for decision making at various
levels with the aim of preventing or reducing adverse impacts on the environment, and to promote
cooperation among countries. Thirteen countries in East Asia are participating in EANET at
present. Details of the monitoring techniques, including sampling, chemical analysis, definitions
of data completeness, and quality control and quality assurance are documented in the EANET
monitoring manuals: EANET (2000a), EANET (2000b), EANET (2001), and EANET (2006).

We evaluate the monthly averaged surface SO2 [ppb] and SO4 [µg m−3] surface concentration
from MERRA-2 compared to EANET at 46 sites for the period of 2001 to 2008. Note that the
observations are reported as monthly means, so the model has not been co-sampled at observation
times (i.e. the MERRA-2 monthly mean includes all sub-monthly AODs). Figure 4.14 shows that
for SO4 surface concentrations at the EANET sites, there is good linear correlation considering all
seasons (r = 0.529); however, MERRA-2 underestimates observed surface SO4 in all seasons by
about a factor of 2, particularly when observed SO4 is greater than 1 µg m−3. Relative biases (the
ratio of MERRA-2 to EANET) range from 0.381 in winter to 0.457 in the fall. Figure 4.14 also
shows that MERRA-2 overestimates SO2 compared to EANET in all seasons except for the winter,
with relative biases varying from 1.170 in the spring to 1.418 in the fall. MERRA-2 is biased low
in the winter (B = 0.968), but the correlation is highest then (r = 0.501). Note that, unlike the
sulfate aerosol which is constrained by both the meteorological and AOD assimilation, the sulfur
dioxide gas concentration at the surface is determined by the imposed emission inventory (Section
2.2) and model meteorology (production and loss).

4.7 Dust transport and sea salt

Evaluation of MERRA-2 dust transport: Desert dust is one of the main contributors to the
global aerosol burden (Textor et al., 2006) and it has a large impact on the Earth’s radiative
budget because it absorbs and scatters both solar and infrared radiation (Colarco et al., 2014b).
Additionally, deposition of desert dust into the ocean is an important source of iron, and there-
fore dust deposition influences phytoplankton respiration (i.e. CO2 uptake) and biosphere-climate
interactions (Mahowald et al., 2009).

Here we compare the dust surface concentrations from MERRA-2 to the long-term observations at
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Figure 4.14: Comparison of surface concentration of SO2 [ppb; left column] and sulfate aerosol
[SO4; µg m−3; right column] between MERRA-2 and EANET at 46 sites (see map) between 2001
and 2008. Results are shown for boreal winter (top row), spring (second row), summer (third row),
and fall (bottom row). rmse is the root-mean-square error relative to EANET, r is the Pearson’s
correlation coefficient, and the relative bias ratio (B) is the ∑MERRA-2/∑EANET.
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Barbados (13.17◦N, 59.53◦W) and the University of Miami (25.75◦N, 80.25◦W) maintained by the
Rosenstiel School of Marine and Atmospheric Science (RSMAS) (Prospero, 1996; Prospero et al.,
1989). These sites are located far downwind of the dust emission sources over Africa. Measurements
of Saharan dust particles over the Caribbean Sea have generally been reported as less than 10 µm
in diameter (Reid et al., 2003), and the dust size bins assumed in MERRA-2 correspond to this
size range.

Figure 4.15 shows a comparison of daily-mean dust surface concentration at Barbados from RSMAS
observations, MERRA-2, and our first aerosol reanalysis (MERRAero) for 2006. The observations
show a clear annual cycle in dust transport from northern Africa to the Caribbean, with a pro-
nounced summer maximum and a secondary maximum in the spring. Both reanalyses show a high
degree of correlation with the observed surface mass concentration. It is important to note, how-
ever, that surface concentration depends upon the the prevailing meteorology (e.g. PBL height,
precipitation distribution) in addition to the aerosol vertical profile, the latter of which is not
fully constrained in the assimilation. Differences between MERRAero and MERRA-2 arise from
the fact that the model versions and physics are slightly different; MERRAero assimilated only
bias-corrected (NNR) MODIS AOD, and MERRAero was driven by meteorology from MERRA.
Figure 4.16 shows a comparison of the climatological dust surface concentration at the RSMAS
Barbados [13.17◦N, 59.53◦W] and University of Miami [25.75◦N, 80.25◦W] stations. The long-term
dust surface concentration seasonal cycle is well-simulated in MERRA-2 at both stations.

Pre-EOS observations of dust sedimentation and dust surface concentration at various stations
around the world are shown in Figures 4.17 and 4.18, respectively, for the period 1980-1999. These
observations are presented in Huneeus et al. (2011) and are derived from several sources: the Sea/Air
Exchange (SEAREX) field campaign (Ginoux et al., 2001; Prospero et al., 1989), measurements
presented in Mahowald et al. (2009), and measurements from the Dust Indicators and Records
in Terrestrial and Marine Paleoenvironments (DIRTMAP) data set (Kohfeld and Harrison, 2001;
Tegen et al., 2002). Compared to the GEOS-5/GOCART forecast model (i.e. without assimilation;
Colarco et al., 2014b, their Figs. 5 and 6), MERRA-2 dust surface concentrations and deposition
are generally the same or improved worldwide.

Finally, we examine the trans-Atlantic dust transport by comparing the slope of the zonal-mean
AOD in MERRA-2 compared to MODIS Collection 5 retrievals. Note that the MODIS observations
in Figure 4.19 are from the MOD04 product and are not the NNR retrievals used in the assimilation,
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Figure 4.15: Daily-mean dust surface concentration [µg m−3] at the RSMAS Barbados station
[13.17◦N, 59.53◦W] for 2006 compared to MERRA-2 (top) and MERRAero (bottom).

which generally have lower AOD due to more stringent cloud-clearing. Nevertheless, both the model
and observations show a similar decay in AOD from the African source region to the Caribbean
region.

Sea salt surface concentrations: As shown in Figure 4.13, MERRA-2 overestimates the surface
sea salt mass over the continental US. In the northeastern US, this is due to erroneous sea salt
emissions from the Great Lakes due to an error in the land-masking algorithm that has since been
corrected (see Fig. 2.1). Additionally, sea salt emissions penetrate into some coastal regions (see
sea salt AOD in Appendix C), and such penetration is exacerbated by the assimilation if coastal
AODs are lower than observed.
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Figure credit:  C. A. Randles

Figure 4.16: Climatology of monthly-mean dust surface concentration [µg m−3] at the RSMAS
Barbados [13.17◦N, 59.53◦W] and University of Miami [25.75◦N, 80.25◦W] stations. The mean
(solid lines) and standard deviation (shading) are calculated for the period 1984-2009 at Barbados
and 1989-2009 at the University of Miami. Note that data were available only as monthly means, so
the model has not been sampled on sub-monthly timescales to be consistent with the measurements
making up the reported monthly mean.
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Figure 4.17: Dust surface mass concentration observations compared to MERRA-2. More details
about the sites in (a) can be found in Colarco et al. (2014b) Table 3 and Huneeus et al. (2011).
The scatter-plot in (b) shows the climatological-mean surface-concentration of MERRA-2 sampled
at the surface site location and over the same years as the observations. The solid-line is the one-
to-one line and the dashed lines are 10-to-1 and 1-to-10. Colors correspond to geographical regions,
and numbers correspond to station locations in (a).
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Figure 4.18: Same as Figure 4.17 except for dust deposition sites in Table S2 of Colarco et al.
(2014b).

AOD zonally-averaged between 0o - 30o N

-100 -80 -60 -40 -20 0
longitude

0.0

0.2

0.4

0.6

0.8

1.0

AO
D

MERRA-2 MODIS Aqua

Figure credit:  P. R. Colarco

Figure 4.19: Meridional decay in AOD from the source region over Africa (∼0◦) to the Caribbean
(∼80◦ W) from MERRA-2 (black) and Collection 5 MODIS Aqua observations (red). Note that
this is the standard MODIS data product, not the neural net retrieval used in the assimilation.
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Figure 4.20: Climatology of monthly-mean sea salt concentration [µg m−3] at the (a)RSMAS
Barbados [13.17◦N, 59.53◦W] and (b) University of Miami [25.75◦N, 80.25◦W] stations. The mean
(solid lines) and standard deviation (shading) are calculated for the period 1984-2009 at Barbados
and 1989-2009 at the University of Miami. Note that data were available only as monthly means, so
the model has not been sampled on sub-monthly timescales to be consistent with the measurements
making up the reported monthly mean.

For example, Figures 4.20 and 4.21 show the surface sea salt and sulfate mass climatologies at
the RSMAS Barbados and Miami sites for the periods of 1984-2009 and 1989-2009, respectively.
At both stations, sea salt surface mass is overestimated by roughly a factor of 3 while sulfate
mass is underestimated. The underestimate in SO4 aerosol is similar to results from the offline
GOCART model (Hongbin Yu, personal communication), indicating that there may be a missing
sulfate aerosol source at these two stations. Rather than adding potentially missing extinction to
sulfate, however, the assimilation tends to scale up the extinction proportionally to the forecast
model aerosol composition, exacerbating the sea salt aerosol overestimate while somewhat reducing
the low bias in sulfate aerosol.

A similar overestimate in sea salt aerosols (factor of 3) is seen at Cayenne in French Guiana, South
America (Figure 4.22). To match the observable AOD in these coastal regions, MERRA-2 assumes
the partitioning of aerosols as is from the forecast model. Thus, where sulfate is low, perhaps due
to missing local sources, and sea salt is high due to the intrusion of emissions in coastal regions,
when the assimilation imposes a positive AOD increment it exacerbates the overestimate in sea salt
aerosol. Including only sea salt PM2.5 in the calculation of PM10 improves the agreement between
the observations and MERRA-2 at Cayenne, indicating an overestimate of larger sea salt particles
at this site.
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Figure 4.21: Same as 4.20 except for sulfate (SO4)

(a) Daily 2010 Surface PM10 at Cayenne (except only PM2.5 from sea salt is included)

(b) Daily 2010 Surface PM10 at Cayenne (all aerosol PM10)

Figure credit:  C. A. Randles

Figure 4.22: Comparison of observed and simulated surface PM10 at Cayenne, French Guiana.
(a) Comparison to MERRA-2 where PM10 consists of most surface aerosols (dust, sulfate, organic
and black carbon) plus sea salt PM2.5. (b) Comparison to MERRA-2 where PM10 consists of all
surface aerosols (dust, sulfate, organic and black carbon, and sea salt), where the sea salt PM10 is
composed of all the sea salt bins.
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4.8 Volcanic eruptions

Through conversion of SO2 to SO4 aerosol, large volcanic eruptions are a major source of reflective
stratospheric sulfate aerosol that can cool the entire planet (Deshler, 2008; Robock, 2000). During
the MERRA-2 aerosol reanalysis, the largest volcanic events were the 1982 El Chichón eruption in
Mexico and the 1991 eruption of Mount Pinatubo in the Philippines. While stratospheric SO4 from
the earlier eruption was mainly confined to the Northern Hemisphere (McCormick and Swissler,
1983), the volcanic "cloud" from Pinatubo, which injected about 20 Tg of SO2 into the atmosphere
(Bluth et al., 1992), persisted for several years and diffused to the middle and high latitudes of
both hemispheres (Aquila et al., 2012).

Figure 4.23 compares the approximate MERRA-2 stratospheric AOD at 550 nm to a reconstruc-
tion that was derived from observations from several instruments: the Stratospheric Aerosol and
Gas Experiment II (SAGE-II), AVHRR, SAM II, lidar, and balloon observations (Stenchikov et al.,
1998). Note that stratospheric AOD was not archived in MERRA-2. We therefore approximate the
stratospheric portion of the AOD as in Aquila et al. (2012) by subracting the AOD climtology cal-
culated over January 1985 to May 1991. Compared to the reconstructed observations of Stenchikov
et al. (1998) (Fig. 4.23), MERRA-2 well reproduces the peak observed stratospheric AOD (though
it appears to be somewhat overestimated). Note that SAGE-observed AOD saturated at 0.15, and
this is why the reconstructed AOD from Stenchikov et al. (1998) is lower than the approximated
AVHRR-only stratospheric AOD. However, as with many global models, the volcanic plume too
quickly spreads from the tropics to the polar regions whereas SAGE-II and AVHRR indicate that
the plume was confined in the tropics for a longer period of time than simulated. This is likely
due to the distribution of SO2 up to 30 km into the stratosphere in the model, as indicated by
the volcanic emissions database (Diehl et al., 2012). This plume height injection appears to be
too high (Figure 4.24). The model does show the plume traveling towards both hemispheres as
observed, and MERRA-2 also captures the November 1991 AOD cloud from the Cerro Hudson
volcano (72.97◦W, 45.90◦S). Note that the increased AOD at high latitudes (> 60◦) in summer is
(a) not impacted by the AVHRR assimilation since no data exist at these latitudes and (b) is due
to having highly hygroscopic SO4 particles in a very high (> 80%) relative humidity environment.

From the aerosol AOD timeseries in Figure 4.1 and Appendix B, it is clear that the eruptions of
El Chichón and especially Pinatubo impacted not only the SO4 AOD, but also the AOD of other
species, especially dust and sea salt. Aquila et al. (2012) was able to show good agreement with
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observations of the Pinatubo eruption AOD using a free-running version of GEOS-5. However,
unlike in MERRA-2, the aforementioned study assumed a larger effective radius for volcanic SO4

particles (reff = 0.6 µm) and injected them at a lower height (16-18 km). MERRA-2 treats
all SO4 aerosol using an effective radius that is more appropriate for non-volcanic, tropospheric
aerosol. Smaller particles are more efficient at scattering visible light than larger particles. Thus,
for the same amount of SO4 injection, the assumption of smaller particles will yield an overestimate
of sulfate AOD. When the assimilation then tries to reduce the AOD to better agree with the
observations, it applies negative increments to all aerosol species proportionally. The apparent
decrease in sea salt and dust AOD after Pinatubo is therefore an artifact of the assimilation process
and the assumption of small effective radius for all sulfate particles, regardless of source. Figure
4.25 illustrates this point by showing the assimilated AVHRR observations, the model background
or forecast, and the MERRA-2 analysis AOD for the period directly after the eruption. Clearly,
the forecast AOD is too high compared to the assimilated observations, and the analysis AOD
resembles the observations. This implies a negative AOD increment, which would be applied to all
species, and not just stratospheric sulfate aerosol.
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Figure credit:  V. Aquila

Figure 4.23: Zonal mean stratospheric AOD in the visible for (a) MERRA-2 and observed by (b)
reconstructed SAGE II observations (Stenchikov et al., 1998) and (c) AVHRR. AVHRR measures
total column AOD, and MERRA-2 did not separately archive stratospheric AOD. We therefore
approximate the stratospheric AOD by removing the background values as in Aquila et al. (2012)
(i.e. from the total AOD we subtracted the monthly AOD climatology calculated over January
1985 to May 1991 for MERRA-2 and from July 1989 to May 1991 for AVHRR). White triangles in
(a) indicate the approximate times and locations of the Pinatubo (15.1◦N, 120.4◦E, 15 June 1991)
and Cerro Hudson (45.9◦S, 72.97◦W, August-October 1991) eruptions.
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Figure 4.24: Monthly mean vertical distribution of stratospheric SO2 in MERRA-2 after Pinatubo
(black lines). The upper limit of the injection height in Diehl et al. (2012) was 30 km. The third
panel (September 1991) includes observations from MLS (symbols), which indicate that the SO2
injection height considered was likely too high. Microwave Limb Sounder (MLS) measurements are
from Read et al. (1993)

Figure credit:  C. A. Randles

Figure 4.25: Comparison of (left) assimilated observations of AOD from AVHRR, (center)
MERRA-2 forecasted AOD, and (right) the MERRA-2 reanalysis AOD for the years directly after
the Pinatubo eruption. Because the observations (left) and analysis (right) look similar, it is clear
that the assimilation draws strongly towards the observations; because the forecast (center) is much
greater than the analysis (left), a negative AOD increment is implied.

67



Chapter 5

Summary and recommendations

1991-06-15 15:30 UTC 1991-06-17 15:30 UTC 1991-06-23 15:30 UTC 1991-06-30 15:30 UTC 

1991-06-15 15:30 UTC 1991-06-17 15:30 UTC 1991-06-23 15:30 UTC 1991-06-30 15:30 UTC 

SO2 Column Mass Density Concentration (top row) [DU] SO4 AOD (bottom row) [550 nm]

Figure credit:  R. Govindaraju

MERRA-2 AOD during July 1991 showing global transport of SO2 (top row) and sulfate aerosols
(bottom row) from the Pinatubo eruption on 15 June 1991. From left to right the dates are June
15, June 17, June 23, and June 30, 1991, all at 15:30 UTC.

Despite their rapid increase in complexity, aerosol models remain uncertain due to poorly con-
strained emissions and physical process parameterizations such as hygroscopic growth, mixing, and
aerosol-cloud interactions (Benedetti et al., 2009; Kinne et al., 2006; Schutgens et al., 2010; Textor
et al., 2006). Similarly, many aerosol observations such as those from remote sensing platforms,
both satellite and ground based, suffer from limited coverage (e.g. due to their orbit and/or cloud
contamination), contextual biases such as "clear-sky" bias, and biases due to assumptions made
in retrieval algorithms (Shi et al., 2011; Zhang and Reid, 2009). Reanalyses optimally combine
the continuity of a four-dimensional gridded model with observations that may be sparse and/or
irregularly spaced both spatially and temporally (Rienecker et al., 2011; Schutgens et al., 2010).
The resulting analyzed aerosol fields have numerous applications (see Bocquet et al. (2015) and
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citations therein). Briefly, these fields can serve as initial conditions for regional modeling and
air quality forecasting (Giordano et al., 2015; Zhang et al., 2012), as a tool to investigate aerosol-
climate or aerosol-weather interactions (Bellouin et al., 2013; Reale et al., 2014), for use as a priori
profiles used in satellite retrievals of other atmospheric constituents (Inness et al., 2013), and for
optimal network/satellite sensor design in the context of Observing System Simulation Experiments
(OSSEs) (e. g. Buchard et al., 2015; Colarco et al., 2014b).

In this document we have presented an overview of the NASA MERRA-2 aerosol assimilation,
the first publicly available modern satellite-era aerosol reanalysis performed concurrently with a
meteorological reanalysis. The evaluation presented here represents only an initial evaluation;
more complete evaluations will come with time as manuscripts are prepared and submitted for
peer-reviewed publication (see http://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/pubs/).

Several important caveats must be understood when using the MERRA-2 aerosol reanalysis prod-
ucts. First, the relative paucity of (non-assimilated) aerosol observations make independent valida-
tion on the analyzed AOD challenging. Second, despite best efforts at harmonizing the observing
system through quality control, differences in data coverage impact the analyzed aerosol AOD,
particularly seen when comparing the pre- and post-Earth Observing System (EOS) periods (1980-
1999 and 2000 onwards, respectively). Finally, and perhaps most importantly, non-analyzed aerosol
properties (e.g. everything other than AOD such as vertical distribution, aerosol speciation, ab-
sorption) are not fully-constrained by the assimilation and draw strongly to the background model
in most cases. Nevertheless, despite some deficiencies, previous studies (e.g. Buchard et al., 2015)
and the current document demonstrate that the MERRA-2 GAAS modeling system does indeed
show considerable skill in simulating numerous observable aerosol properties.

Below we summarize some of the strengths and weaknesses of MERRA-2’s representation of aerosols
and make recommendations for their use. The noted sections can be consulted for further details.

• As expected, compared to the forecasted AOD, the analyzed AOD fields show excellent agree-
ment with spatially and temporally co-located observations from the assimilated sensors (Ta-
ble 3.1; Section 3.3).

• MERRA-2 assimilates bias-corrected AOD from MODIS and AVHRR (Section 3.2.2). This
must be considered when comparing the analyzed AOD fields to products available directly
from instrument teams which were not assimilated.
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• Because they are not available in Near Real Time (NRT), MISR and AERONET observations
are not assimilated after June 2014 and October 2014, respectively. AVHRR assimilation ends
when MODIS Aqua assimilation begins (August 2002) since both have afternoon equator
crossings (Table 3.1).

• MERRA-2 assimilates AOD at 3-hour synoptic times only when and where data are avail-
able. AVHRR observations were only over the ocean for the pre-EOS period. MODIS data
are only available for clear-sky regions and where the surface albedo is low. MISR takes
approximately 9 days for full global coverage, and AERONET data availability depends on
clear-sky conditions and operating conditions at specific stations. All observations are only
available during the sunlit portion of the day (Section 3.2). The available AOD increments
indicate gridboxes subjected to the AOD assimilation for a given time. When data are not
available, the analysis resembles the forecast from the background model (e.g. Fig. 3.9).

• Compared to co-located, available, independent observations of AOD (aircraft, ship, and
ground-based), MERRA-2 has both a high degree of correlation and low bias (Section 4.3).

• MERRA-2 Aerosol Absorption Optical Depth (AAOD) and simulated UV Aerosol Index (AI)
compare well with observations from OMI; however, AI is biased low over southern Africa
because GOCART does not currently consider the strong spectral variation of absorption in
the near-UV associated with brown carbon (Buchard et al., 2016, Section 4.4).

• Like many global aerosol models, GOCART tends to overestimate black carbon aerosol mass
in the remote free troposphere (Fig. 4.10). Black carbon aerosol is a small contributor to
AOD but a strong contributor to Aerosol Absorption Optical Depth (AAOD). Thus, despite
the reasonable agreement between OMI and MERRA-2 AAOD (Fig. 4.6), it is likely AAOD
is overestimated particularly in regions remote from the major sources (e.g. biomass burning
regions). Care must be taken, then, when examining the all-sky aerosol direct radiative effect
and the clear-sky direct radiative effect over bright surfaces (e.g. polar regions) as these
quantities are sensitive to both the AOD and the AAOD.

• MERRA-2 generally shows good agreement with CALIOP and aircraft observations of the
vertical structure of aerosol optical properties (Section 4.5). The use of Local Displacement
Ensembles (LDE) to characterize plume misplacements (Section 3.1) means that the vertical
structure of the aerosol fields is not simply a scaling of the forecast fields, but rather represents
an optimal weighting of nearest neighbor gridboxes that best minimize the needed AOD
increment. Our comparisons show that these plume misplacements generally improve the
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representation of aerosol optical properties in the vertical compared to observations.

• Small particulate mass (PM2.5) in MERRA-2 generally agrees well with observations as it
did in our previous reanalysis (MERRAero, Buchard et al., 2016). Discrepancies in total
PM2.5 in the western United States arise due to the lack of nitrate in GOCART and too-low
emissions of organic carbon (Section 4.6). Additionally, as seen in Section 4.7, surface sea
salt aerosol is overestimated in the northeastern US (due to erroneous lake-masking) and in
some coastal regions (due to weak wet deposition). Dust surface mass shows good agreement
with observations, especially over the North Atlantic transport region (Figs. 4.15, 4.16, 4.17,
and 4.18)

• With the exception of plume misplacements associated with the LDE algorithm (Section 3.1),
the apportionment of aerosol mass amongst the various aerosol tracers (species) is determined
by the convolution of the aerosol parameterizations and assumptions built into the GOCART
model with the GEOS-5 meteorology and assumed aerosol emissions. If a particular species is
overestimated by mass, a positive AOD increment will exacerbate this underlying bias. Thus,
it is possible to have a good agreement between AOD and observations while having a poor
agreement with speciated mass and/or speciated aerosol optical properties.

• The injection altitude of the Mt. Pinatubo 1991 eruption was too high in MERRA-2, and
this led to quicker transport of the plume from the tropics to the poles. Further, MERRA-2
treats all sulfate aerosol as having the same extinction coefficient (βext,i) and thus the same
assumed size distribution. Smaller particles are optically more efficient at scattering light
compared to larger particles. For the amount of SO2 injected by the Pinatubo eruption (20
Tg), this assumption led to an overestimate of AOD and a negative AOD increment (Fig.
4.25). The negative increment is applied to all aerosol tracers. This results in a marked
decrease in the AOD of non-sulfate aerosol directly after the eruption (Fig. 4.1 and Appendix
B). These decreases are an artifact of the negative AOD increment, and care must be taken
when examining the speciated AOD timeseries after major volcanic eruptions.

• Care must always be taken when examining trends from any reanalysis product. This is
true for both the MERRA-2 analyzed AOD fields and especially for other, non-analyzed
aerosol products (e.g. speciated AOD). Changes in the observing system, data availability
and coverage, and changes in assumed emissions inventories all impart a signature on these
fields. For example, as seen in Appendix C, pre- and post-EOS dust seasonal cycles differ.
Before 2000, AVHRR data are only available over the ocean; therefore, dust emissions over
the land source regions resembles the forecast model. Biomass burning emissions prior to
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1997 are scaled from the RETRO database, which incorporates far fewer observations than
the MODIS-based GFED and QFED inventories. Further, prior to 2010, biomass burning
emissions are monthly; thereafter they are daily (Section 2.2.2). Anthropogenic emissions
generally only have inter-annual variability (Section 2.2.3).

• Aerosol increments, available for both total AOD and three-dimensional aerosol mass mixing
ratios, can be used to examine when and where there are systematic biases in the model
(e.g. where emissions are low or where loss is too high) by considering mass balance with the
incremental mass as an additional term.

These brief points only summarize the more detailed results presented in this document. Future
peer-reviewed publications will shed more light on both the successes and weaknesses of this first-
ever modern satellite-era aerosol reanalysis. Separate technical memoranda describe in detail the
performance of the MERRA-2 climate (Bosilovich et al., 2016), including the improved represen-
tation of the stratosphere, and the MERRA-2 meteorological observing system (McCarty, 2016).
As this is a publicly available reanalysis, we invite the community of users to contact us with
any questions, to share important results, and to provide any other feedback that will be help-
ful in the development of the GMAO’s next reanalysis. Questions and comments can be sent to
merra-questions@lists.nasa.gov.
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Appendix A

Acronyms

4STAR Spectrometer for Sky-Scanning, Sun-Tracking Atmospheric Research

AAOD Aerosol Absorption Optical Depth

AEAP Atmospheric Effects of Aviation Program

AeroCom AEROsol COMparisons between Observations and Models

AERONET AEROsol RObotic NETwork

ADAS atmospheric data assimilation system

AI Aerosol Index

AN ammonium nitrate

AOD aerosol optical depth

AQS Air Quality System

ARCTAS Arctic Research of the Composition of the Troposphere from Aircraft and Satellites

AS ammonium sulfate

ATSR Dunno acronym

AVHRR Advanced Very High Resolution Spectroradiometer

BC black carbon
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CALIOP Cloud Aerosol Lidar with Orthogonal Polarization

CARB California Air Resources Board

CASA Carnegie-Ames-Stanford Approach

CDR Climate Data Record

CPC Climate Prediction Center

CSN Chemical Speciation Network

DIAL DIfferential Absorption Lidar

DIRTMAP Dust Indicators and Records in Terrestrial and Marine Paleoenvironments

DISC Data and Information Services Center

DISCOVER-AQ Deriving Information on Surface Conditions from COlumn and VERtically
Resolved Observations Relevant to Air Quality

DMS di-methyl sulfide

DU dust

EANET Acid Deposition Monitoring Network in East Asia

EDGAR Emissions Database for Global Atmospheric Research

EOS Earth Observing System

EPA Environmental Protection Agency

FRP Fire Radiative Power

GAAS Goddard Aerosol Assimilation System

GES Goddard Earth Sciences

GEOS Goddard Earth Observing System

GEOS-5 Goddard Earth Observing System Model, Version 5

GFED Global Fire Emissions Database, Version 3.1

GMAO Global Modeling and Assimilation Office
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GPS Global Positioning Satellite

GOCART Goddard Chemistry, Aerosol, Radiation, and Transport model

HFED historical, homogenized emissions database

HIPPO HIAPER Pole-to-Pole Observations of Carbon Cycle and Greenhouse Gases Study

HSRL High Spectral Resolution Lidar

IESA Integrated Earth System Analysis

IMPROVE Interagency Monitoring of Protected Visual Environments

LaRC NASA Langley Research Center

LDE Local Displacement Ensembles

LER Lambertian Equivalent Reflectivity

LUTs look-up tables

NASA National Aeronautics and Space Administration

NOAA National Oceanic and Atmospheric Administration

MAN Maritime Aerosol Network

MERRA Modern-Era Retrospective analysis for Research and Applications

MERRAero MERRA Aerosol Reanalysis

MERRA-2 Modern-Era Retrospective analysis for Research and Applications, Version 2

MISR Multi-angle Imaging SpectroRadiometer

MLS Microwave Limb Sounder

MODIS MODerate Resolution Imaging Spectroradiometer

MSA methane sulfonic acid

NNR Neural Net Retrieval

NOAA National Oceanic and Atmospheric Administration

NRT Near Real Time
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OC organic carbon

OMI Ozone Monitoring Instrument

OPAC Optical Properties of Aerosols and Clouds

OSSE Observing System Simulation Experiment

PATMOS-x Pathfinder Atmosphere-Extended

PBL Planetary Boundary Layer

PDF probability distribution function

POES Polar Operational Environmental Satellites

POM Particulate Organic Matter

QFED Quick Fire Emissions Dataset

RETRO REanalysis of the TROpospheric chemical composition over the past 40 years

RETROv2 REanalysis of the TROpospheric chemical composition over the past 40 years,
Version 2

RCFM Reconstructed Fine Mass

rBC refractory black carbon

RMS root mean square of the difference

RSMAS Rosenstiel School of Marine and Atmospheric Science

SAGE-II Stratospheric Aerosol and Gas Experiment II

SEAREX Sea/Air Exchange

SOI Southern Oscillation Index

SP2 Single Particle Soot Absorption Photometer

SS sea salt

STDV standard deviation of the differences

TOA top-of-the atmosphere
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TOMS Total Ozone Mapping Spectrometer

UV ultra-violet

VLIDORT Vector LInearized Discrete Ordinate Radiative Transfer
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Figure B.1: Global-average, area-weighted monthly-mean time series of (from top to bottom) total
AOD, dust AOD, sea salt AOD, sulfate AOD, organic carbon AOD, and black carbon AOD from
MERRA-2 and MERRAero.
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Figure B.2: Same as Fig. B.1 except in the Northern Hemisphere.
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Figure B.3: Same as Fig. B.1 except in the Southern Hemisphere.
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Figure B.4: Same as Fig. B.1 except over all land (see magenta highlighted region in inset map).
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Figure B.5: Same as Fig. B.1 except over North America (see magenta highlighted region in inset
map).
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Figure B.6: Same as Fig. B.1 except over Canada and the United States (see magenta highlighted
region in inset map).
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Figure B.7: Same as Fig. B.1 except over the western United States (see magenta highlighted
region in inset map).
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Figure B.8: Same as Fig. B.1 except over the eastern United States (see magenta highlighted region
in inset map).
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Figure B.9: Same as Fig. B.1 except over Europe (see magenta highlighted region in inset map).
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Figure B.10: Same as Fig. B.1 except over western Europe (see magenta highlighted region in inset
map).
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Figure B.11: Same as Fig. B.1 except over eastern Europe (see magenta highlighted region in inset
map).
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Figure B.12: Same as Fig. B.1 except over northern Asia/Siberia (see magenta highlighted region
in inset map).
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Figure B.13: Same as Fig. B.1 except over the Middle East and southwestern Asia (see magenta
highlighted region in inset map).
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Figure B.14: Same as Fig. B.1 except over India (see magenta highlighted region in inset map).
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Figure B.15: Same as Fig. B.1 except over China and Southeast Asia (see magenta highlighted
region in inset map).
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Figure B.16: Same as Fig. B.1 except over the Maritime Continent (see magenta highlighted region
in inset map).
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Figure B.17: Same as Fig. B.1 except over northern Africa (see magenta highlighted region in inset
map).
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Figure B.18: Same as Fig. B.1 except over southern Africa (see magenta highlighted region in inset
map).
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Figure B.19: Same as Fig. B.1 except over South America (see magenta highlighted region in inset
map).
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Figure B.20: Same as Fig. B.1 except over Australia and New Zealand (see magenta highlighted
region in inset map).
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Figure B.21: Same as Fig. B.1 except over Antartica (see magenta highlighted region in inset map).
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Figure B.22: Same as Fig. B.1 except over all ocean (see magenta highlighted region in inset map).
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Figure B.23: Same as Fig. B.1 except over the northern Atlantic Ocean (see magenta highlighted
region in inset map).
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Figure B.24: Same as Fig. B.1 except over the tropical Atlantic Ocean (see magenta highlighted
region in inset map).

115



Figure B.25: Same as Fig. B.1 except over the Caribbean (see magenta highlighted region in inset
map).
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Figure B.26: Same as Fig. B.1 except over the Mediterranean (see magenta highlighted region in
inset map).
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Figure B.27: Same as Fig. B.1 except over the southern Atlantic Ocean (see magenta highlighted
region in inset map).
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Figure B.28: Same as Fig. B.1 except over the Indian Ocean (see magenta highlighted region in
inset map).

119



Figure B.29: Same as Fig. B.1 except over the Arabian Sea (see magenta highlighted region in
inset map).
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Figure B.30: Same as Fig. B.1 except over the Bay of Bengal (see magenta highlighted region in
inset map).
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Figure B.31: Same as Fig. B.1 except over the northern Pacific Ocean (see magenta highlighted
region in inset map).
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Figure B.32: Same as Fig. B.1 except over the southwestern Pacific Ocean (see magenta highlighted
region in inset map).
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Figure B.33: Same as Fig. B.1 except over the southeastern Pacific Ocean (see magenta highlighted
region in inset map).
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Figure B.34: Same as Fig. B.1 except over the Southern Ocean (see magenta highlighted region in
inset map).
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Figure C.1: AOD in boreal summer (left column) and winter (right column) for dust averaged over
the period Y1980-Y2014.

Figure C.2: AOD in boreal summer (left column) and winter (right column) for sea salt averaged
over the period Y1980-Y2014.
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Figure C.3: AOD in boreal summer (left column) and winter (right column) for sulfate averaged
over the period Y1980-Y2014.

Figure C.4: AOD in boreal summer (left column) and winter (right column) for organic carbon
averaged over the period Y1980-Y2014.
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Figure C.5: AOD in boreal summer (left column) and winter (right column) for black carbon
averaged over the period Y1980-Y2014.
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Figure C.6: Monthly mean area-weighted average dust AOD for the pre-EOS (1980-1999), EOS
(2000-2014), and Pinatubo (1991-1992) time periods.

Figure C.7: Monthly mean area-weighted average sea salt AOD for the pre-EOS (1980-1999), EOS
(2000-2014), and Pinatubo (1991-1992) time periods.
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Figure C.8: Monthly mean area-weighted average sulfate AOD for the pre-EOS (1980-1999), EOS
(2000-2014), and Pinatubo (1991-1992) time periods.

Figure C.9: Monthly mean area-weighted average organic carbon AOD for the pre-EOS (1980-
1999), EOS (2000-2014), and Pinatubo (1991-1992) time periods.
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Figure C.10: Monthly mean area-weighted average black carbon AOD for the pre-EOS (1980-1999),
EOS (2000-2014), and Pinatubo (1991-1992) time periods.
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