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Abstract.

In 2016 2018, the ObsErvation of Aerosols above CLouds and their intEractionS (ORACLES) project undertook three
monthlong deploymentdo the Southeast (SE) Atlantic Ocean using research aircraft to better understand the impact of
biomass burning (BB) aerosol transport to the SE Atlantic Ocean on climate. Pathisof the meteorological overview
paper theclimatologicalfeatures at monthly time scale are investigated. The southern African easterly jet$)\Elkfined as
the zonal easterlies over G0®O0 hPa exceeding 6 it around 515° S, is a karacteristideature of the midevel circulation
over soutlkern Africa that was alsaluring the deployment monthsf August 2017, September 2016, and October 2018.
Climatologically, he AEJS develops at lower altitudes (~3 km, 700 hPa) betw&&6°5S in August, while it develops at
around 4 km (~600 hPandfurther south (b15° S) in Septaber and October, largely driven by the strong sensible heating

over the African plateau.
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Notable meteorological anomalous characteristizingthe three deployment months compared to climato{@§90
2018)include 1) During August 2017, the AES was weaker than the climatological mean withamiditionalanomalous
upperlevel jet aloft (~6 km) around 10° S. August 20435 also drier over the SE Atlanti¢ 606700 hPahan climatology,
with a stronger Benguela Iolevel jet (LLJ) 925950 hPa alonghe Namibian coast of the SE Atlantitonsistent with this,
the south Atlantic anticyclonevas also stronger and closer to the coast than the August climatological r2g&uring
September 2016, the AJintensitywas similar to the climatological meaalthough the heat low and vertical motion over
the landwas slightly stronger compared to the Septenatieratology. The LLJ and the largeeale south Atlantic anticyclone
were stronger than the climatological meas). During October 2018, the AES was slightly weaker compared to the
climatological meanas was the LLJ and the south Atlantic anticyclddetober 2018 was wetter over the Benguela coastal
regionat 600 hPdhan the climatological meaburing all the deployment months, the sea surface ¢eatpres (SST) over
the SE Atlantic were warmer than the climatological means, but the men#dn low cloud fraction was only noticeably
reduced in August 2017.

A weak August 2017 AES can explain low offshorblack carbomixing ratios(BC) within the ECMWF CAMS
reanalysis, although the BC peak altitude, -8k, is below that of the AES. The uppeiflevel wavedisturbanceand the
associated anomalous circulation also explain the weakening eSARDugh the reduction of tietrength of théneatlow

over the land during August 2017.

1. Introduction

The southeast (SE) Atlantic and the west coast of southern Africa is one of the key regions of the globe for understanding th
interactions between t he Ear thhrécterizedlby ansaatoeumulus elaud deek associated d
with strong largescale subsidence and the anticyclonic circulation of the-pemianent south Atlantic sea level pressure
high (Klein and Hartman, 1993; Wood, 2015). The dewel stratocumulus cloudsicrease the net amount of outgoing
radiation at the top of the atmosphere (TOA), inducing a negative radiative(affamling)

The southern African Easterly Jet (AB)in the Southern Hemisphere (SHyne of two jets dominating the mid
tropospheric circulation ovehfrica, is an effective carrier of aerosols (Adebiyi and Zuidema, 2016). Adebiyi and Zuidema
(2016) showed that about 55 percent of the biomass burning (BB) adrosoksouthern Africa during Septemié&ctober
is transported westard by the AE to the southern tropical Atlantic and beyond, and the remaining BB aerosols are either
carried northwestward into the intertropical convergence zone or retusmadisputhern AfricaAdditionally, a strong low
level wind, known as theBenguela lowlevel jet" (Nicholson, 2010, hereafter LL. 3 also one of the characteristic features
of the SE Atlantic circulation, which is related to the strength and location of the subtropical high (Nicholson, 2010).

Figure 1lillustratesmaps of the SE Atlantic region and the elevation of the adjacent African corgim@ning the
characteristideaturesover thatregion The distinct difference in elevation between the Cedgwe basin (north of 10° S)
and the Namibi&alahai dryland (south of 10° S, 121° S) isevident(Fig. 19. At mid-levels (~600 hPajuring August
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October the strong easterly windAEJ S, transport high relative humidity (RH) plumes (compared to the air it is replacing)
from the African continent ovehe ocean, aided in part by the topography itg&lfby deflecting the midatitude westerlies
andincreasingow-leveltropospheric stabilityL TS), leading to increase of the stratocumiiiRichter and Mechoso, 26)

The midlevel anticyclone(centered at A5° S, 010° E around 60700 hPa associated witlthe AEJS is caused by
differential latitudinal heating over the larahd istied to the topography of southwestern Afriéar recirculated by the
anticycloneto the south of the AES, returns to the African continent south of 18° S and merges witHatitdde westerly
winds(Fig. 1b)

The LLJ is characterized by peak winds (~ 10-# around 926950 hPa over the Benguela current along the Namibian
coast of the SE Atlantic (~1@, 20 25° S)(Fig. 1c) TheLLJ is also related to the strength and location of the subtropical
high (Nicholson, 2010), but also generates a secondary circulation that can affect local subi@éeBEAtlantic LLJ differs
in important respects from tf&E Pacific LLJ along the Chilean coast. Zuidema et al. (2016) showed that the exit region of
the SE Atlantic LLJ tends to be an offshore flow, with a surface divergence that depresses the boundary layer height (BLH),
while the SE Pacific LLJ is more ongleghitting southern Peru north of the Arica Bight, with surface convergence aiding the
elevation of the coastal clottdpped boundary layefhe meridional gradient in 66860 hPa geopotential thickngse. layer

mean temperatur@yer the continent is large at ~10¢F3g. 1¢) This meridional temperature gradient over the land, sustained

by a fAheat | owKalalax dryland; it the ddhainarit driveaof the AEJAfter the onset of the rainy sem
around the end of October, precipitation reduces the local temperature gradient, and consequently weakei$ (that AEJ
shown).
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Figure 1. (a) Map of the ORACLES deployment region in the SE Atlantic and elevation of southwestern Africa. The marker
represent Sdo Tomé (ST), St. Helena Island (SH), Ascension Island (Al), and Walvis Bay (WB). (b) 600 hPa climatological Sepés
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monthly mean (20002018) RH (color shading, %), overlaid by horizontal wind streamlines (m-§ (c) 80 hPa climatological
September mean (20002018) vertical velocity (omega at 800 hPa; positive values represent subsiderdea day?) overlaid by 925
hPa horizontal wind streamlines, thickness between 600 and 850 hFeeét low, contours (dark red, navy), m).

To characterize the interaction between aerosols and clouds, the ORACLES (ObseRvation of Aerosols above Clouds an
their IntEractionS) field deployments took place during 2Z@04.8 over the southeastern Atlantic Ocean immediately to the
west of thesouthern African continent. The goal was to develop an understanding of the impacts of southern African BB
aerosol transport over the Atlantic Ocean on climate (Redemann et al., 2021). Collaborative international deployment activiti
over the SE Atlantisuch as U.K. CLARIFY (September 2016, 16 August 2077September 2017; Haywood et al., 2021),

DOE LASIC? (1 June 201631 October 2017; Zuidema et al., 2018), and the French AER@2E@22 August 201712
September 2017; Formenti et al., 2019) have also advanced the understanding of aerosols and their interaction with clouds.
few results from ORACLE®aveelucidaedthe observed details of aerosbbud interactions (Kacarab et al.,2ZZ) Gupta et

al., 2022, the combined direct aerosol radiative effect (Cochrane et al., 2020), and the impact of moisture outflow on mid
level clouds (Adebiyi et al., 2020; Pistone et al., 2021). However, while those studies highlight the detailedfesttwss!

cloud interactionduring the deployment peripdhey cannot tell us whether thabservationswere typical. Hence,
understanding the meteorological characteristics during the ORACLES deployment, and how different they are compared tc
the climatdogical mean in various temporal and spatial scales is critical. This paper focuses on the climatological overview of
the meteorology reflecting the coupled lamzkanatmosphere system and the representativeness of the deployment months.

Aerosolcloud interactiongremodulatecby meteorology. For example, cloud cover changes with Wh&his modified
not only by surface temperature but also by absorption of solar radiation by aerosols residing above the cloud over the ocea
in the African regior{(Gordon et al., 2018; Mallet et al., 2019; 2020)her recent studiedsodetailhow the largescale flow
interacts withthe entrainment of smoke into the boundary layer (Diamond et al., 2018; Zhang and Zuidema, 2019; Abel et al.,
2020). Thus, it is im@rtant to identify the direct impact of the prevailing circulation on BB aerosol transport and stratocumulus
decks, and to separate the meteorological impact on the stratocumulus deck from the aerosol impact on stratocumulus durir
the ORACLES deploymentgpiod.

The goal of this study is to describe the meteorologibalracteristicghat directly impact aerosols and low clouds,
particularly stratocumulus decks during the ORACLES campaign. In this Part 1 of the meteorological overview paper, we
focus on the climatological characteristics of meteorological variables during the depleymmgrared to the climatological
meanatmonthly time scaleTo aid in the interpretation of airborne measurement during flight days in a more detailed manner,
the key meteorological characteristics during the flight dagsily to weekly time scales wille separately presented in Part

2 of the meteorological overview paper.

! Cloud-AerosotRadiation Interactions and Forcing.
2 Layered Atlantic Smoke Interactions with Clouds.
3 AErosol RadiatiOn and CLOuds in Southern Africa.
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Section 2 of this Part 1 describes the sbgses and satellite datetsused in this study. In section 3.1, the key
meteorological anomalous featueessociated with th&EJ-S during the ORACLES deployment montlas compared to their
climatological meansre highlighted. Meteorological characteristics associated witldo®l cloud are also shown in section
3.2. In section 3.3, how the aerosol from European Centre for Melamge Weather Forecasts (ECMWF) Copernicus
Atmosphere Monitoring Service (CAMS) reanalysis behaves along with the meteorological variables during the deployment
months is discussed. The possible reasons for the differerBABRadracteristics during the dephognt month, particularly in

August 2017aregiven in section 3.4. Finally, the summary and the conclusions are provided in section 4.

2. Data

The geographic domain of our study region is the SE Atlantic and southern Africai ORI S20° W 20° E) as shown

in Fig. 1(a). Data and methods used to complete the relevant fields used in this study are described below.

1 Meteorological fields sutas 3D wi nd ( u, v, ¥) , temperature, a@,eopot
divergence, and potential vorticity (PV) come from the European Centre from M&hnge Weather Forecasts
(ERA-5, Hersbach et al., 202)he analysis iprimarily basebn monthlymeandatg available on a 0.25 ° longitude
x 0.25 ° latitude grid with 37 vertical levels ranging from 1000 hPa to 1IhRanoted when hourly data is usied
the analysisThe anomaly fields are computed by subtracting the climatologicathiyemean values (2062018)
from each monthiymean valueNote that the monthly mealBRA5 BLH data arecalculated based on the bulk
Richardson number (ERAS data description document).

T ERA506s depi ctSanmdits mdgnittdarealscAdompared tthose of the ModernEra Retrospective
analysis for Research and Applications version 2 (MERR&elaro et al., 2017jhe Japanese 5far Reanalysis
(JRAS5; Japan Meteorological Agency/Japan, 2013), and the NCEP/NCAR reanalaysis (Kalnay et alvel §86)
same time periodising monthlymean dataMERRAZ2 dataarebased on 0.8 longitude x 0.5 ° latitude with 42
pressure leveJaand JRAS5 datarebased on 2.5 ° longitude x 2.5 ° latitude with pressure levels ranging 27 to 37.
NCEP/NCAR data is basedh@.5 ° longitude x 2.5 ° latitude with 17 pressure levEfesecomparison plots are
provided inthe supplementary materials.

1 The Kalahari heat low is defined by the geopotential height thickness between 850 hPa and &) hPsouth
African plateauWe chose these levels rather than lower levels (e.g., th®2B8®Pa difference as used by Knippertz
et al. (2017)) since the 925 hPa level is below the ground for much of our study region of interest. The sensitivity of
the strength of the heat low dugithe deployment to the precise choice of levels is minimal.

1 The lowlevel tropospheric stability (LTS) is defined as the potential temperadujdifierence between 800 and
1000 hPa, below the aerosol layer at 700 hPa, following Adebiyi and Zuidema.(2016



1 AEJS is defined as theonalwinds (zonal wing < -6 m s!, implying easterly windsaround 620° E, 515° S at 600
hPafor September and October attbseat 700 hPa for August.

1 LLJis defined by a 925 hPRwrizontal wind speed in excess of 5 tadf of the coast of Namibia (A0° E, 15 25°
S).

145 1 Microwave and infrared (MW_IR) daily Optimum Interpolation Sea Surface Temperature (OISST) from REMote
Sensing Systems (REMSS) (Gentemann et al., 2004, 2010amptioximately 0.088 ° (~9 km) spatial resolution is
used to characterize the interannual variability in sea surface temperatures (SST) over the Southeastern Atlantic.

1 Monthly-mean Tropical Rainfall Measuring Mission (TRMM) product 3B43 with 0.25 ° grid spacing (Huffman et al.
2007)is used tocharacterize precipitation. This dataset is a combination of dpaoe radar, microwave, and

150 infrared channels with monthly datation with surface rain gauges when available. Similar results were obtained
using monthly Global Precipitation Mission data (not shown).

1 The Level 3 monthly cloud fraction product from the Moderate Resolution Imaging Spectroradiometer (MODIS)
onboardboth Terra and Aqua (1° grid resolution) is used to calculate monthly mean low cloud fratkieriew
cloud is defined when cloutbp height is below 2.5 knhiike Cermak et al. (2009), an extensive analysis to separate

155 the low clouds into the detailedotld types such as stratocumulus, stratus, and fog, will be desirable. However,
considering that the fraction of annual low cloud cover due to stratocumulus over the SE Atlantic Ocean is larger than
70% with a pealof 90% (Wood, 2012), we assurti@tthelow cloudsrepresenstratocumulugloudsin this study.

T Upperl evel disturbances are determined by the ERA5 Ert
the climatological mean (2068018) at given month (August, September, and October).

160 1 ECMWEF CAMS global reanalysis (EAC4) monthly mean data on a 0.75 ° longitude x 0.75 ° latitude grid with 25
vertical levels are analyzed to investigate aerosol transport features. Data durif2020@8e used to compute the

climatological mean.

3. Seasnal mean and variability of the synopticscale circulation

165 We first examine the climatological mean and variability of the key meteorological factors directly affdotidgand

aerosolsduring the ORACLES deployment.
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Figure 2. (d c) Distributions of the climatological mean (20062017) aerosol layer top heighfred), cloud top height (blue), and the
separation distance between clouds and overlying aerosols (yellow) as a function of longitude (latitudinally averaged from25°
170 S) from Cloud-Aerosol Lidar with Orthogonal Polarization (CALIPSO) (Figure reproduced from Redemann et al. (2021)). {d)

longitudinal cross-sections at 10° S and {d) latitudinal cross-sectiors at 10° E of the RH (shading, %) overlaid by zonal wind
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(contours: gray solid; easterly, and magenta dashed; westerly, msduring (top) climatological mean (20002018) and (bottom) the

3 years of deployment months (August 2017, September 2016, October 2018). White arrows represent horizontal wind vectors.

The top panels of Fig. 2 show the climatological mean longitudinal-sexg®ns of aerostdyertop height, cloud top height,
and their separation. The lower panels of Fig. 2 show longitudinal and latitudinalseasms of relative humidity (RH)
overlaid by the zonal wind, with the AESJhighlighted, for both the climatological mean and the individual deployment months
for each of the three years. It is evident that there is rortionth variability of the aerosol and cloud top height and their
separation. The vertical extent of the aerosol layer and the depth of the separation layer between cloud and ae@gbls (Figs.
c)) appear to be tied to the vertical extent of AEFigs. 2(if)). That is, as the height of the ARJincreases from Augtis
to October, the aerosol layer top heights, and separation between the aerosol layer and the underlying cloud, inckease as we
The aerosol top height occurs around 4.5 km averaged over SE Atlantic in Septamabisrsimilar to the heights of the
highest RH (> 70 %) and maximum AES wind speed, indicating that the larggale circulation can directly affect local
aerosol fields.

The AEJS core is locatedt near3 kmaltitudein August and4 km altitudein September and Octobat around 8.0° S
(Figs. 2(gi)). The enhanced RH extends up to ~ 6 km just offshore at 10° E (Fig#) 2{the southerly LLJ off the Namibian
coast is also seen (+2 km, white wind vectors). The individual deployment months mimic the climatological mean values
of RH and the zonal winds to some extent, but there are some differences. For example, an additional anomalously stron
upperlevel jet was observed at 6.5 km (5°15° N) during August 2017 (Fig. 2d). This jet is enhanced over a relatively dry
region (RH <3®0). Themidl at i t ude #f d2zky penetrategortbvward sodrourid 2010° S (Figs. 2(gi)), with a
high RH plume aloft ati® km due to the AE$. The reduced moisture alkm is tied to anomalousorthwardadvection
of dry air originating fromhe southern oceanshile thedry air aboveés kmreflectsthe Hadley circulatiordriven largescale
subsidence (Wood, 2012; Myers and Norris, 2013; Adebiyi et al., 2015). Thieveilddrynessabove 4 kmis stronger in
August 2017 compared to the climatgical mean (Fig. 2g). The dry intrusion along with southwesterly wind and moist plume
above and south of 1® during the deploymertre bothsimilar to thér climatological mean in September 2016, while the
free-tropospheric drying is reduced in Octob@i18 compared to the October climatology (Figsi BjgThe anomaly field
in RH and horizontal windpeedshow the features described above, which are provided in Fig. 1S in the supplementary
material.

3.1. Meteorological characteristics associated witthe AEJ-S
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Figure 3. Maps of zonal wind (black contours, m &; values -6 m st with 1 m stinterval), RH (shading, %), and horizontal wind

vector at 700 hPa for August and at 600 hPa for September and October. Precipitatioco{or contour, light blue (0.05) to red (1.05),
with 0.1 intervals, mm hr?) is overplotted for the climatological mean (2002018) and the ORACLES deployment months (August

2017, September 2016, and October 2018). The color boxes (red, blue, and green) indicate the month of OREEHeployment.

Spatial features of the AE3 and RH are shown for the individual deployment months (August, September, and October) in
Fig. 3. Since the core of AEJ in August is lower than in September and October (Fig. 2), the wind and RH are sRé@n at
hPa (~ 3 km) for August. The southwgpdbgressionof the regions of significant RH and continental rainfall is clearly
apparent, as well as the strengthening of the easterly jet from August to September and OctoberSThedmlim wind
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speed is largest in September, confined over the coastal regio& @%6° S. The maximum wind speed is weaker in Oatobe

than that in September, but the jet extends further we:

pattern (shown by reversing wind vectors around 1510¥ E, 1025° S) is pesent for all three months but is only about half

as strong in August as in the other two months. The zonal extent of the recirculation pattern appears to be assobiated with t

strength of AEJS: the stronger the AES, the larger the radius of recirctitan. The AEJS also exhibits substantial yetar

year variability.The distribution of RH, which is tied to the southward extent of precipitation, also varies from year to year.
The AEJS in August 2017 is significantly weaker than the climatoldgiozan. The AES in September 2016 is similar

to the climatological mean. Inland precipitation is also pronounced around 5° N, penetrating further south, with being wetter

in September 2016 compared to the climatological mean. In October 201-& &Esightly weaker than the climatological

mean aroun@i 10° E, 510° S.

Wind speed, RH, and precipitation anomaly

—Stronger wind (>1 ms?) — —. Weaker wind (<-1 ms™)
=== \ore rain (+0.1 mmh) Less rain (-0.1 mmh1)
(a) Aug 2017 (700 hPa) (b) Sept 2016 (600 hPa) (c) Oct 2018 (600 hPa)
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Figure 4. Maps of horizontal wind speed anomaly (navy contour; dashed lines represent the negative valuess?®) and RH anomaly
(shading; blue colors represent the negative valug%b) at 700 hPa for (a) August 2017 and at 600 hPa for (b) September 2016 and
(c) October 2018, respectively. The magenta (cyan) lines show more (less) than climatological mean precipitation. The grgears

(gray cross) indicatesvind speed anomaly (RH anomalydata is significant at the 85% confidence level

Theweake AEJS in August 2017 ialsoevidentin the anomaly fields in Fig. 4. The horizontal wind speesigaificantly
weaker than the climatological meimnAugust 2017, andimilar features were found when using zonal wind speed, reflecting
the weakening of AE$ (not shown)The region aroun@i 15° E,5i 10° S is drier in August 2017 than the August climatology
(Fig. 4a) Thehorizortal wind speedh September 2016 is similtr the climatological meanith more rairpenetrating further

south (Fig.4b). In October 2018the horizontal wind speed slightly weaker than the climatological mearound 15° W

10



10° E, 510° S and the region is also drier than the Octatlenatology, but the wind speed difference is not statistically

230 significant atthe85% confidence leveDctober 2018 isvetter over the Benguela coasts aroQsD° E,20-25° S(Fig. 4c)

These meteorological featuréacluding the location and intengibf the AEJS in ERAS during the deployment

months are also well observed in the other reanalyses. For instance, the weakening®fm&Ligust 2017 is observed in
other reanalysis data, such as ERgerim (not shown) MERRA2, and JRA55, although tdéference is small in JRA55 (see
Figs. 2S and3S in the supplementary material). Howevdtre NCEP/NCAR reanalysisshows thegreatestdifferences

235 compared to the other three reanalyses during AuQakiber. This may be related to the differences inldbation and
intensity of the largescale subsidence and the lack of enhancement in the locallapplwind over the 8.0° S region during
August 2017 in NCEP/NCAR
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