Gravity wave—induced perturbations in marine stratccumulus
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Abstract

We discuss the role of atmospheric gravity wavesnodulating cloud radiative and dynamical
properties over the South East Pacific. Satelltagery and satellite-retrieved cloud properties
during October 2008 illustrate three distinct edes® of horizontal propagation of gravity wave
trains across the large-scale stratocumulus cl@et dapping the local marine boundary layer. In
one period, 7-9 October 2008, the waves moduldtdieop-height by over 500m peak-to-trough,
propagating perpendicular to the synoptic boundayer flow with phase speed 15.3meriod
~1-hour and horizontal wavelength 55km. The grawgves were observed to be non-dispersive.
These waves were first evident in the cloud declr ri#0°S, 85°W during a 24-hour period
beginning at midday on 7 October 2008, and progagabtrtheastward toward the Peruvian coast
for the following 48 hours. During this time, théyduced both reversible and non-reversible
changes in cloud-radiative and cloud-dynamic prigersuch that areas of clear sky developed in
the troughs of passing wavefronts. These pocketgeh cells persisted long after the passage of
the gravity waves, advecting northwestward with blaekground wind. Using ECMWF analysis

fields in conjunction with infrared and microwa\egallite imagery, we show that the gravity waves



observed during all three episodes emerged fromstarbded sub-tropical jet-stream. The radiant of
the waves was coincident in all cases with cerdfdarge negative residuals in nonlinear balance,
suggesting that geostrophic readjustment of shatpigrgent flows associated with the disturbed
jet provided a source for the wave energy. Conlgrggavity waves were not observed in more
quiescent jet conditions. This case study high$igtite important and irreversible effects that
gravity waves propagating in the troposphere care lan cloud radiative properties (and hence
surface radiation budgets) over a very wide aréfaalso highlights the importance of synoptic

influence on stratocumulus covered marine bountessyrs.
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1. Introduction

The extensive stratocumulus sheets found in th&apibs on the eastern sides of the Pacific and
Atlantic oceanic basins play an important role he Earth’s radiation budget through their high
reflectivity. According to the Intergovernmentalriéa on Climate Change, predicting how these,
and other low clouds, will evolve in the changirlgnate of the coming centuries is one of the
largest sources of uncertainty in current climatedets (e.g. Randall et al., 2007; Meehl et al.,
2007). One of the distinctive features of the stamulus sheets that cannot be reproduced in such
models is the extensive dynamical variability, epéfied by the opening up of Pockets of Open
Cells (POCs) in an otherwise-unbroken boundaryslajeud. Understanding the physics of these
POCs was one of the main objectives of the VOCAkBeement (see below) conducted in the
South-East Pacific in the (southern) spring of 2088re we report on a possible trigger for the
formation of these features by atmospheric grawifyves propagating across the domain of the
cloud sheet. This paper also shows how reversislardical perturbations caused by gravity waves
can, through their interaction with the cloud mpngsics, result in irreversible changes in the dlou

field.

The processes responsible for POC formation areveel to involve a coupling between cloud
microphysics, aerosols and boundary-layer dynarfeas. Wood et al.,, 2011a, Bretherton et al.,
2004; Stevens et al., 2005; Comstock et al., 2@Dd, references therein). Very briefly, local
dynamical processes leading to enhanced drizzlmdon in stratocumulus clouds remove
moisture and cloud condensation nuclei (CCN) fromtioundary layer, thus suppressing recovery
of the cloud from the moisture sink of drizzle. &rge of both modelling (e.g. Wang et al., 2010)
and observational case studies (Stevens et ab, Zdmstock et al., 2007; and Wood et al., 2011a)
of marine Sc have now linked the formation of PQ@th the presence of drizzle in a CCN-poor
environment. Ship observations during VOCALS-Rexe(Section 2.1) consistently showed more
intense clouds and drizzle and higher LWP whenclops where higher (deSzoeke et al. 2010). In

a modelling study of the area near°2p 85W, where strong drizzle was observed during



VOCALS, Mechem et al. (2001) found that an increas¢he boundary layer height of 200 m
yielded a greater change in drizzle intensity thatving CCN concentration from 270 ¢hto 135
cm®. When the cloud passes a critical (as yet uncheniaed) threshold in terms of CCN
concentration and bulk properties such as liquidewaontent, it dissipates and responds

dynamically by switching from closed cellular toeppcellular convection with the remaining cloud

limited to the ascending branches of the open.cells

The hypothesis being examined here is that a gravatve imposes a periodic pattern of vertical
motion on the cloud deck, alternately lifting amavering it. As the cloud is lifted it thickens and
cools, causing drizzle to form which washes outstuse and CCN. In the opposite phase of the
wave the cloud warms and dissipates, creating @ Mghen the wave has passed, this hole is left
behind as a nascent POC.

Whilst earlier studies have demonstrated a poteotiapling between tropospheric gravity wave
generation and relatively short-lived cloud forroati(lasting a few hours at most) through
dynamical arguments alone (e.g. Knippertz et 2102 Haag and Karcher., 2004), the process
discussed in this study suggests a hitherto unidehtrole for gravity waves through both long-
range and long-lived influences on tropospheriadld=urthermore, this study suggests a coupling
to irreversible microphysical processes, which, amadppropriate conditions, may lead to cloud

destruction, with consequences for the troposplerergy budget and hence climate.

In this paper, we will examine satellite imagerydamermodynamic fields for October 2008,
focusing in detail on the period 7 to 9 Octoberewlgravity waves were observed to have the most
pronounced impacts on cloud properties. We wilhthaefly discuss two other episodes of gravity
wave propagation which reveal a common source nmesima We now briefly describe the field
project that was active at the time of interest® case study and describe our data sources before

continuing to discuss satellite and thermodynarbseovations.

2. The VOCALS campaign and data sources



2.1The VOCALS-REx Campaign

The events discussed here were observed immedgmtelyto the intensive phase of the Variability
in the American Monsoon System (VAMOS) Ocean Atnesp Land Study Regional Experiment
(VOCALS-REX) field campaign, and we make use oktlige data generated in support of this
international multi-platform campaign. A key objget of VOCALS-REx was to reduce
uncertainties in current and future climate progew; especially those associated with marine
stratocumulus and coupled land-ocean-atmosphexegses. The field campaign consisted of the
following measurement platforms: five aircraft, taaise ships, two surface measurement sites and
data from two IMET Buoys (positioned at 20°S, 85%wd 20°S, 75°W) as well as a host of
supporting satellite data and specialist model wiutip inform mission planning in the field. Further
details of the context, platforms and instrumentabperated during VOCALS-REXx can be found

in Wood et al. (2011b), Allen et al. (2011), anct@Berton et al. (2009).

2.2 Satellite datasets

Satellite measurements provide a practical metloodlbserving marine stratocumulus (hereafter
Sc) and cloud bulk properties over the remote apsgan. In this study, we make use of visible,
infrared and microwave satellite spectroradiometawhich include the ID Geostationary
Operational Environmental Satellite (GOES-10); &mel MODerate-resolution Spectroradiometer
(MODIS) and Advanced Microwave Sounding Radiom&@&S (AMSR-E) on NASA’s polar-

orbiting Aqua satellite

The GOES-10 geostationary weather satellite, jpinfperated by NOAA and NASA, routinely
provided infrared and visible images of the Soutmehican region from 1997 until its
decommissioning in 2009 (see Menzel and Putdom¥,1#@® further technical details). The GOES-
10 recorded 4-km resolution images in five spedteaids including a visible, shortwave infrared
and three thermal infrared channels. For this wwek use half-hourly brightness temperatures

recorded in the GOES-10 infrared window (IRW) chelrh (10.8 pm) to illustrate the propagation



of gravity waves. This mid-infrared channel is afogo limit sensitivity to changes in cloud top
radiance inherent to the diurnal cycle. Brightneessperature perturbations are used as a proxy for
changes in cloud top temperature and hence cloudéaght. In addition, cloud properties were
retrieved from GOES-10 imagery at half-hourly intds, using the Visible Infrared Solar-Infrared
Split Window Technique (VISST) and the Solar-Ing@rSplit Window Technique (SIST) methods
described by Minnis et al. (2011). These methods GOES-10 brightness temperatures in four
channels during daytime (VISST) and three duringhtitime (SIST) in conjunction with other
available satellite and meteorological observationgerive information on cloud top height (CTH),
liquid water path and other bulk cloud quantiti€3:H is defined as the point of least difference

between cloud top temperature and a co-located EEMMNnalysis temperature profile.

Data from both the MODIS and AMSR-E sensors arel Usse to detect strong drizzle. Drizzle
forming in the presence of the gravity waves (seetiBn 3) is identified using a novel technique
(Miller and Yutter, 2011). There were eleven Aqwamasses of the southeast Pacific (SEP) region
between October™7and 18' 2008, occurring approximately half an hour aftecal noon and

midnight.

In clouds without ice, such as the marine Sc inSbath East Pacific, strong drizzle (LWP > 200 g
m?) manifests as small patches of higher microwaighbtess temperatures when contrasted with
the smoother background emission from the oceafaciand water vapour. The AMSR-E 89-
GHz brightness temperatures are used to detedelar the native resolution of the sensor (4 km x
6 km) which is sufficient to identify larger regi®mf strong drizzle. The method works only in
regions without mixed phase or ice clouds and whiealrizzle is strong. Hence, this technique is
well-suited for this study, where most often, olg clouds appear in the field-of-view over the

South East Pacific.

2.3 ECMWEF reanalysis data



For synoptic meteorological analysis, we use opmrat analysis fields produced by the European
Centre for Medium Range Weather Forecasting (ECMWiggrated Forecasting System (IFS
Cycle 29r2) on a 2.5° x 2.5° geospatial grid onh§brid model levels. Derived variables such as
potential vorticity are calculated explicitly hefeom base thermodynamic fields (pressure,

temperature, specific humidity and 3-dimensionalds)).

In addition, for the purposes of this study, welwige base thermodynamic fields to diagnose a
spatially gridded residual to the nonlinear balaecgiation (NBE) as a proxy for regions of
unbalanced flow associated with large curvaturénigh amplitude Rossby waves, which were
known to be prevalent over the South East Paaifi©ctober 2008 (Toniazzo et al., 2011). The

residual to the NBE is defined as (e.g. Zdunokovaskl Bott, 2003, p. 450):
ANBE = 2J(u,v)+ f¢ - 0%® - Au (1)

Wheref is the Coriolis frequency; = df /dy, { is relative vorticity,® is geopotential height and
the Jacobian termJ(u,v): (du/dx Célv/dy) — (dv/dx [du.dy) . The NBE is obtained through scale

analysis of the divergence equation by droppingeaths containing the divergence and the vertical
velocity. A nonzero-sum of the terms of the r.los(1) has previously been shown to represent
flow imbalance associated with strong divergencense rawinsonde data (Moore and Abeling,
1988) and has also been employed with mesoscalelnfiettls for the purpose of analysing the
degree of flow imbalance. Most importantly, in tacgudies (Zhang et al., 2001; Zack and Kaplan
1987; Koch and O'Handley 1997; Koch et #)98) a region of large NBE residual was found to

occur within the generation region of gravity waves

3 Observations from satellite imagery between 7 Octay and 9 October 2008

We now focus on the period 7 October to 9 OctolB$)82when gravity waves were observed to
cause the largest modulation of cloud top heigletr dhre South East Pacific. Figure 1 shows a time

sequence of GOES-10 IRW brightness temperature graysscaled within the range 277 K to 283



K for a period between 05:45 local time (08:45 UTd&) 8 October 2008 and 13:45 local time
(16:45 UTC) on 9 October 2008. Yellow areas on #usle indicate brightness temperatures less
than 250 K and hence high level cirrus. The sequesitows several parallel wave fronts
superimposed on the brightness temperature figidert as light and dark bands aligned roughly
in a northwest/southeast direction between 90°V8Q®NVN; and 23°S to 27°S. White ellipses in
Figure 1 highlight the wave fronts. Magnified imagef the areas around the ellipses shown in
Figure 1 are shown in Figure 2 with an approxinsg@tial scale (assuming Great Circle distance at
20 S) and serve to better illustrate the individwalve fronts. The sequence shows that the wave
front seen in Figure 1a advanced toward the nostheaad was the first wave front of a wave train.
A more detailed tracing of each wave front fronuth $equence of GOES-10 imagery reveals that
the peak of each wave front propagated at a phassdof approximately 55 kmh(15.3 m &)
across the domain. Furthermore, analysis of ther-mtrival time between these fronts at a fixed

location yields a wave period of approximately 6@ues and hence a wavelength of 55 km.

An important additional observation is that the eswere non-dispersive: there was no evidence
of wave fronts propagating within a broader envelapving at a different velocity. This is to say
that the observed phase speed and group speedrefegeal, which, as we argue below, has
implications for the vertical structure of the waveFigures 1(i-l) and Figures 2(i-l) show the
sequence between 0445 UTC and 1645 UTC on 9 Ogtelech completes the life cycle of the
waves as they finally reach the Peruvian Coaspptaximately 1645 UTC. We continue to track
the POC feature of Figure 1f in the purple ellipgemonstrating its northwestward advection and
continued separation from the gravity wave traig.tBe end of the sequence, the POC feature,
originally initiated well to the south east, hadgsted for 28 hours before entering a more general
cloud-free area to the west (in the transition orgto trade cumulus outside of the Walker
anticyclone). A composite schematic of the time kowdtion of the foremost wave front observed

in the GOES-10 imagery in Figure 1a is presentdéigare 3.



The light and dark banding in brightness tempeestigeen in Figures 1 and 2 can be thought of
gualitatively as peaks and troughs in cloud topperature and hence troughs and peaks in cloud
top height (CTH), respectively. Where solar zemitigle permitted GOES-10 CTH retrievals, we
observe that the maximum peak-to-trough differanagoud top height was 500 m (see Figure 4),
around a mean CTH of ~1300 m at 20° S, 76° W. Tipes®dic undulations in cloud top height
also propagated almost perpendicular to the meamdasy layer flow (diagnosed from the
ECMWEF horizontal boundary layer wind field). Ths abserved in Figure 1 by the separation of
the white and purple ellipses across the sequeviueh track the gravity wave train and a resulting

POC feature, respectively.

The sequence in Figure 1 shows that in a 32 hotiohethe wave fronts propagated across
approximately 10 degrees of longitude and 8 degdektitude over the South East Pacific
northeastward toward the coast of Peru. A full ated sequence of GOES IRW brightness
temperature imagery across October 2008 is proveded supplement to this paper and should be
viewed to better illustrate the propagation of teves across the cloud deck. The nature of this
periodic, cross-flow propagating disturbance, thage speed and horizontal wavelength all point to
a mesoscale gravity wave that was initiated tostethwest and travelled across the domain. We
note that at the southernmost end of the domainvéhwe signature could also be seen in the cirrus
clouds, showing that the gravity wave was predoighout the troposphere. A false-colour image
of brightness temperature tuned for cirrus is preskin Figure 5. In this figure, we see a thindan
of cirrus propagating over a 1.5-hour period bemigrat 0828 UTC on 9 October 2008. The cirrus
band is again aligned in a southeast-northwesttilire and calculations of phase speed and period
for the band seen across Figure 5 reveal valuesépspeed 16.5 s period 59 km) similar to the

wave train observed a little to the north in thed8ck below.

Figure 6 shows liquid water path (LWP) retrievednir GOES-10 radiances during the period of
interest. It should be noted that accurate LWRreggs are not possible for high solar zenith angles

(>72° due to the difficulty in accurately retriegi cloud effective radius, which requires



information from near-infrared channels and henealight. We see a characteristic increase in
LWP with distance offshore from the South Americarast, a consistent feature described by
George et al.,, 2010 (and references therein). Th&¥® changes are likely a result of the
increasing depth of the boundary layer and chamgés structure further offshore (Bretherton et
al., 2010). There is also a decreasing gradieatomnd droplet number away from the coast which is
associated with atmospheric composition in the llonarine boundary layer, in particular the
presence (or absence) of sub-micron aerosol whithsacloud condensation nuclei (CCN) (Allen
et al., 2011). Rain rate in Sc has been empiriaabyerved to be proportional to the ratio of cloud
liquid water path and droplet number (e.g. shipedasieasurements reported by Comstock et al.,
2004), meaning that rain rate increases with irengalL WP and decreasing droplet number. This
relationship implies that there are both anthropegeind natural influences on the observed
precipitation rates across the region. Finer-sgal&bility in LWP in the South East Pacific has
also been correlated with both precipitation andNC@umber, with local increases in LWP,
particularly in the remote marine environment, gegoincident with areas of strong drizzle and
low CCN (Zuidema et al., 2005). From those measargmand known relationships, we can
conclude that stratocumulus clouds observed toagomelatively high LWP in the remote marine

environment are more frequently precipitating tharse with lower LWP near to shore

Figure 6a shows the crests of the gravity waventedi2045 UTC on 8 October 2008 discussed
earlier and seen in Figures 1 and 2, seen hene asr@ase in LWP relative to the background. The
LWP along the wave fronts in Figure 3a is typicalpund 130 gfcompared to a background of
around 80 grhin the remote marine environment. One hour lateEigure 6b, we can see that the
wave train has advanced to the north-east andatlaage area of enhanced LWP has developed as
several more waves pass through the region. Inmrtant to note that we expect a significant
diurnal modulation in LWP and therefore the enhammets seen here should be interpreted in the
context of the contrast between the wave creststlamdnstantaneous background. With this in

mind, it is clear that the passing waves do enh&wg® relative to the unperturbed background.



Furthermore, in Figure 6b, we see the area of P€@esponding to those observed in Figure 1f,

seen here as areas of zero LWP embedded in tlenrefjwave-enhanced LWP.

As discussed in Section 1, POCs are known to beceded with strongly drizzling Sc cloud, and
hence enhanced LWP, relative to non-precipitatingctin an otherwise similar airmass. Figure 7
shows detected drizzle cells from MODIS and AMSRMerpasses using the method described in
Section 2.2. Due to the short time period consiliérere, only a single overpass of the region was
sampled by AMSR-E, at 0528 UTC on 9 October 2008uife 7b), corresponding most closely
with the GOES-10 images shown in Figures 1j and~@jure 7b demonstrates that the wave crests
seen at 18°S, 77°W in Figure 1j are indeed indupnegipitation at the same location sampled by
AMSR-E, seen as the dark bands in the right pahEilgure 7b. For contrast, an earlier overpass at
0540 UTC on 7 October 2008, before the gravity wawvere first observed, is plotted in Figure 7a,
which shows an absence of significant drizzle acribe region, with the exception of a small

region of POCs near 24° S, 81 ° W.

In addition to influences on SCu cloud far offshdhere were also some noteworthy changes in the
cloud field where the gravity wave train reached tiear-shore environment, seen in terms of
brightness temperature in Figures 1L and 2L, anteims of LWP in Figure 6c. In particular, a
large area of POCs located just to the south dfaapsgradient in LWP at around 18°S, 77°W (see
Figure 2I), rapidly developed as the wave frontsspd through. The sharp gradient defines a
natural boundary between the relatively clean nmagitair and the more polluted coastal aerosol
regime, bounded by the synoptic coastal jet — aanycal feature associated with the Andes
topography (see Rahn et al., 2011). Further lireards of cloud clearance were also observed
nearer to the coast. The reason for the rapid dpuwednt of a POC feature at this location is
unknown although we speculate that this could be tua complex interaction between the
propagating wave train and the coastal jet, whiely tve further underpinned by the rapid change in
the aerosol regime. A detailed examination of ph@cess is beyond the scope of this paper and we

concentrate hereon on the more readily characteremmote marine environment.



The enhancement of LWP and the initiation of dezrl the remote marine environment are critical
to an understanding of the proposed microphysioatgss linking gravity wave propagation with
POC formation. The raising of the cloud deck asgrevity wave passes leads to a rapid drop in
cloud temperature and therefore additional condemmsaf water vapour in the already saturated
cloud layer. This water vapour condenses both emtsting cloud droplets and potentially forms
new cloud droplets (subject to availability of CCKgnce increasing cloud LWP, as observed. In
this characteristically low CCN remote maritimeicgg(Bretherton et al., 2010; Allen et al., 2011),
it might be expected that any additional condensatesults in a shift to larger mean droplet size
(due to both condensation onto existing droplet$ gmnater collisional coalescence efficiency) and
that a proportion of those droplets may becomeipitable. Importantly, the LWP observed along
the wave fronts in Figure 5a (100-140 Bnis consistent with values known to be sufficiemt
characterize strongly drizzling Sc in the remotatkeastern Pacific (Zuidema et al., 2005) and the
detection of co-located drizzle by AMSR-E (see Fggub) confirms this. As the wave passes into
the negative phase (downward movement of the cland)the local temperature rises, remaining
small cloud droplets are quickly evaporated to na@amsaturation. The period of the observed
waves (around one hour) is significantly less tiiam boundary layer turnover time (~3 hours,
Wood et al., 2011b) and therefore resupply of nuogsto the cloud layer is not fast enough to offset

wave-induced thermodynamic changes in relative Hityni

Together, removal of cloud liquid water by prea@agibn in the upward phase and cloud droplet
evaporation in the downward phase, could be exgectdead to large reductions in total water
content and hence cloud-clearance. Both the ne&rdifulations of Mechem et al. (2011), and a
simple parcel model using observed modulation ofigltop height and ECMWF thermodynamic
profiles have demonstrated that this is indeediplessver the area and is confirmed here by the
GOES-10 satellite observations. For example, censttie following simple thermodynamic

calculation for a cloudy air parcel, which is Idtby 250 m (the observed amplitude of the waves).

Using typical ECMWF temperature profiles and radio$e data obtained later in VOCALS-Rex,



such uplift corresponds to a temperature decredsaraund 1.5°C. Assuming a cloud top
temperature of 13°C (typical of mean values seeB@ES-10 data), this temperature drop for an
initially saturated (cloudy) air parcel, correspsrid an additional condensation of 0.9 Yaf water
vapor. If we assume that the initial liquid watentent of the unperturbed cloud is ~0.6 3and
cloud droplet concentration was 100%fim line with in situ measurements in remote Smréed in
Bretherton et al., 2009) then the mean droplet siaald initially be ~ 20 um by the following

relationship for a cloudy air parcel:

(2)

WhereD is the mean droplet diameteaWC is the liquid water contend)y is the cloud droplet

number ang,, is the density of liquid water. With the additibeandensation induced by the wave
uplift, then by (2), the mean droplet size in claidhe crest of the gravity wave would be ~ 31 pm.
This large increase in mean droplet size promdtesdevelopment of precipitable droplets by
dramatically increased collision and coalescendei&ficy and the size calculated in this simple
calculation is consistent with cloud top mean debizes expected in drizzling marine Sc (e.g

Bott, 1998).

We propose here, based on these observationgrthaty waves are able to initiate drizzle and tip
clouds in a predisposed region (of low CCN) inte BOC state, shown in the satellite imagery here
as an “opening up” of the cloud deck in lines datab the phase fronts. An investigation of this

process using a cloud resolving model is the stilojea separate study.

A summary of these satellite observations is that wave fronts shown here propagated for a
period of over 36 hours and over a distance in &a# 1500 km, suggesting trapping of wave
energy in the troposphere. Having established llaages in observed cloud bulk properties and the

microphysical processes that might lead to obsenvedersible changes in cloud dynamics at the



mesoscale, we now investigate the source of theitgravaves and briefly discuss the possible

reasons for trapping.

4 Sources of gravity wave energy in October 2008

Mesoscale trains of atmospheric gravity waves lieean reported many times in the literature, with
properties similar to those described here (e.gaBcet al 1998). Often, they have been associated
with deep convection, but Uccellini and Koch (198Who presented a summary of thirteen
published case studies of such waves, decidecttimaection was not their main source of energy.
They concluded that a common feature in all sudnts/was a jet streak upstream of an upper-
level ridge, with the waves found ‘in the exit regiof a jet streak and preferentially on its right
(anticyclonic shear) side’. Uccellini and Koch weret able to explain the precise mechanism for
wave emission, but they suggested shear instalaihty geostrophic adjustment as the two most
likely mechanisms: in the exit region of the jeeak strong departures from nonlinear balance are
found, which can cause the emission of gravity walvg geostrophic adjustment. Zhang et al.
(2001, 2003) examined this hypothesis in detaildagravity wave case reported by Bosart et al.
(1998), using a simulation of the event with the BIMesoscale model. In this case wave initiation
occurred just downstream from a region of nonlineabalance, itself downstream of an upper-
level trough over the Eastern USA. The largest dapafrom nonlinear balance was found in the
tropopause fold beneath the southwesterly brandhejetstream. The waves generated at upper
levels took several hours to reach the surfacer lagd resulted in one long-lived, large-amplitude
gravity wave train that caused hazardous wintertheza

We shall now discuss sources for the wave enerplirdy first with the detailed observational case

presented in Section 3 and then with two otherscabserved later in October 2008.

4.1. 8 October 2008 case



For the case discussed in Section 3, the wavesfreste first observed near 30°S, 85°W on the
afternoon of 7 October 2008. Using the phase spédbe (nondispersive) waves as derived in
Section 3 from their track on the cloud field (d8gure 3) and assuming a constant speed and
direction we are able to approximately trace baekwaves from their initial point of observation in
order to diagnose the potential original imbalanited may have acted as a source for the wave
energy. Figure 8 shows fields derived from ECMWTFemapional thermodynamic analyses at 12
UTC on 6 October 2008 (around 36 hours before taeew were first manifest as perturbations to
the Sc cloud deck). Figure 8a shoMidBE, calculated as described in Section 2.3, atfd@®along
with the back-traced position of the gravity wavest observed in Figure 1a, marked by a large
cross. The dashed line between A and B in FigurdeBaes a line for which a vertical-horizontal-
cross-section parallel to the observed wave freeiiracted and plotted in Figure 8c and Figure 8d,
for ANBE and potential vorticity, respectively. Figurb 8hows potential vorticity and horizontal
winds on the 340 K isentrope, representative of ghb-tropical upper troposphere and extra-

tropical lower stratosphere, therefore illustratihg position of the southern sub-tropical jet-astne

Figure 8b shows a markedly disturbed jet with tHyesaking Rossby waves between 140° W and
60° W. The point of interest here, correspondinght black cross in Figure 8a, is around 95° W,
36° S, just downwind from a ridge at 340K This liag Rossby wave resulted in a tropopause
fold, shown in Figure 8d, which coincided with tlaege negative NBE residual vertical profile at
36° S (dark blue contours) seen in Figure 8c extgntiom 200 to 800 hPa. This large negative
NBE residual results from convergence occurringhe equatorward branch of the jet stream
downstream from the ridge, following the rapid gase in absolute vorticity along the flow. A full
animated sequence of the ECMWEF fields displayefignire 8 across October 2008 is provided as
a supplement to this paper and illustrates mor&rlgiethe movement of the breaking Rossby waves
across the SEP.

Temperature and humidity profiles from the ECMWHRlgses along the path of the gravity wave

trains showed a moist, neutrally stable boundaygriaapped by a very prominent inversiad<{ 5



Kin 200 m). This layer was too thin to support gravity waves observed here, which would have
propagated into the stable layer above (Brunt-Vaif@quency N ~ 0.01"3. However, at the
level of the inversion (or cloud top) the wavedant propagated horizontally for around 2000 km
without observable loss of amplitude. Linear, dyeavave ducting by critical layers is one
mechanism proposed in the literature for trappirayidy waves in the vertical (Lindzen and Tung,
1976). The non-dispersive nature of the waves weulghest a vertical wavelength of order 10 km.
Indeed, there were critical layers in the uppepasphere along much of the path of the waves
according to the ECMWEF analyses, but the modelcssahbility suggests that such layers would
absorb rather than trap the wave energy. As we atohave detailed vertical profiles of static
stability we cannot rule out the Lindzen and Tungchmanism here but it does not appear to be a

strong candidate.

Short of some mechanism for reflecting the wavergy at the tropopause, we must consider the
possibilities that the observed undulations of $itedeck are either a time-dependent wave with a
complex, non-linear propagation, or result from @chanism for wave amplification compensating
for radiation losses. One such mechanism migkedrom an interaction between the Sc deck and
the wave, whereby subsidence across the inversoanffected by the vertical displacement

associated with the wave.

The limited vertical resolution of the ECMWF anagsand the lack of in-situ profiles in the region
at this time, preclude a detailed investigation vedve propagation. High-resolution model
simulations are currently under way to determinestiver the waves were predictable, given the
large-scale flow pattern. The evidence in this isachowever clearly points to waves being
generated by geostrophic adjustment around thercpibal jetstream, followed by horizontal

propagation in the free troposphere for around 2600

4.2. 11 October 2008 case



Figure 9 shows the same fields as Figure 8, he@®@d UTC on 10 October 2008, corresponding

to a gravity wave train that was first observedatellite imagery over the SEP near 82°W, 21.5°S
at 1528 UTC, 11 October 2008 (not shown). In tlaise; the observed gravity wave traces back to a
region of negativeANBE just upstream of the point where a midlatitudeugh extends north

towards the subtropical jetstream.

4.3. 27 October 2008 case

Figure 10 shows the same fields as Figure 8, HeDéQ0 UTC on 27 October 2008, corresponding
to a gravity wave train that was first observedatellite imagery over the SEP near 80°W, 34°S at
0528 UTC, 27 October 2008 (not shown). In this cse origin of the waves traces back to a point
at 30°S, 82°W, where we see a marked anticycldgitaéaking (LC1 type) Rossby wave in
Figure 10b. Similar to the 8 October case, we spmfile of large negativdNBE at this location

(Figure 10c) coinciding with the tropopause fold.

4.4. Common sources

In all three cases observed in October 2008, tserobd gravity wave trains trace back to a region
of large negative residual NBE and hence areasowof divergence. This points to a gravity wave
energy source by geostrophic adjustment. For tRet®ber and 27 October cases, these areas of
residual NBE are tropopause folds associated wi@2 Land LC1 Rossby wave breaking,
respectively, along the subtropical jetstream. #her 11 October case, the Rossby wave appears
poleward of the STJ — i.e. in the polar jetstre&atellite imagery and ECMWEF fields were also
examined for November 2008 - at times when grawgves were not observed in GOES-10
imagery, there was neither evidence of nearby Rogslve activity nor centres of large negative
ANBE. Indeed there were no further gravity waveseoled in the imagery during the VOCALS-
REx campaign or throughout November 2008, a parf@atacterised by a quiescent STJ (Toniazzo

et al., 2011).



5. Conclusions

This study has demonstrated a previously unknownfos atmospheric gravity waves in the South
East Pacific region by their ability to modulatewd radiative and dynamical properties over a
wide area. Using satellite imagery and satellitegeed cloud bulk properties during October 2008
over the SEP, we have illustrated the horizontapagation of a series of gravity wave trains by
their influence on the stratocumulus cloud deckpaap the local marine boundary layer. The
waves were observed as a non-dispersive perioddutaton of retrieved cloud top height by up to
500 m peak-to-trough during a case study of waveserwed on 8 October 2008, whilst the
horizontal direction of wave propagation was pediemar to the synoptic boundary layer flow.
The waves appeared to originate near 30°S, 85°\Wvanel initiated for a 2-hour period beginning
at midday on 7 October 2008, propagating along covedirected approximately northeastward
toward the Peruvian Coast (15°S, 70°W) over tHeviohg 36 hours, covering a distance in excess
of 1500 km. During that time, the gravity waves &vebserved to affect both reversible and non-
reversible changes in cloud radiative propertied @oud dynamics such that POCs developed in
the troughs of passing gravity wave fronts. The B@@re observed to form in regions with high
background LWP and the gravity waves were obsetgeenhance this LWP further, consistent
with an expected increase in precipitation ratethis low CCN environment. The increase in
precipitation rate, by whatever means, is a mesnantommon to previous studies of POC

development in the SEP.

Two additional cases (11 October and 27 Octobe8P0Dgravity wave propagation were observed
in satellite imagery of the SEP later in Octobe®@0Lagrangian back-tracking from their point of
manifestation on the cloud deck for both these waarel those examined in detail for the 8 October
case, show that waves originated in areas disgldgnge negative residual to the nonlinear balance
equation, which were associated with Rossby wavepggating along the subtropical and polar

jetstreams. We propose here that these gravity svawexe generated by geostrophic adjustment



around the jetstreams.. Although this is consistatit mesoscale gravity wave events previously
recorded in the literature, the waves in this gaspagated equatorward rather than poleward. This
occurred because of a wave duct, probably causeddritical layer for the waves embedded in a

region of low static stability on the equatorwaidiesof the subtropical jetstream.

This case study demonstrates that gravity waves #Hwr impacts on stratocumulus

thermodynamics in the SEP are one formative meshaior POCs in the region and serves to
demonstrate and highlight the important effects gravity waves propagating in the troposphere
can have on cloud radiative properties (and hewmckace radiation budgets) over a significant
spatial extent. These results also emphasise theriemce of synoptic influence on stratocumulus
covered marine boundary layers through changebediquid water path and hence precipitation

rate.
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Figure 1. Time sequence (see time labels for eanklpof GOES-10 infrared window brightness
temperature across the period 0845 UTC, 8 Octob@8 B 1645 UTC, 10 October 2008 The
sequence shows the progression of a gravity wawe fighlighted by a white ellipse, with a

developing POC feature encircled in a purple efliighere observed)
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Figure 2 Magnified images of the time sequence fisee labels for each panel) of GOES-10 IRW
brightness temperatures across the period 0845 B8Ttober 2008 to 1645 UTC, 10 October

2008, presented in Figure 1.



Figure 3 — A composite schematic showing the pmsiéind extent of gravity wave fronts (in blue)
in the South East Pacific as observed in GOES-Hyary. The label for each wavefront gives the

day in October 2008 followed by Universal Time.
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Figure 4. Time sequence (see time labels for eanklpof selected GOES-10 IRW-retrieved cloud
top height (CTH) as indicated by the grayscaledmaoss the period 2345 UTC, 8 October 2008 to
1045 UTC, 10 October 2008. The sequence shows tbgrgssion of a gravity wave front

highlighted by a white ellipse, with a mature P@@ttire in the purple ellipses (where observed).
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Figure 5 Cloud brightness temperature field reetefrom GOES-10 radiances in the region 30 to
25°S,80°W to 70 ° W and colour-scaled as atditfor a) 0828 UTC; and b)0958 UTC, on 9

October 2008.
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Figure 6. Time sequence (see time labels for eatelp of selected GOES-10 retrieved liquid
water path (LWP) as scaled. Only those LWP rettgewdnich were possible in daylight hours are

presented.
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Figure 7. Brightness temperature swaths (left mnettrieved at 89 GHz from AMSR-E
overpasses, and strong drizzle detection (black srgight panels) at: a) 0540 UTC, 7 October
2008; b) 0528 UTC 9 October 2008. Note: The blaats dnside white squares near 33 ° S, 88 W,

are two islands, which are masked for the purpot#se drizzle retrieval algorithm.
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Figure 8. Thermodynamic operational analysis amivele fields from the ECMWEF IFS at 1200

UTC on 6 October 2008 for: a)Residual of the NBEldar-scale) and scaled horizontal winds

(grey arrows) evaluated at 500 hPa ; b) Potentaticity (colour-scale) evaluated on the 340 K

isentropic surface with scaled horizontal wind asdwhite); c)Vertical-horizontal cross-section of

residual of NBE, extracted along the dashed lin@parfel a, marked between AB; and d) Cross-

section of potential vorticity along the same litilae abscissa in panels ¢ and d is the latitudegalo

the cross-section. The cross in panel a marks ttepoint of the gravity wave packet observed at

0845 UTC on 8 October 2008, projected back in timel200 UTC on 6 October using the

measured phase speed. The dashed lines on pamiesent a line along the 500 hPa level (for

reference to panel a) and the latitudinal rangehef back-projected wave-front, respectively.
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Figure 9. Same as Figure 8 for 0600 UTC on 10 Qut@008, with the black cross in panel a
marking the mid-point of the backward-traced gnawitave front observed at 1528 UTC on 11

October 2008.
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