METEOROLOGICAL OFFICE

2 3 N] 1"- A
I"\i« /lz E;( Jf @ Eﬁ BOUNDARY LAYER RESEARCH BRANCH
v i -J.L.-J v © ') H

TURBULENCE & DIFFUSION NOTE

T DN No. s | 0117306

Convection over the sea*

by N Thompson

June 1974

* based on contributicn to Air-Sea Interaction Symposium,
TAMP/IAPSO Combinsd First Special Assemblies, 14-25 Jenuary 1974,

Melbourne, Australia.

Please note: Permiission to quote from this unpublished note should be

obfained from the Head of Met.0.14, Bracknell Berks UK,




Convection over the Sea®

by N Thompson

* based on contribution to Air-Sea Interaction Symposium, IAMAP/IAPSO
Combined First Special Asscmblies, 14-25 January 1974, Melbourne, Australia.




TDN No. 56
June 1974

Convection Over The Sea

By N Thompson

O

summar !

Observations of turbulent fluctuations of wind, temperature¢ and humidity at heights
between 50 and 200m by a tethered balloon system are used to describe some features
of shallow moist convective boundary layers over the open sea in middle latitudes. The
data have been analysed to give vertical fluxes of heat and water vapour and spectral
correlations of temperature and humidity. The importance of the water vapour flux in
maintaining convection is verified and evidence is provided which suggests that the
rate of warming of a moist convective layer topped by a marked inversion is strongly
dependent on this vapour flux. Correlations between temperature and humidity differ
very markedly from those obtained nearor the curface by other workers. This and other
evidence support a marked coupling between cloud and sub-cloud processes even in

comparatively weak convection.




g b Introduction

There have been comparatively few studies of the structure and evolution of the
convective boundary layer over the sea but similar investipgntions over land are more
numerous and from them a clearer picture is beginning to emerge of the role of the
vertical heat flux in maintaining tho vortical temperaturo structure. For a boundary
layer 1 or 2,000m thick the convoctive mixing around midday is rapid enough for the
heating rate to be roughly constant at all hoights co the vertical gradient of heat
flux is constant aleo (Lonschow 1970). The buoyont therrals bombard the capping
invorsion and entrain heat downwards by a procecs vhich is not yet fully underctood
but which depends certainly on factors such as tho precence or absence of wind chear
acroes the interface (Readings ot al. 1973). Tho turbulent kinetic cnergy generated
by the buoyancy forces is not all disaipated locally and gome is exported to the
upper part of tho boundary layer where prosumably it acsists in the dovmward mixing
of entrained heat. There appears to be a rough proporticnality between rate of heat
entrainment and the surface heat flux, the factor being about 0.25 on average though
there is rome evidence that it may vary with ctate of development of the boundary
layer (Carson 1973).

Moint convection has a substantially difforent structure. If there is no conden-
gation a ugoful approximation may be to ascume that the virtual heat flux shows the
same sort of variation with height as the heat flux does in the dry case. I1f the bound-
ary layer is being steadily heated and moistened and radiative effccts are neglected
then both heat and water vapour fluzes docrcase uniformly with height. The interfacial
mixing now entrains warmer and usually drier air eo although the heat flux is again
dovnwards at the inversion the vapour flux is still upwards at this level. Hence the
vapour flux plays an increasingly important part in the maintenance of upward buoyancy
forces as the height increcaces. It follous from this that the vertical gradient of
the (sensible) heat flux ie greater than in the dry convective cese, and the flux
changes oign at o lower height therefore.

Further complexity is introduced in the structure of the boundary layer once the
convective process involves condensation. The mixing and tranefer are now on a more
orpanieed basis and bacause of the large horizontal inhomngeneity a statistical
description of the structure can give only the crudest indication of the processes
taking place. The vertical ordoring is now into two layers, cloud and subcloud, and
of these the formor in particular is horizontally divided into distinct "betwoen-
cloud" and "in-cloud" regimes. A horigontal ordoring is aloo appropriate for the
subcloud region, chiefly in its upper part in comparatively undisturbed conditions
but with doaper convection the cloud-cubecloud intoractiono may directly extend from
murface to 4op of the boundary layer. It is no longer reasonable to ignore effects
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of radiational cooling or to approximate them by assuming that they lead to more 1
or less equal rates of cooling throughout the boundary layer. .

Large-scale motion between clouds in the cloud layor is predominately sinking
and turbulent entrainment acresas the capping inversion is largely confined to the
vicinity of the cloud toeps. In the upper part of the boundary layer the buoyancy
forces are enhanced conoiderably by the relecase of latent heat and the rate of
entrainment must therefore be comparatively large locally. The resulting localised
downward injections of heat will be emoothed out to sonmo oxtent when they asuist in
evaporation of the cumulus cloud droplets but in spite of this there will be considerable
horizontal variation of the vertical heat flux. In genoral then the thermodynamic
structure of this moist convective boundary layer appears to bear little recemblance

to the dry thermally-driven one.

In order to study experimentally the convective layer over the open eea in an
effective way an observational array is needed with high vertical resolution and
either high resolution horizontally or else continuous measurements. Radio-gonde
and radar techniques can provide only a cmall fraction of the required information and

ingle aircraft fail to give vertical recolution. However tethered balloon systems 2
can go a considerable way towards meeting the observaticnal requircments, at least

in the lower part of the boundary layer. A number of such systens have been deployed °©
operationally (e.g. Vasilchenko et al (1962), Yokoyama et al (1969), Garstang et al
(1971), Thompson (1972)) and in the GATE experinent this year five different agencies
are equipping a total of scven of the participating ships in this way. The advantages
to be gained by the use of such cyctems are considerable., For example long time-
series of observations of wind velocity, temperature and humidity may be made at
several levels simultaneously at locations remote from land and since in favourable
conditions the data can be obtained at heights in excess of 1,000m it is possible to
use the observations to gain conoiderable insight into proceeses ecuch as cloud-sub-
cloud interactions. Additionally in major exporiments such as GATE where balloons are
deployed from several ships the wind data can be used to calculate divergences with
high accuracy in the layor near the surface where conventional wind-finding methods or
sondes cannot provide sufficient time and vertical resolution. The technique is
exploited more fully when meacurements of vertical as well as horizontal wind
components are made but as yet most tethered systems have measured only the horizontal

component.

A major shortcoming of the tethered balloon technique apart from cumbersomeness
and hence inconvenience in use is that it does not provide a stable platform for the :
sensors. The outputs from these include spurious contributions caused by first the
characteristic periodic crosswind migrations of the balloon and socond by predominantly
vertical motion of the tethering point produced by pitching of the ship. Motions of
the first kind can produce significant errors in vertical momentum fluxes calculated

from eddy correlation of meacured horizental and vertical wind speed (Thompson 1969)
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and are difficult to filter out bocause they occur at frequencies which are typically

well within the emergy-containing region of the cospectrum. The effects of ship

motion are most noticeable at frequencies usually somewhat higher than about 0.1Hz

and although very severe can be cmoothed out fairly ocuccessfully without significant
attenuation of measured fluxes if the cencors are at heights of S50m or more. The
spectra will be more seriously influencoed by ship rmotion because here the spurious
contributions will appear normally in regions with high spectral density. Both
horizontal and vertical velocity cpoctra will be affocted vince the chip motion results
in alternate stretching and relaxing of tho balleon cable catonary with reculting

horizontal as well as vertical motion.

The spuricus omtributions to the measured temperatures and humidity fluctuations
which are caused by horizontal sonsor motion will be cmall usually and in general
their only significant effoct will be to produce phase errorg which vitiate the Taylor
transformation k = 2+ n/ U at frequencios around or above those of the ship motion
{Thompson 1973) with rosulting distortion of tho spoctra, usually in the inortial
subrange of frequencies. PRough cimilarity arguments (Thompscon 1972) predict that the
vertical sensor motion will produce greator 'noige" in the tcemperature than humidity
signals. The humidity data will often bo inscignificantly affected because measure-
nents of meteorological interost (i.o. thoco in convective conditions) are usually made

in the rezion of the atmosphere where the humidity gradient is emall.

A conmsiderable improvement in the signal to noise ratio could be obtained
by using an inertial platform to rmonitor the sensor motion or alternatively by
servostabilising the tethoring point of the balloon cable on the ghip. The first of
these colutions males the measuring oysten much more complex and heavier and is not
really practicable at sea vhere tho ballcon uged is relatively small but the second
is more feasible and will be adopted by at least one chip during GATE. However
even without such attempts to reduce the offects of ship motion it ic poesible in
moderate seas (winds less than about 10n3"1) to obtain useful data using comparatively
simple systems such as that described by Thompson (1972, 1973) from which plaucible
estimates of vertical fluxes of heat, water vapour and (to a lesser degree) momentum

may be obtained.
The remninder of this note discusses certain aspects of moist convection
revealed by data obtained using a tetherod balloen system near OWS "Juliett" during

Jdune 1970.

2o instrumentation

Turbulence sensors were attached at one or two levels to the cable of a
tethered balloon flown from HMS HECLA. Measured parameters were magnitude of the




wind vector, wind inclination to the horigzontal, temperature and wet-bulb depression:
The sensor outputs were converted to audio-freqﬁency multiplexes before transmisesion,’

and recorded on analogue magnetic tape. Full details are given by Thompson (1972, 1973).

3. Data and data processing

Measurements were made during JASIN 70, an air-sea interaction experiment near
ows "J" (52N, 20W) in June 1970 (Royal Society 1971). The data to be discussed were
obtained in convective conditiona during the latter-half of the expedition, on five
separate days. .The height of the convective boundary layer during the observational
periods was less than 2000m but the period spanning the observations was synoptically
disturbed. Data processing involved replay, demultiplexing, frequency-to-voltage
conversgion and low-pass filtering (cut-off at 0.5Hz, slope 2idh/octave) before eampling
at 1-sscond intervals, by an analogue-digital converter with punched paper tape output.
A KDF 9 computer was used to calculate vertical turbulent fluxes of momentum, heat and
moisture by eddy correlation, and also variances, power spectra and cross spectra
using the fast Fourier Transform. Data were also copied onto IB!M tapes which were
processed on a 360/195 computer to yield graphical outputs of winds, temperature

and humidity, and of instantaneous fluxes.

4, Results and discussion

{(a) Introduction

Data summaries are given in Table 1. Sea-air temperature dif ferences were
obtained from conventional ship observations and in most caces were emall so the
estimated values for the surface heat fluxes are not very reliable. Additionally
there was evidence for significant horizontal gradients of sea temperature in
the vicinity of the ship at times and therefore listed surface fluxes may not
be fully representative of the area-average values which are required if
comparisons are made with observations obtained a few hundred metres above the
surface. However on those occasions with balloon-borne observations at two
heights and significant measured fluxes (runs 10-12) the common features are
heat fluxes decrcasing rapidly with height (in two cases changing pign) but
moisture fluxes which on average ehow much less height variation. Tho bhoundary
layer thickness, estimated from radio-sonde ascents, was 80Om or more in thege
three cases (Table 2) and it is clear therefore that the buoyancy flux due to
moisture was that primarily responsible for the observed cumulus development.‘ .
Enstimates for the buoyancy flux (22 rate of production of turbulent kinetic
energy due to buoyancy forces) at sensor height are given in the Table in the .
form of separate contributions from the heat and moisture fluxes. All the listed
runs were in convective conditions with the sensors in the lower part of the

boundary layer and it is interesting to note therefore that in a number of cases
even at these modest heights of meacurement the net buoyancy production was
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negative. The buoyancy flux would continue to decrease with increasing height

up to cloud base and at first sight it is surprising that convection could exist
at all in these latter cases above a few hundred metres. However as pointed out
in 61 it becomes less profitable to describe many of the features of the
atmospheric boundary layer in purely statistical terms if moigt convection is

the dominant process and it is then nececsary to seck explenations for the results
such as are now being discussed by considering more specifically the non-random

structure of the boundary layer.

Useful information on the organieation of the boundary layer in the sub-cloud
region may be obtained by comparing the cospectra for heat and water fluxes.
Figures 1 and 2 (taken from Thompson 1972) show unnormalised cospectra obtained
at two heights in run 10 (plotted values above 0.1liz aro strongly affected by
ship motion and are ignored in following discussions). At 45m although the net
heat flux is positive there is a large negative contribution at low frequencies
whereas the moisture flux is upward on all scales. The measurenents at
the upper level (140m) show contributions to the heat flux to be negative at most
frequencies whereas the net moisture flux continues to be directed upwards
though now with a negative component at low frequencies. There is evidence then
for turbulent mixing on all scales producing a downward heat flux at 140m whereas
only the largest scale eddies still trancfor heat downwards at 45m. It is tempting
to associate these large eddies with a generally sinking motion, presumably
between clouds, and it is interesting to note how near to the surface this
organised "turbulence" penetrates even in conditions of rather weak convection.
In most respects then the variations of these cospectra with height are consistent
with the ideas in § 1. The anomaly is the negative low frequency contribution
to the moisture flux at the upper level and the consequent rapid decrease of the
flux with height. If this iz not due to sampling variations then it suggests
that air within the convective layer's bounding inversion was moister than Jjust
below: this may well have been the case at the start of the run since a strato-
curralus layer at the inversion had dissipated only shortly before the run began.
The results from the next observational period broadly parallel those of run 10,
with the moisture flux's coopectral contributions at both heights positive at all
frequencies whereas the heat flux contained a negative element at low frequen-
cies which increased with increasing height. Run 12 was carried out a few hours
later with a somewhat deeper boundary layer. Moisture cospectra were broadly
similar at both heights, each showing a marked double peak. That at higher
frequency occurred at approximately the same reduced freguency (f =m 76 )
at both levels, thus following the height scaling usually observed clode to the
surface, but low-frequency peaks were at roughly the same natural frequency
suggesting an association in their case with deeper organised convection motions.
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The decrease of heat flux with height was not accompanied in this run by
increasing large low frequency negative contributicns but the relative cospectral
contributions at 185m (i.e. those normalised by the flux at measurement level)
vere algebraically emaller at low frequencies then at 90m, a variation ;ath
height similar to that found in the two previocus runs.

(b) Entrainment acrons the top of ths boundary laver

The boundary layor in runs 10-12 was challow and therefore would bo expected
to adjust rapidly to turbulent transfors acrocs its uppor and lcwer boundaries.
In thece circumstances (ignoring flur divergence ¢uo to radiation) the variation
of heat flux with height chould be epproxicatoly linear. The observed vertical
gradient of heat flux mst bo a functicn of the boundary layer thickness and the
sengible heat flux at the surface (by analogy with dry convecticn) and also of
the surface water vapour flux. The effectivenecss of the vapour flux in promoting
mixing acroas the capping inversion is sotrongly dependent on whether condensation
vith relcase of latent heat occurs. If thore is condencation then the buoyancy
flux in the upper part of the boundary layer is much enhanced and entrainment
acrozs the interface will be larger than could arise merely from buoyancy-

induced mixing associated with the virtual heat flux. If it is assumed that the
downward heat flux at the interface due to each unit of upward latent heat flux
at the surface io .a , and that due to each unit of surface censible heat flux

is b then the average gradient of vertical heat flux in the boundary layer is

i1

2H = = (Ho(1e®) + L, an.)/n (1)

o

where
surface sensible heat flux

= purface water vapour flux
latent heat
dopth of boundary layer

A
]

4]

If the measured fluxes in run 12 are extrapolated to the surface it is found
that He~ 12 Wet? and L, E, ~ 17w ws® « Taking a rough value of
0.25 for b it follows from eq. (1) that

OH o —5/43,3 s = (15 +%7a) /itce
) By };i:

or, Q. ~ o-q



Similar calculations for runs 10 and 11 using extrapolated surface heat fluxes

and surface water vapour fluxes equal to those measured at 45m gave values for a
of 1.4 in each case. In view of the assumptions underlying the calculations
these estimates should be considered as having order of magnitude accuracy only,
but‘they appear to give a clear indication that the magnitude of the surface
water vapour flux was of overiding importance in determining the thermal structure
of the boundary layer in theae three runs. On the other hand they also suggest
that even if all the surface flux of latent heat was released by condensation
(vhich it was not) then this latent heat still entrains more effectively than a

similar surface flux of sensible heat.

(c) Temperature and humidity correlations

In middle latitudes, in unstable conditions near the sea surface (L.= -50...),
Phelps and Pond (1971) found that spectral correlation coefficients for temperature
and humidity were close to 1 over the reduced frequency range from 1 to less than
10'2, with phase angles very close to zero (the spectral correlation coefficient
is S,»C")/(Srr(") S‘MN)Y:?mre S-W is the temperature-humidity cespectrum and
the "Bevs 5 aq(n) are spectral values). They explained the nearly perfect
correlation as a consequence of the sea surface being the source of both
temporature and humidity fluctuations. The present results are summarised in
Table 3 and are in striking contrast. Hore tho largest measured correlations
less than 0.4 over the range 10'2< §£< ) . The measured upward sensible heat
fluxes for these two runc was about 25 wm'a and thus was not ingignificant: clearly
then even in situations with relatively large upward fluxes of sensible as well
as latent heat the effects of moist convecticn can dominate or at least strongly

influence the turbulence structure down to quite near the sea surface.
(d) Detailed turbulence structure

It was pointed out in §§ 1 that in convective conditions a significant
horizontal ordering of the sub-cloud turbulence structure is likely. Convection
was shallow in the present cases vhere therofore this ordering might only be
expected to any degree in the upper part of the pub-cloud layer, and nearer
the surface the structure of turbulence might be anticipated to be dominated by
relatively small-scale mixing processes initiated at the surface. In this
context an inspection of turbulence records from JASIN is illuminating. In
Figures 4 are plotted two sections of record obtain simultaneously at two
heights in run 12, the parameters concerned being T, q and w (this last "eye-
emocthed" from the original record). In Figure ka (half way through the run) the
temperature and humidity oignals at 185m are in almost exact antiphase. The
velocity trace shows long periods of downward motion interspersed with short
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5.

gections with upward movement. The upward-moving air is generally moist but

also relatively cool, suggesting an origin well above the surface in a region with
potential temperature increasing with height up to sensor level. Downdraughts
are dry and warm as expected, transferring heat downwards end moisture upwards.

At 90m the overall pattern is egain of T and q in antiphase but with short in-
phace opisodes in which both heat and moisture fluxes are uwpwards. Figure 4(b)
(the start of the run) is in considerable contrast with nearly perfect corre-
lation between T and q at 90m and fair correlation between these and w, implying
a close coupling between surface and this level. Additionally the T and q

records at 185m bear some resemblance to those at the lower level.

The cause of these marked variations of turbulence structure with time
rust remain speculative in the abcence of further information such as all-sky
cloud photographs and obgorvations over a greater height range but it secems
likely they are the result of changes in coupling botweon cleud and sub-cloud
layers, perhaps dopending on whother clear air or cumulus clouds are above the

oboorving instruments.

Conclusions

Regults from JASIN 70 have been used to demonstrate the importance of the verticai

flux of moisture in maintaining shallow convection and controlling the structure of

turbulence in the marino boundary layor. There is tentative evidence that the rate

of warming of the boundary laycr depends strongly on this vapour flux which eppears

to exert the predominant control on the rate of turbulent entrainment acroecs the

capping inversion. Temperature and humidity correlaticns display a markedly different

behaviour from those rnecarer the surface and this and certain features from the

turbulence records suggest that coupling between sub-cloud and cloud layers may at

times extend down to nzar the surface even in weak convection.
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Table 2 Boundary-layer depths, cloud data end buoyancy fluxes

“ Instrument Boundary Convective cloud Buoyancy fluxes x10u (maa"3 )
un
No. Height Layer data
(m) depths (amount, type, At purface At sensor height
(m) height (n)) () (E) (H) E)
l& 90 900 Nil "06 02 “03 .l‘
185 -3 0
5 90 900 Nil 0 o7 1.1 1.1
185 -1.1 06
6 90 800 Nil -.3 02 "09 01
185 =-1.1 1
y ] 90 800 Nil 0 51 0 ‘'a
185 0 0
Q5 650 5-8/8 St 300 5.7 1.7 11 2.3
95 700 3/8 Cu 500 2.9 1.h 2.2 1.5
10 s 800 3/8 Cu U450 1.4 <9 o3 1.0
1ho =2e2 03
2 q 45 800 3/8 Cu 450 1.4 1.0 2.0 1.6
140 “2.5 1.9
g 0 1100 3/8 Cu 550 2.9 1.1 2.0 9
1{35 06 09
13 95 1400 2/8 cu 800 «2.0 1.0 -1.1 o7
16 95 1800 5/8 Cu 650 1.1 2.0 -3 4.1
17 95 1600 L/8 Cu 650 5.7 2.2 27 3 22
18 95 1600 /8 Cu 750 6.5 1.8 7.1 e




Table 3

Temperature and humidity correlations

Run In;t;u::nts Smoothed spectral correlations/phase angles ( n € 0,04)
No. *(’mf)s . f =0.5 0.2 0.1 0.05 0.02 0.01
4 90 -.08/-180 - 14/-190 - 18/-100 =e2lt/=170 -e36/-190 -
185 -.06/-160 -«19/-210 -e25/=200 «e17/-120 - -
5 9 +.06/+70 +.08/-80 «0l/=140  -.24/-230 ~ -.5/-180 -
185 - 14/-170 -.22/-180 - 40/=170 -+ 50/=160 - -
6 90 -.08/-180 -.09/-180 «o /<170 -+36/-180 -.26/-180 -
185 =+.05/-160 -.08/-150 -.23/-180 -e23/=170 -.28/-170 -
7 0 -.18/-200 -.40/-190 -.46/-180 -+38/-190 - -
185 -.08/-180 -.08/-180 -+05/=200 - - &
8 95 +.09/430 +.06/-10 0/-80 +.03/-10 - -
9 95 +.20/+25 +.18/+25 +.18/+20 +.30/-10 - -
10 4s - +.10/4+35 +.22/ 0 +.17/+10 +.18/-45 +.15/0
3 145 -.01/-110 =.05/-200 =e15/2210 - 4/-210 =.06/=230 -
11 4s - +.08/ 0 +.13/+30 +.16/ 0 +.05/-70 +.01/-80
- 140 +.02/-70 +.03/-180 +.03/=L0 -.02/~110 -.21/-150 -
12 90 +.08/435 +.26/+10 +.32/ 0 +.35/+15 +25/+45 +.30/+10
185 +.07/450 +.13/+45 +:15/415 +.07/+45 +.07/4L0 -
13 95 - -.04/-230 -.04/-250 -.09/-210 -,28/-170 -e34/-170
14 95 = -04/=210  =.18/-210  =,21/-200 0/-70 =
16 95 - +.17/+10 +.04/-30 +.12/=30 +.06/-20 -.03/-120
47 95 - +.19/ 0 +.25/4+10 +.48/-20 +.52/=30 ~ +.30/-30
18 95 - +.20/+20 +.36/0 +.53/0 +.42/-10 +.08/0
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Figure 30 Spectral correlations and phases Run 17
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Figure 3(b) Spectral correlations and phases Run 18
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Figure 4(a) Turbulence records at ~2300 Run 12
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Figure 4(b) Turbulence records at~21452 Run 12



