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ABSTRACT

Cloud fraction is a widely used parameter for estimating the effects of boundary-layer cloud on radiative
transfer. During the Atlantic Stratocumulus Transition Experiment (ASTEX) during June 1992, ceilometer and
satellite-based measurements of boundary-layer cloud fraction were made in the subtropical North Atlantic, a
region typified by a 1-2 km deep maringe boundary layer with cumulus clouds nsmg into a broken stratocumulus
layer underneath an inversion. Both the diurnal cycle and day-to-day variations in low-cloud fraction are ex-
amined. It is shown that ECMWF low cloudiness analyses do not correlate with the observed variations in
cloudiness and substantially underestimate the mean low cloudiness.

In these analyses, the parameterization of low cloud fraction is primarily based on the inversion strength. A
comparison of ECMWF analyses and ASTEX soundings (most of which were assimilated into the analyses)
shows that the thermodynamic structure of the boundary layer and the inversion strength are well represented
(with some small but significant systematic biases) in the analyses and preserved (again with some biases) in
5-day forecasts.

However, even when applied to the actual sounding the ECMWF low cloud scheme cannot predict the ob-
served day-to-day variations or the diumal cycle in low cloud. Other diagnostic schemes based on lower tro-
pospheric stability, cloud-top entrainment instability, boundary-layer depth, and vertical motion do equally
poorly. The only successful predictor of low cloud fraction from sounding information is the relative humidity

VoL. §2, No. 16

in the upper part of the boundary layer.

1. Introduction

Boundary-layer clouds have the largest net impact
on the earth’s radiation budget of all cloud types (Hart-
mann et al. 1992). The complex feedbacks between
radiation, microphysics, convection, and surface fluxes
that maintain these clouds have not proven simple to
parameterize. Forecast and climate models must use the
simplest possible parameterizations for boundary-layer
cloud optical properties, often based on a mean cloud
optical depth and cloud fraction over a horizontal grid
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cell. Since boundary-layer clouds of more than 50-m
thickness are nearly optically black and tend to have a
large aspect ratio, the cloud fraction is crucial for es-
timating the effects of broken boundary-layer cloud
field on longwave radiative transfer. It is also used in
conjunction with the cloud optical depth for parame-
terizations of shortwave radiative transfer through bro-
ken cloud layers. As pointed out by many researchers
(e.g., Welch and Wielicki 1985; Stephens 1988; Ko-
bayashi 1993; Cahalan et al. 1994), cloud shape and
horizontal inhomogeneity can have significant radiative
effects—even for a given mean optical depth and cloud
fraction. Nevertheless, it would be a major stride to-
ward modeling the feedbacks between oceanic bound-
ary-layer clouds and climate if we could just predict
the latter parameters accurately. At a minimum, this
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requires that (i) the boundary-layer vertical structure is
accurately represented in the model and (ii) a skillful
parameterization is used for predicting cloud fraction
and optical depth, given the boundary-layer structure.
These are closely coupled requirements, since the
strong radiative feedbacks of boundary-layer clouds
imply that a skillful prediction of cloud optical prop-
erties should lead to better forecasts of boundary-layer
structure.

In the past, both boundary-layer structure and cloud
prediction have been serious problems for forecast and
climate models. During the 1987 First ISCCP Regional
Experiment marine stratocumulus experiment off the
coast of California, both ECMWF (European Center
for Medium-Range Weather Forecasts) and the Na-
tional Meteorological Center analyses greatly distorted
the observed mean structure of the marine boundary
layer (MBL). One major error was a moist bias of
several g kg~ above the inversion. A second error was
that the observed sharp inversion capping the MBL was
replaced in the model analyses by a broad stable layer
(Minnis et al. 1992). Since this time, there have been
substantial improvements in the vertical resolution of
the models and in representation of shallow cumulus
and stratocumulus convection (Tiedtke 1989). These
should result in better first-guess fields, which are a key
input into the analyses in data-sparse marine regions.

The parameterization of MBL cloud properties is
still a thorny problem. Most forecast and climate mod-
els use the Slingo (1987) scheme (see section 2d),
which diagnoses boundary-layer cloud fraction based
on the inversion strength. Recently, several groups
have started implementing prognostic schemes for
cloud liquid water and cloud fraction (Smith 1990; Li
and Le Treut 1992; Tiedtke 1993). Many, but not all,
of the diagnostic and prognostic schemes lead to a se-
vere underestimate of stratocumulus cloud cover in the
eastern subtropical oceans when used as part of a cli-
mate simulation. The shallow cloud components of
these schemes have not been adequately tested against
a regional experiment in which both the MBL structure
and cloud properties have been measured.

The Atlantic Stratocumulus Transition Experiment
(ASTEX) took place during June 1992 in the subtrop-
ical North Atlantic, a region typified by a 1-2-km-deep
boundary layer with cumulus clouds rising into a bro-
ken stratocumulus layer underneath an inversion (Al-
brecht et al. 1995). A variety of measurements of
boundary-layer structure and cloud optical properties
were made. To provide accurate regional analyses of
mean vertical motion and MBL vertical structure, an
effort was made to assimilate the special soundings
taken during ASTEX into the ECMWF operational
model to augment the very sparse routinely collected
upper-air data in this region. '

In this paper we first compare three measures of
cloud fraction made during ASTEX: ceilometer data,
synoptic cloud reports, and retrievals from polar-orbit-
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ing satellites (sections 2a,b). We then document both
the diurnal cycle and synoptic-scale variability of
cloudiness in the ASTEX region (section 2c). We
compare these results with analyses of cloudiness from
the ECMWF model, which used the Slingo scheme
(section 2d). We must next identify whether differ-
ences between the modeled and observed cloudiness
are due primarily to differences between the analyses
and the observed soundings or to problems with the
cloudiness parameterization. In section 3a we compare
temperature and moisture soundings synthesized from
the ECMWF analyses with observed soundings. We
also examine systematic errors in MBL vertical struc-
ture that develop during forecasts (section 3b). Such
errors affect the analyses because earlier forecasts serve
as the first guess for an analysis. In addition, an analysis
of these errors can reveal problems with the model
physical parameterizations, including cloud—radiation
interaction and shallow cumulus parameterization. In
section 4, we examine the skill of the Slingo scheme
and a variety of other proposed diagnostic predictors
for deducing daily average cloudiness given the true
sounding. Section 5 presents the conclusions.

2. Cloudiness observations during ASTEX
a. Data sources

Three types of cloudiness observation, ceilometers,
routine synoptic reports, and satellite retrievals, were
used for this study. Time series of low cloud fraction
were compiled from laser ceilometers based on two
islands—Santa Maria, in the Azores, (SM; 37°N,
25°W; 4-23 June 1992) and Porto Santo, in the Ma-
deira Islands, (PS; 33°N, 16°W; 1-25 June 1992) —
and for a third ceilometer aboard the R/V Valdivia
(VL) for 615 June 1992, at which time it was sta-
tioned at point P3 (28°N, 24°W). Together these three
sites composed the three vertices of the ‘‘ASTEX tri-
angle.”” The SM and VL ceilometer detected cloud ba-
ses between 0 and 3.5 km, and a lowest cloud base was
reported every 30 s. The PS ceilometer detected cloud
bases up to 10 km (i.e., including cirrus), with one
observation every 60 s. Only clouds with bases below
2.4 km were classified as low cloud. The frequency of
cloud base in each of 12 bins (0-200 m, 200-400 m,
..., 2200-2400 m, >2400 m) and the overall low
cloud fraction were tabulated for each hour. Routine
hourly synoptic reports (synops) of low cloudiness in
oktas were also obtained from the Valdivia.

Total cloud fraction and cloud-top temperature of the
highest cloud layer were retrieved twice a day during
June 1992 on a 2° X 2° grid from NOAA-12 (overpass
at within an hour of 0930 UTC) and NOAA-11 (within
an hour or so of 1600 UTC) polar-orbiter satellite im-
agery, using the method of Coakley and Bretherton
(1982). Some passes (8, 22, 25, 26, 28 June for NOAA-
11; 7,12, 14, 18, 26 June for NOAA-12) could not be
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analyzed because of an unfavorable viewing angle. The
ASTEX region often included cirrus as well as low-
lying cloud, and we estimate that the mean total cloud
fraction exceeded the mean low cloud fraction by 0.1-
0.2. Many retrieved cloud-top temperatures were be-
tween 265 and 275 K, which was below the 280-285
K typically found in soundings at the trade inversion
base (see section 2) and was not supported by the low
relative humidities typically found in the 265-275-K
temperature range in the soundings. This may reflect a
calibration problem or contamination by thin cirrus.
Detectable cirrus was also common. We classified 2°
X 2° boxes with cloud tops with retrieved temperatures
above 265 K as free of satellite-detected high cloud and
interpreted the cloud fraction in these boxes as due to
low cloud.

b. Cloud data intercomparison

We intercompared these three types of data at the
three ceilometer sites. The 3-h average ceilometer
cloud amounts from the Valdivia were well correlated
with the average of the 3-h synops, though the synops
were typically 20% higher (Fig. 1). This bias is ex-
pected since the ceilometer measures zenith cloud frac-
tion, while the observer reports a whole-sky cloud frac-
tion, which will be larger except for clouds whose
height is much less than their width.

Satellite-derived cloudiness interpolated to the sur-
face site was also correlated with the ceilometer data
at all three sites. At PS, the ceilometer could detect all
clouds with a definable base and could directly be com-
paredto total cloud cover. At all three sites we have
compared satellite and ceilometer low cloud cover for
passes in which there was no satellite-detected high
cloud. Little bias between satellite and ceilometer cloud
fractions was observed (Fig. 2). However, the corre-
lation was less than 0.5. The ceilometer cloudiness is
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FiG. 1. The 3-h average synop vs ceilometer cloud fraction
from the Valdivia, 1-16 June.
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Fi1G. 2. Scatterplot of satellite-derived cloud fraction vs
ceilometer cloud fraction at Porto Santo.

averaged over the 3-h period, including the satellite
pass. With 7 m s~' winds, even a 3-h averaging time
corresponds to a downstream distance of only 70 km.
Satellite images show large inhomogeneity in cloud
properties on this scale. This inhomogeneity was fil-
tered by the satellite-derived cloud fraction, since it was
based on a much larger averaging area of O(200 km)
on a side.

¢. Climatology and diurnal cycle of cloud in ASTEX

As documented by Albrecht et al. (1995), typical
MBL cloud cover during ASTEX consisted of scattered
clusters of cumulus clouds with bases between 950 and
1000 hPa, rising into a patchy 50—300 m thick strato-
cumulus layer responsible for most of the areal cover-
age by cloud. The top of the stratocumulus clouds gen-
erally coincided with a sharp trade inversion of 2-8 K
at a pressure of 800—900 hPa. Figure 3 shows mean
total cloud cover for the morning and for the afternoon,
based on the available satellite passes between 1 and
23 June. We excluded from these means the period
from 24 June onward, during which a strong midlati-
tude frontal system swept through the triangle from the
northwest and set up a rather uncharacteristic cloud re-
gime. Over the entire ASTEX triangle, total cloudiness
was between 0.4 and 0.7 at 0930 UTC, with a 0.05-
0.2 decrease in the afternoon pass.

Ceilometer observations give a more complete view
of the diurnal cycle (Fig. 4). The mean low cloudiness
was 68% at SM, 52% at PS, and 40% at P3. All three
sites had minimum cloud at 1500 UTC and maximum
cloud fraction at 0600—-0700 UTC. (Note that true solar
noon occurs close to 1300 UTC at PS and 1340 UTC
at SM and P3.) The ceilometer measurements suggest
that the two satellite passes at 0930 and 1600 UTC do
not capture the full diurnal range and that low cloud
cover at 0930 UTC is near to the daily average. The
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FiG. 3. The 1-23 June mean total cloud cover from polar orbiter retrievals at (a) about 0930 and (b) about 1600 UTC.

peak-to-peak diurnal range in cloud fraction was sub-
stantial—0.2 at SM, 0.25 at PS, and over 0.4 at P3.
The 9-day period for which the Valdivia ceilometer was
operational at P3 was a period of exceptionally steady
inversion height, perhaps isolating the diurnal cycle in
a particularly pure form. However, this period may
have been too short to be representative.

Rozendaal et al. (1994) examined global patterns in
the diurnal cycle of low cloud from International Sat-
ellite Cloud Climatology Project (ISCCP) satellite re-
trievals and surface observer reports. They found a
mean diurnal cycle of 16%—-20% peak-to-peak ampli-
tude in June—August cloud fraction near P3 (28°N,
24°W), with maximum cloudiness 4 h after midnight.
While the ISCCP diurnal cycle amplitude is not as large
as was observed by the Valdivig, it is particularly large
in this region, and the phase of the ISCCP diurnal cycle
agrees with the Valdivia observations. The ISCCP data
show that other transitional zones between stratocu-
mulus and trade cumulus also have large diurnal cycles
in low cloud fraction.

The open circles for PS and P3 show cloud fraction
with cloud base at less than 800 m. Inspection of the
data showed that this height was usually above the sur-
face-lifted condensation level but below the base of
stratiform cloud. We interpret it qualitatively as a mea-
sure of cumulus cloud fraction. The hourly frequency
of cloud bases in different height bins did not usually
show a clean bimodal distribution, so this measure of
cumulus cloud should not be regarded as a quantitative

cumulus cloud fraction. At PS, the ‘‘cumulus’’ fraction
had little discernible diurnal cycle and was 20%—30%
throughout the day. Since the ceilometer site was on
the upwind side of the island, the cumulus fraction may
have been enhanced, as air lifts up over the island, and
may also have responded to the diurnal cycle of island
heating. The stratocumulus clouds, which had larger
areal extent and a much longer typical lifetime, appear
to have been much less affected by the islands. At P3,
the cumulus fraction was much smaller and maximized
at nighttime in phase with the stratocumulus. We spec-
ulate that the strong diurnal cycle at P3 is produced by
both a diurnal variation in the flux of liquid water de-
trained by cumulus clouds into the overlying stratocu-
mulus layer and also the vulnerability of the thin stra-
tocumulus layers seen in the ASTEX region to evap-
oration by direct solar heating.

Figure 5 shows the daily averaged cloud amount at
the three ceilometer sites. At SM there was sizable day-
to-day (synoptic) variability in cloud fraction, while at
P3, which was in the heart of the trade wind belt, there
was much less day-to-day cloudiness variability. In
fact, the overall variance in the time series of hourly
cloud fraction was comparable at all three sites, but at
SM the synoptic variance explained 54% of the overall
variance, and the diurnal cycle explained 3%, while at
P3 13% of the variance was synoptic and 25% was
diurnal; PS was intermediate, with 24% synoptic and
5% diurnal variance fractions. The remainder of the
variance in cloudiness was due to irregular short-period
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variability in cloud fraction, probably connected in part
to the 20—100 km wide mesoscale patchiness seen in
satellite images of the stratocumulus clouds in the AS-
TEX region.

d. ECMWEF cloudiness analyses

Cloud properties were diagnosed using cycle 44 of
the ECMWF model, which differed negligibly in its
boundary-layer and cloud physics from cycle 46, the
operational model at the time of ASTEX. Cycle 44 of
the ECMWF model incorporated a modified Slingo
(1987) scheme for cloudiness parameterization. Cloud
was subdivided into low, middle, high, and convective
cloud. Convective cloud cover was determined from
the convective precipitation rate determined by the cu-
mulus paramieterization scheme and was negligible in
the ASTEX region. Low cloud was defined to lie below
o = 0.8 (approximately 820 hPa). Low cloud fraction
C, was assurned to be due to either mean lifting of high
relative humidity air or the presence of an inversion
capping a moist boundary layer (ECMWF 1991, sec-
tion 2.5.2):

(1)

C, = max(a,Cy,, a;,Cy),
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FiG. 4. Diurnal cycle of low cloudiness at three ASTEX
ceilometer sites (solid circles), and cumulus cloud fraction
with bases below 800 km (open circles—not calculated for
Santa Maria).

Cu(p) = [max {(RH — 0.7)/0.3, 0} 12,

a, =r(wlw), w,=-01Pas™!, (2)
Cu(pi) = r(10(A8/Ap)max — 0.9),
a =r({RH™ — 0.5/0.2}). (3)

Here, r(x) is the ramp function such that r(x) = 0 for
x=<0,xfor0 <x <1, and 1 for x = 1. The lifting
cloudiness C;; requires mean ascent and occurs in all
lifted air with relative humidity RH > 0.7.

Time series of ECMWF-analyzed cloudiness at the
ASTEX sites did reveal some lifting cloudiness, but
most of the cloudiness was inversion cloudiness Cy;.
This cloud type is assumed to form under capping in-
versions. The capping inversion strength is diagnosed
as the maximum mean stratification A8/ Ap of poten-
tial temperature between two successive model levels.
[Ap (hPa) is the pressure spacing between the levels.]
Only if (AG/Ap)max > 9 K/(100 hPa) is inversion
cloud assumed to form. The relative humidity RH ™ is
calculated at the model level at the base of the inver-
sion. For relative humidities R~ < 0.7 (a rare situa-
tion in ASTEX), inversion cloud is decreased. In sum-
mary, for ASTEX C, = C,;.

Cloud optical properties are then deduced by assum-
ing a liquid water content equal to 5% of the saturation
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mixing ratio throughout the layer and a pressure-de-
pendent effective radius equal to 15 um at 850 hPa.
Both of these are somewhat high values for subtropical
MBL stratocumulus.

Low cloudiness diagnosed in the ECMWF analyses
had no detectable correlation with 3-h or daily average
ceilometer cloudiness. Figure 6 compares the two at
PS. In addition to the lack of correlation, the average
ECMWEF low cloudiness (Fig. 7a) at PS (0.26) is only
half of the ceilometer-observed mean low cloudiness
(0.52) at PS. This bias is also seen in mean maps of
ECMWPF-analyzed total cloudiness over the ASTEX
region, which show total cloudiness of between 0.3 and
0.5 over the ASTEX region (Fig. 7), compared to 0.5—
0.7 seen from the satellite climatology in Fig. 3a. Be-
cause the ECMWF low cloud fraction is determined by
inversion strength rather than radiatively driven pro-
cesses in the MBL, it is no surprise that the diurnal
cycle in the ECMWF low cloud cover was weak and
highly location dependent in the ASTEX region (Fig.
8). While a layer with (A6/Ap)n.x > 9 K/(100 hPa)
was almost always seen in the radiosonde soundings,

Porto Santo low cloud:
ECMWF vs. 3 hr avg cellometer cloud amount correlation
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FiG. 6. Scatterplot of ECMWE low cloud fraction vs
ceilometer low cloud fraction at Porto Santo.

the ECMWF analysis systematically underestimated
(AB/Ap ) (section 3), so that there was often little
or no diagnosed inversion cloud.

3. Sounding intercomparison

a. Statistical comparison of soundings with ECMWF
analyses

A primary goal of the ASTEX experiment was to
define as accurately as possible the large-scale envi-
ronment in which field observations were being taken.
The strategy was to incorporate the special upper-air
soundings taken during ASTEX into routine ECMWEF
operational analyses (see Albrecht et al. 1995 for more
detail). The operational data assimilation capability of
a numerical weather prediction model was an attractive
way to integrate ASTEX sounding data with the wealth
of information provided by the routine global observing
system. Through close collaboration with the Portu-
guese meteorological research agency INMG and
ECMWE, the special soundings were correctly format-
ted and sent via modem to Lisbon, where they were
entered into the Global Telecommunications System
(GTS) and incorporated into the operational ECMWF
model.

Cycle 44 of the ECMWF model used only wind,
geopotential height, and relative humidity information
from the standard operational pressure levels (1000,
850, 700, ... hPa) of the soundings. Temperatures
were calculated based on pressure thicknesses. Due to
the very coarse vertical resolution of these data, the
initial guess from the forecast model was crucial in fill-
ing in much of the vertical detail of MBL structure in
the analyses. Of the model’s 31 vertical o levels, 9 are
between the surface and 700 hPa. For a surface pressure
of 1011.2 hPa, these levels are at pressures of 1011,
997, 973, 941, 904, 863, 819, 773, and 727 hPa, giving
the model a 30—45 hPa vertical resolution through most
of the MBL. For comparison with the sounding data,
the ECMWF analyses were vertically interpolated to
constant pressure levels with a vertical spacing of 25
hPa. Except in the surface layer, this vertical spacing
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FiG. 7. The 1-23 June mean ECMWEF (a) low cloud cover and (b) total cloud cover.

is less than the model resolution, so the implicit
smoothing due to this interpolation was negligible. The
soundings were averaged over 25-hPa pressure inter-
vals for the comparison. Since the assimilation only
tries to match the analyses and observations at 150-hPa
vertical resolution, comparison of the soundings and
ECMWF analyses at 25-hPa resolution can show
whether the detailed MBL vertical structure inherited
by the analyses from the model first-guess fields was
systematically different than the detailed vertical struc-
ture in the soundings.

Table 1 summarizes the sounding statistics for all
sounding platforms. The 3-h soundings were taken
from 1 to 26 June at SM and PS and were also made

at P3 (the third vertex of the ASTEX triangle) from 1
to 15 June from the R/V Valdivia and from 22 to 28
June from the R/V Malcolm Baldridge. In addition, the
R/V Le Suroit, usually stationed within 200 km south
or east of Santa Maria, took 6-h soundings from 1 to
20 June. Almost all of the above soundings were en-
tered into the GTS. Before 23 June, the R/V Oceanus
and the R/V Malcolm Baldridge took sporadic sound-
ings from a variety of locations, most of which were
not entered into the GTS. Overall, over 75% of the 788
special soundings taken from two islands and four ships
during ASTEX were put on to the GTS before the
ECMWF data cutoff of 7 h after the nominal obser-
vation time. Only a few soundings were rejected by
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FiG. 8. The mean diurnal cycle of low cloud fraction from 1 to 23 June 6-h forecasts for 0000, 0600, 1200, and 1800 UTC.
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TaBLE 1. ASTEX sounding sites.

Location Lat/Lon Dates Per day Total GTS Ceilometer
Santa Maria 37°N, 25°W 1-27 June 8 190 183 4-26 June
Porto Santo 33°N, 16°W 1-27 June 8 198 187 1-25 June
R/V Valdivia 28°N, 24°W 1-17 June 8 117 98 6—17 June
R/V Le Suroit Variable, up to 200 km south and east 1-20 June 4 72 60 No

of SM.

R/V Oceanus Variable, north of ASTEX triangie. 3-23 June Irregular 76 10 No
R/V Malicolm Baldridge Variable, at 28°N, 24°W on 22-28 June. 7-27 June Irregular 135 58 Yes

ECMWEF quality control software, except during 1—-12
June when all soundings at SM were rejected because
the ECMWEF database had not been given the correct
station elevation.

We compared soundings extracted from initial-
ized analyses from the ECMWF model with the AS-
TEX soundings. A typical sounding from Porto
Santo (Fig. 9) shows that, remarkably, the analysis
retained the essential features of the sounding in and
above the MBL, despite using only standard-level
data. A statistical comparison of actual and
ECMWF-derived soundings was carried out for all
ASTEX sounding sites. Figure 10 shows this com-

parison for 1-27 June for Porto Santo. This site was
characterized by moderate synoptic-scale variabil-
ity, as seen in the 2 K standard deviations of poten-
tial temperature 6 and the 2 g kg ' standard devia-
tion of mixing ratio g, from their monthly mean at
the 850-hPa mean inversion height. The ECMWF
analyses captured the synoptic variability quite
well. The correlations between time variations in the
analyzed and observed temperature and mixing ratio
were up to 0.9 in the free troposphere and above 0.5
at all levels.

The ECMWEF analyses had a 1 g kg ' dry and a 0.5-
K warm bias in the cloud layer at 900 hPa. Above the

OPR T213L31 ASTEX PORTO SANTO
Sonde(dash); Model(Solid)
Lat/Lon/Zi{(Obs): 32.63/343.10/ 251. (Mod): 32.85/343.12/ 611.
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FiG. 9. Tephigram of temperature and dewpoint for 25 June 1992 at Porto Santo
from ECMWEF analysis (solid) and radiosonde (dashed).
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ECMWEF vs. sondes at Porto Santo , June 1- 27
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FiG. 10. The 1-28 June Porto Santo mean soundings of § and g,.
For each panel solid lines denote sondes, dotted lines are ECMWF.
The lines at left are standard deviations and the line at right is the
sonde—~ECMWEF correlation.

mean inversion the bias was reversed. Qualitatively, the
effect was to smear out the inversion in the analyses.
These systematic errors were substantially smaller than
the standard deviations in ¢ and g,, due to synoptic-
scale variability, but they were consistently found at all
six sounding sites. Hence, they are unlikely to be an
island effect. The wind components showed small and
site-dependent biases.

Three implications of the thermodynamic biases fol-
low:

1) The relative humidity in the upper part of the
MBL was 5%—10% too dry in the ECMWF analysis,
while above the inversion it was 5% too moist.

2) The analyzed inversion tended to be slightly too
weak. The ECMWF parameterization [Eq. (3)] of in-
version cloud is very sensitive to this error; a 1-K un-
derestimate of the potential temperature change A#
through a 40-hPa deep layer including the inversion
causes a 25% decrease in predicted low cloud cover.
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3) The ECMWF MBL was less conditionally unsta-
ble than observed. The Valdivia soundings from 7 to
14 June are a particularly good comparison, since ver-
tical smoothing due to synoptic variability was small,
there were consistently eight soundings a day, and there
was no possible contamination by island effects.

Figure 11 shows the mean observed and ECMWF
soundings for this period. The observed sounding has
been interpolated to 25-hPa vertical resolution for a
fairer comparison with the ECMWF model vertical res-
olution. The observed mean sounding was condition-
ally unstable to the lifting of air from 1000 hPa (and
even more so to the lifting of surface air), but the
ECMWF mean sounding is not. In fact, a 7—14 June
3-h time series (not shown) of the convective available
potential energy (CAPE) of air lifted from 1000 hPa
shows that only 16% of the ECMWF soundings had
positive CAPE, while 77% of the radiosonde soundings
had positive CAPE.

b. Systematic model biases

One (though by no means the only) source of anal-
ysis biases is systematic errors in short-range ECMWF
forecasts, which we analyze following a technique of
Klinker and Sardeshmukh (1992). A 7-h global fore-
cast using cycle 44 of the model at T106 horizontal
resolution was initialized from each 6-h analysis. Fig-
ure 12 shows the heat budget for the second hour of
the forecast as a function of latitude averaged over a
10° wide zonal strip in the ASTEX region. The monthly
average of the temperature tendency was negligibly
small. Hence, the residual (Fig. 12c) —after adding the
‘‘adiabatic’’ tendency (Fig. 12a) due purely to advec-
tion with the ‘‘diabatic’’ tendency (Fig. 12b) due to
physical parameterization schemes-—is what drove
systematic forecast errors. The adiabatic tendencies
mainly reflected subsidence warming and reached max-
imum values of up to 2.8 K day™' in the boundary
layer. In the lower part of the MBL, horizontal cold
advection dominated to produce an adiabatic cooling
tendency of 1-2 K day~'. The diabatic tendencies
were roughly opposite. In and above the trade inversion
they were dominated by radiative cooling (Fig. 12d),
while transport of heat by cumulus convection (Fig.
12e) and vertical diffusion (Fig. 12f) were also im-
portant within the MBL. There was a residual cooling
at all heights in the MBL, rising from near zero at the
surface to maximum values of 0.8 K day ™' in the trade
inversion. This cooling caused a systematic rise of the
trade inversion in longer forecasts.

The corresponding budget of specific humidity is
shown in Fig. 13. There was weak residual drying of
0.1 gkg ' day~' in the trade inversion, and a large
residual moistening of approximately 1 g kg ™' day ™'
in the near-surface layer. Assuming that the errors in
the adiabatic processes were comparatively small, this
suggests that either the surface latent heat flux was too
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FiG. 11. The 6—14 June mean soundings from the Valdivia

(thick) and ECMWF analyses (thin). Solid curves indicate

temperature; long dashes indicate dewpoint temperature. Dotted, dot—dash, and triple-dot—dash lines are isopleths of mixing
ratio, potential temperature, and equivalent potential temperature, respectively.

large by 10 W m™? in the model or that the shallow
convection was not efficient enough to transport mois-
ture upward into higher levels of the MBL or some
combination of these effects. The fact that the residual
was localized to the lowest model levels, principally
because cumulus drying (Fig. 13d) was not keeping up
with upward vertical moisture diffusion (Fig. 13e), im-
plicates inefficient vertical mixing processes, but we
note that poor vertical mixing alone cannot explain why
there was net vertically integrated moistening averaged
over the depth of the MBL.

As pointed out in the previous section, there was
often little or no CAPE in the ECMWF-analyzed MBL.
Thus, in the first few timesteps of a forecast we expect
little shallow convection, so moisture cannot be mixed
out of the subcloud layer. However, at the same time
cumulus cooling in the upper part of the MBL is ini-
tially weak. Were cumulus convection strong enough
to mix out the surface moisture, the residual cooling in
the upper part of the MBL, already negative, would be
even stronger. The most obvious explanation for the
temperature residual is excessive radiational cooling
near the inversion, but at the same time low cloud frac-
tion (which should augment the cooling) was severely
underpredicted.

These biases were also apparent when the daily op-
erational 1- and 5-day forecast were compared to the
analyses during June 1992 in the ASTEX region. The
1-day mean forecast temperature error (Fig. 14a) was
very similar to the residual temperature tendency, and
by day 5 (Fig. 14b) the error magnified by a factor of
2 in the lower troposphere (and more aloft), corre-
sponding to a 30-hPa rise in mean inversion height and
a 1.3-K strengthening of the inversion during the fore-
cast. The structure of the humidity errors in the 1-day
forecast (Fig. 15a) was similar to the humidity residual
field, with up to 0.6 g kg~' moistening in the lowest
levels. By day 5, the errors in the upper part of the
MBL above the lifted condensation level of surface
air increased somewhat, but the surface errors did not
increase (Fig. 15b), perhaps because during the first
day the sounding destabilized sufficiently to produce
more convective mixing of moisture out of the surface
layers.

Some of the error growth may have involved feed-
backs involving cloud—convection—radiation interac-
tion. In the forecasts, if there is initially net cooling at
the inversion, the trade inversion strengthens, more low
cloud forms, and the radiative cooling at the inversion
intensifies. This feedback could amplify the effect of
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FIG. 12. Vertical cross sections of the heat budget for June 1992, zonally averaged between 25°W and 15°W. The tendencies are month-
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(c) residual, (d) radiation, (¢) cumulus condensation, and (f) vertical diffusion. Note that the tendencies are plotted as a function of model
level and do not correspond to uniform spacing in pressure.

any initial imbalance in the heat budget. In fact, this It is a bit surprising that the analysis biases were
feedback created a 5% average increase in low cloud somewhat different than the forecast biases. The
over most of the ASTEX region over the course of a ‘‘smearing’’ of the inversion seen in the analyses was
5-day forecast. not seen in the 1-day forecast, nor was the strong sur-
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face moistening seen in the 1-day forecast seen in the
analyses. It may be that the forecasts were sufficiently
free of systematic error that the analysis biases had
more to do with how initial guess and observations are
combined to produce an initialized analysis than with
the forecast errors per se.

FiG. 13. Vertical cross sections of the specific humidity
budget for June 1992, zonally averaged between 25°W and
15°W. The tendencies are month-long averages over the first
and second hours of ECMWF forecasts run four times a day:
(a) adiabatic tendencies, (b) diabatic tendencies, (c) residual,
(d) cumulus condensation, and (¢) vertical diffusion.

4. Cloudiness parameterizations applied to the
ASTEX soundings

a. The Slingo parameterization

In section 2, we found that the ECMWF low cloud
had little correlation with ceilometer observations, even
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though the ECMWF analyses seemed to quite accu-
rately capture much of the sounding variability at the
ceilometer sites. This suggested that the principal prob-
lem may have been the cloud parameterization itself.
We tested this directly by applying the ECMWEF al-
gorithm [Eq. (3)] to predict inversion cloud fraction
based on the actual soundings rather than the analyzed
soundings.

To do this comparison we used only soundings with
identifiable inversions, in which potential temperature
increased by 1.5 K over 10 hPa (this constituted 88%,
98%, and 86% of all soundings at SM, PS, and VL with
simultaneous ceilometer cloud measurements), and
used the lowest such inversion for each sounding to
define the inversion base pressure p;,. Visual inspection
showed that this automated criterion almost always iso-
lated the proper trade inversion. The jump in potential
temperature Ad that goes into Eq. (3) for Cy; was taken
to be the potential temperature difference over the 30-
hPa interval from 10 hPa below p,, to 20 hPa above p;, .

The second row of Table 2 shows that the correlation
between daily averaged C;; and low cloudiness was
negative at all stations and that difference in the mean
C; between SM and PS was also opposite to the ob-
served difference in mean low cloudiness. Large C;;
was clearly not a good predictor of large low cloud
fraction in this region. Unlike the ECMWF-analyzed
low cloud fractions, the mean C;; deduced from sonde
observations tended to be higher than the observed
cloud fraction. This difference was mainly due to the
stronger inversion in the observations than in the anal-
yses. Other possible contributors to this difference in-
clude the finer pressure interval used for calculating the
inversion stratification in the sonde analysis (30 hPa
versus the approximately 40-hPa ECMWF model spac-
ing) and the removal of soundings with no inversion
from the sonde analysis.

b. Other diagnostic parameterizations

From the radiosonde soundings, we calculated a num-
ber of other quantities that have been hypothesized to
be tied to boundary-layer cloudiness. The inversion
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strength A#, (the inversion jump of virtual potential
temperature, defined analogously to Aé of the previous
section) is nearly proportional to the ECMWF C,;; the
hypothesis was that stronger A4, is correlated with more
low cloud. MacVean (1993) defined a cloud-top en-
trainment parameter R = C,Af./LAg,. (C,Af, and
LAq, are normalized temperature and mixing ratio
jumps across the trade inversion.) He showed that in an
idealized numerical model calculation, a layer cloud
with high cloud fraction cannot be supported with values
of R > 0.7 and that mean cloud fraction tends to de-
crease when R exceeds 0.4. This suggests that R should
be negatively correlated with cloud fraction; 1 — R can
also be regarded as a surrogate for the MBL average
mixing-line slope —df/dq, between the surface and the
inversion top, since the changes in § and ¢, within the
MBL tend to be smaller than the inversion jumps. Betts
and Boers (1990) found an empirical correlation be-
tween smaller mixing-line slope (larger R) and less
MBL cloud. Klein and Hartmann (1993) showed that
on seasonal or longer timescales regional and temporal
variations of lower tropospheric stability S = #(700 hPa)
— SST are highly correlated with variations in marine
stratocumulus cloud amount. By enhancing surface heat
fluxes, stronger cold advection u-V (SST) may promote
vertical convective mixing that can serve as a moisture
source for clouds. In the ASTEX region, the SST gra-
dient is approximately from north to south (Albrecht et
al. 1994, Fig. 13a) and of similar magnitude at all three
ceilometer sites, so the northerly wind component —v
was used as a surrogate for u-V(SST). We might also
expect boundary-layer relative humidity and mean ver-
tical motion to correlate positively with cloud amount.
We do not expect these sounding parameters (except
perhaps relative humidity) to have much correlation
with the diurnal cycle of cloud, so we restrict our atten-
tion to synoptic-scale variability in cloud fraction by
comparing daily averages.

The third and following rows in Table 2 show the
correlation between daily average ceilometer cloud
fraction and a suite of sounding-derived parameters at
the ASTEX ceilometer sites; each averaged over all
soundings on a given day. The parameter means and

TasLE 2. Correlation of daily average of sounding parameters with daily averaged ceilometer low cloud fraction (parameter mean and
standard deviations in parentheses). Single and double asterisks indicates correlations significant at the 95% and 99% levels for a two-sided

test, assuming all days are statistically independent.

Parameter SM (4-23 June)

PS (1-25 June)

VL (6-14 June)

Low cloud fraction (68 = 28%)

C.; (Ap = 30 hPa) —0.51* (64 = 27)

Ab, —0.54* (4.8 = 0.9 K)

S = 6(700 hPa) — SST —0.41 (169 = 1.3K)

R = C,Ab8./LAq, —0.43 (0.21 = 0.24)

—v (=~u-V(SST)) 047* (43 +27ms™")

w(850 hPa) —0.54* (0.02 + 0.02 Pas™")
Pi» 0.27 (875 * 41 hPa)
RHycy 0.80** (82 + 12%)

G217

-0.33 (77 = 18)

-004(52=*14)
034 (16.8 = 1.4)
0.06 (0.26 *= 0.15)
0.04 (6.6 + 2.3)
0.13 (0.03 + 0.02)

—0.05 (841 = 31)
0.50* (79 + 12)

(40 * 13)

—0.02 (79 = 19)
0.33(53 * 1.3)
0.17 (184 * 2.5)

—0.34 (0.32 + 0.07)
023 (49 + 1.2)
0.03 (0.04 = 0.02)
0.42 (871 = 15)
0.54 (79 * 12)
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standard deviations at each site are also tabulated, so
that sites can be compared. Since there were only nine
days of data at the Valdivia, the correlations there were
quite uncertain statistically. Even for the other stations,
only the strongest correlations can be expected to stand
out in only 20-25 days of data. A longer record would
be preferable for doing this type of analysis. For the
parameters Af,, R, and S, the sign of the correlation
coefficient was different at different stations. The neg-
ative correlation of Af, at SM is barely statistically
significant at the 95% level but does not hold up at the
other stations. The correlation of cold advection —v
with cloudiness did have the expected sign at all sta-
tions but was large only at SM. Upward mean 850-hPa
vertical velocity was correlated at the 95% level with
cloud at SM (which felt the influence of the south end
of several frontal systems ), but the correlation had the
reverse sign and small magnitude at the other two sites.
Low inversion height (high inversion base pressure p;,)
was not significantly correlated with low cloud fraction
at any site.

We can also see if intersite differences in the mean
low cloud fraction correlate with variations in the mean
values of these sounding parameters in the predicted
way. The VL mean cloudiness is the lowest, but VL
does not have the lowest mean C,;, Ad,, S, ps, Or —v
of the three stations. However, the mean R does sys-
tematically increase from SM to PS to VL, tracking the
cloudiness decrease in qualitative agreement with
MacVean (1993) and Betts and Boers (1990).

The one variable tested that showed a consistent and
sizable correlation with temporal variations of low
cloud fraction at all three sites was the vertically av-
eraged relative humidity RH,, over the upper half of
the ‘‘cumulus’’ layer. The cumulus layer was defined
to extend from the lifted condensation level of air at
1000 hPa to the inversion base p;,. To a large extent,
this correlation simply reflects the fact that cloud forms
where the relative humidity is 100%. Albrecht (1981)
also found this correlation using a much smaller set of
cloud measurements and cloud reports from ship ob-
servers. Later, Albrecht (1991) reanalyzed this dataset
and found, consistent with our study, that his results
did not support MacVean’s cloud breakup hypothesis.

5. Conclusions

We have extensively compared ECMWF analyses of
the vertical thermodynamic structure and cloudiness in
a midoceanic subtropical marine boundary layer with
sounding, ceilometer, and satellite data from ASTEX.
The results show that remarkable progress has been
made over the last few years in better analyzing and
forecasting MBL thermodynamic structure, but that the
same cannot be said of MBL cloudiness. We found that
in the ASTEX area ECMWF-predicted low cloud frac-
tion was 0.2-0.3 less than both ceilometer and satellite-
derived low cloud fraction and was completely uncor-
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related with daily averaged ceilometer low cloud frac-
tion at any of the three ASTEX ceilometer sites. We
then tried to analyze some factors that might contribute
to this lack of skill.

We found that the ECMWF analyses quite accurately
represented the MBL vertical structure and its vari-
ability. During the ASTEX experiment most of the
soundings taken were assimilated into the ECMWF op-
erational model, to produce as accurate as possible a
regional analysis in support of other ASTEX observa-
tions. Thus, the observed soundings should agree well
with the analyses. However, this is a more stringent test
than it seems. Only information from the standard lev-
els of the soundings is assimilated, so the forecast
model must supply the finer-resolution vertical struc-
ture that is crucial to the MBL. The analyses captured
the temporal variability in soundings time series quite
well, even at pressure levels not used for the assimi-
lation. The systematic biases in the analysis were quite
small, with small dry and warm biases in the upper part
of the boundary layer and even smaller reverse biases
above. These resulted in a 5%—10% underestimate of
relative humidity beneath the inversion and tended to
weaken the inversion. In 1- and 5-day forecasts some-
what different biases appeared, with a 40-hPa deep-
ening of the inversion and moistening near the surface.
These biases may have been promoted by the extremely
strong feedback between cloudiness and inversion
strength in the ECMWF low cloud scheme and may
also have been related to the shallow convection
scheme. These biases also suggest that the overall ra-
diative cooling near the top of the boundary layer may
already be overestimated in the model, even though low
cloudiness is greatly underestimated. One possible
cause of such errors would be an underestimate of
cloud liquid water path, which would produce insuffi-
cient shortwave absorption in the clouds. This seems
unlikely, since the liquid water mixing ratios assumed
by the ECMWF cloud scheme (0.5 g kg ~' or larger at
the temperatures of typical ASTEX clouds) are quite
generous compared to ASTEX aircraft observations
(e.g., Bretherton and Pincus 1994), and the ECMWF
cloud thickness must be at least the vertical grid spac-
ing, which is 30-40 hPa between 800 and 900 hPa.
This cloud thickness is also large compared to the typ-
ical observed stratocumulus cloud thicknesses of 100—
300 m observed in ASTEX. Thus, one would expect
the ECMWEF cloud liquid water path to be larger than
observed. Vertical differencing and interpolation nec-
essary to get heating rates at model levels may also
generate large errors at a sharp inversion. Further in-
vestigation is required to distinguish between the pos-
sible sources of error.

Nevertheless, even in 5-day forecasts (during which
a completely new airmass had moved into the ASTEX
region) the overall MBL structure was qualitatively
preserved. Both the analyses and forecasts suggested
that the vertical structure of the MBL was represented
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well enough in the ECMWF model to have some hope
of predicting cloud fraction.

However, even when applied directly to the observed
soundings, the ECMWF low cloud scheme could not
predict the observed cloudiness variations at individual
sites or the variation of mean cloudiness between the
sites. Several other proposed diagnostic measures of
low cloud fraction were tested and did not have statis-
tically significant skill either. The only exception was
relative humidity in the upper part of the boundary
layer. This suggests that parameterizations that directly
tie cloudiness to the MBL moisture sounding and the
processes that drive it (e.g., shallow convection) have
more chance to provide skillful prediction of day-to-
day variation of cloud properties than parameteriza-
tions based on inversion jumps. For this type of param-
eterization, the 5%—10% low bias in relative humidity
in the upper MBL could cause a substantial reduction
in cloudiness. Given sufficient vertical resolution and
an adequate initialization scheme, prognostic schemes
for cloud liquid water and cloud fraction may be the
best approach to a better depiction of the MBL vertical
moisture structure. One such parameterization ( Tiedtke
1993) is currently being tested at ECMWF.
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