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ABSTRACT

In situ measurements of temperature (Ta), horizontal wind speed (V), dewpoint (Td), total water content
(TWC), and cloud and supercooled cloud water (SCW) events, made during 50 flights from three research field
programs, have been compared to forecasts made with the High Resolution Model Application Project version
of the Global Environmental Multiscale model. The main purpose of the comparisons was to test the accuracy
of the forecasts of cloud and SCW fields. The forecast accuracy for Ta, V, and Td agreed closely with the results
from radiosonde—-model validation experiments, implying that the aircraft-model validation methodology was
equally feasible and, therefore, potentially applicable to SCW forecast verifications (which the radiosondes could
not validate).

The hit rate (HR), false alarm rate (FAR), and true skill statistic (TSS) for cloud forecasts were found to be
0.52, 0.30, and 0.22, respectively, when the model data were inferred at a horizontal resolution of 1.5 km
(averaging scale of the aircraft data). The corresponding values for SCW forecasts were 0.37, 0.22, and 0.15,
respectively. The HRs (FARs) for cloud and SCW events are sensitive to horizontal resolution and increase to
0.76 (0.50) and 0.66 (0.53), respectively, when a horizontal resolution of 100 km is used. The model TWC was
found to agree poorly with aircraft measurements, with the model generally underestimating TWC. For cases
when the forecasts and observations of cloud agreed, the SCW-forecast HR, FAR, and TSS were 0.63, 0.22,
and 0.41, respectively, which implies that improvement in the model cloud fields would substantially improve
the SCW forecast accuracy.

The demonstrated comparison methodology will allow a quantitative comparison between different SCW and
cloud algorithms. Such a comparison will provide insight into the strengths and weaknesses of these algorithms
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and will allow the development of more accurate cloud and SCW forecasts.

1. Introduction

In-flight aircraft icing continues to cause aviation ac-
cidents. In Canada between 1980 and 1990, there were
937 aircraft accidents with 585 fatalities, in which
weather-related phenomena were recognized as a con-
tributing factor in the accident. Of these, 52 accidents
with 273 fatalities had icing as arecognized contributing
factor. Clearly, avoidance of icing regions through ac-
curate forecasts of supercooled cloud water is an im-
portant research objective for the aviation and fore-
casting communities. This was the motivation for this
study.

A number of numerical diagnostic aircraft icing al-
gorithms have been devel oped and eval uated (Appleman
1954; Knapp 1992; Schultz and Politovich 1992; Forbes
et al. 1993; Tremblay et al. 1995, 1996). Most of these
algorithms test whether the model output at a grid point
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meets specific temperature, humidity, or vertical veloc-
ity criteria, although the Tremblay algorithm is based
on parameterizations of physical processes. Tremblay et
al. (1996) demonstrated that their forecast procedures
produced a decreasing distribution of icing frequency
as temperature decreased, which is in agreement with
aircraft observations (Cober et al. 1995) and climatol-
ogy studies of pilot-report icing (Rasmussen et al. 1992).

In this paper, the Canadian Global Environmental
Multiscale (GEM) model derived temperature (Ta),
dewpoint (Td), horizontal wind speed (V), and cloud
total water content (TWC) will be validated in a four-
dimensional framework by direct comparison with in
situ aircraft measurements, and the results will be com-
pared to model—radiosonde validation results. Similarly,
the Sundqvist cloud scheme (Sundqgvist et al. 1989) and
the Tremblay supercooled cloud water (SCW) fore-
casting scheme will be compared with thein situ aircraft
data by comparing the observed or not observed aircraft
measurements with the forecast or not forecast model
results. The dataset islarge enough to allow computation
of hit rate (HR), false alarm rate (FAR), and true skill
statistic (TSS) for the cloud and SCW forecasting al-
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gorithms. The GEM model, Sundgvist cloud scheme,
and Tremblay SCW scheme were selected because they
are currently used for the Canadian operational aviation
forecast. The relative skills of the Appleman and Trem-
blay SCW forecasting schemes will also be assessed.
This is significant because the Tremblay scheme re-
placed the Appleman scheme in 1994 in the Canadian
operational aviation forecast. The Appleman schemeis
still used operationally in the automated icing forecast
program of the U.S. Air Force Global Weather Center.
It is hoped that this work will demonstrate a useful
validation tool for developers of numerical forecast al-
gorithms of cloud and SCW.

The aircraft data were collected during 50 research
flightsin threefield programs. Thefield projectsinclude
the Second Canadian Atlantic Storms Program (CASP
[1), and the First and Third Canadian Freezing Drizzle
Experiments (CFDE | and I11, respectively), al of which
were designed in part to measure and characterize air-
craft icing regions in winter storms. Project flights cov-
ered a wide variety of different meteorological condi-
tions and geographical locations. CASP Il and CFDE |
were based in St. John’s, Newfoundland, and hence fo-
cused on maritime winter storms, while CFDE 1ll was
based in Ottawa, Ontario, and focused on continental
winter storms.

2. Model algorithms

The numerical model used was the experimental High
Resolution Model Application Project (HIMAP) version
of the GEM model (Coté et a. 1998a,b), with 0.14° hor-
izontal grid spacing (corresponding to approximately 15
km in the middle of the domain) and 35 eta levels. Two
different uniform-resol ution subdomains were used to en-
sure the research aircraft flight tracks were located near
the centers of the subdomains. HIMAP East, which is
centered on the Quebec—Windsor corridor, was used for
CFDE IIl simulations. For CASP Il and CFDE | simu-
lations, the HIMAP grid was centered on St. John’s, with
the same horizontal domain size (200 X 251 grid points).
The meteorological fields used to initialize the model
were obtained from the operational Canadian Meteoro-
logical Centre (CMC) objective analysis at 0600 UTC.
Similar to the CMC operational GEM (HIMAP version)
run, the model integrates from 0600 UTC for every flight.
The validation periods of the forecasts ranged from 4 to
25 h, depending on the flight time. Figure 1 shows the
distribution of model validation times in 6-h intervals.
The majority of the validation periods were between 9
and 15 h from initialization. No attempts were made to
differentiate model forecast accuracies for different fore-
cast times. The physica fields (such as Ta, humidity,
vertical velocity, etc.) that were derived by the model,
and required asinput for the SCW forecasting algorithms,
were generated and saved hourly.

The Sundqvist explicit condensation scheme (Sundqv-
ist et al. 1989) is used for determining TWC and cloud

WEATHER AND FORECASTING

VoLUME 16

300
250

200

150

Number

100

g B
o | Il

3-9 9-15 15-21

21-27

Validation Time (hours)

Fic. 1. Distribution of model validation times in 6-h intervals. Each
observation represents 1 h during which aircraft data were collected.

forecasts. TWC (ice + water) is predicted from a con-
tinuity equation, and there is no distinction between lig-
uid and solid phases. The scheme predicts TWC and
cloud fraction, with cloud fraction being parameterized
as a function of relative humidity. These parameters are
also input into the Tremblay SCW forecast algorithm.

In the Tremblay SCW scheme (Tremblay et a. 1995),
SCW events are inferred based on the following criteria:
Ta must be between —15.5° and 0°C, TWC must be
higher than a threshold value of 0.05 g m=3, and wG
— SDEP > 0, where w is vertical velocity, G is the
vertical gradient of the saturation mixing ratio, and
SDEP is the vapor deposition on snow. These variables
are determined explicitly in the model. Thelast criterion
physically represents microphysical processesinvolved
in the production of supercooled cloud water, and in-
dicates that if the amount of vapor condensed by wet-
adiabatic cooling exceeds the rate of vapor deposition
on snow, SCW will be produced. The criteria for the
Appleman SCW forecasting scheme are Ta between 0°
and —16°C, upward vertical motion greater than 0.2 Pa
st and Td — Ta must be less than 0.2 Ta

3. Aircraft data

M easurement campaigns have been conducted in New-
foundland (1992, 1995) and Ottawa (1997-98) using the
National Research Council Convair-580 research aircraft.
CASP Il was conducted out of St. John’s between 15
January 1992 and 15 March 1992. CFDE | was conducted
out of St. John’sduring March 1995. CFDE |11 was based
out of Ottawa from December 1997 to February 1998.
This study used data from 27 flights from CASP 11, 12
from CFDE I, and 11 from CFDE IlI. It is recognized
that the dataset is limited in terms of the geographical
regions represented and the short durations of the field
projects, although climatological studies have indicated
that Newfoundland and the Great L akes area are the areas
with the highest frequency of freezing precipitation in
North America (Isaac et al. 1999). The research aircraft
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FiGc. 2. Summary of flight tracks for CASP II (27 flights), CFDE |
(12 flights), and CFDE 111 (11 flights) for data used in this study. The
flights originated from St. John's, Newfoundland, or Ottawa, Ontario.

was generaly directed into regions where SCW was
forecast to exist, and when SCW was found, the aircraft
was used to make extensive vertical and horizontal pro-
files in order to obtain sufficient data to allow some
understanding of the SCW formation mechanisms. Con-
sidering the large number of storms measured during
the field projects, the dataset is believed to be highly
suited for validation of SCW forecast algorithms.

The Convair-580 was fully equipped for cloud micro-
physics measurements, and the instrumentation used dur-
ing CASP I, CFDE I, and CFDE Il are described by
Cober et al. (1995, 1999) and Isaac et a. (1998). Mea-
sured parameters that were applicable to this study were
V, Ta, Td, TWC (only for CFDE | and CFDE Il1), liquid
water content (LWC), ice crystal concentration, pressure,
latitude, and longitude. The value of Ta was measured
by two Rosemount temperature probes and a reverse-
flow temperature probe and was accurate to +1°C; Td
was measured to within =2°C with a Cambridge Dew-
point Hydrometer. Latitude and longitude were measured
with the Global Positioning System, and with inertial and
loran navigation systems, and were accurate to within
+100 m. The aircraft altitude was measured with respect
to pressure, with an accuracy of 1 mb. The value of V
was measured within =1 m s~ with a Rosemount 858
probe. LWC was measured with Commonwealth Sci-
entific and Industrial Research Organisation King and
Nevzorov LWC probes to within =0.02 g m=3, while
TWC was measured to within £0.02 g m—2 with a Ne-
vzorov TWC probe (Korolev et al. 1998).

Each flight lasted between 3 and 6 h with the average
flight being approximately 4 h in duration. The aircraft
data were averaged over 15 s, representing a horizontal
distance of approximately 1.5 km. A summary of the
flight tracks that were used in this study is shown in
Fig. 2. The 50 flights selected were chosen from alarger
collection of 83 flights. Flights were selected based on
successful measurements of SCW, and hence there may
be a bias toward synoptic meteorological cases with
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TaBLE 1. The contingency table used to evaluate forecasts of

cloud and SCW.
Yes forecast No forecast Total
Yes observed A B A+ B
No observed C D C+D

stronger SCW signals. This may cause the HR and FAR
values to be optimistic since the model physics would
be expected to be more accurate in such cases.

4. Comparison methodology

To compare model forecasts and aircraft measure-
ments, the model fieldsat 15-km and 1-h resol ution were
numerically interpolated to 1.5-km resolution along the
3D—time aircraft trajectories. The time series of Ta, Td,
V, and TWC were then quantitatively compared with
15-s (1.5 km) averaged aircraft measurements. Scatter-
plots of model versus aircraft measurements were used
to evaluate the rms errors of the model parameters. A
similar comparison methodology is used when model
and radiosonde measurements are compared.

A different comparison technique was used to assess
the cloud and SCW forecasts. Model cloud and SCW
fields were assessed as forecast or not forecast, while
aircraft cloud and SCW fields were assessed as observed
or not observed. This required defining thresholds for
some of the model and aircraft parameters.

The existence of observed and forecasted clouds was
inferred if the TWC was higher than 0.03 g m—3. How-
ever, a different criterion was used for CASP |1 obser-
vations because of the lack of a TWC measurement. In
these cases, cloud was inferred for either an LWC =
0.03 g m=3, or an ice crystal concentration = 1 L-*
(Cober et al. 1995), as measured by a Particle Measuring
System 2DP probe (200—6400 wm). The 2DP was not
working on 9 of the 27 CASP Il flights, so that the
presence of cloud where no liquid water was present
was based on a comparison between Ta and Td. Cloud
was inferred if the difference was within 2°C. While the
model SCW field was output as a yes/no value, the
aircraft measurements were inferred to indicate SCW
events when the average supercooled liquid water con-
tent (SLWC) exceeded 0.04 g m—3. Sensitivity tests
demonstrated that the use of SCW thresholds between
0.03 and 0.1 g m=2 only produced small changes in the
HR, FAR, and TSS results.

Using these criteria, for each 1.5-km data point with
coincident model and aircraft data, two sets of yes/no
observations for the SCW and cloud fields were as-
sessed. Table 1 incorporates these observations into the
basic 2 X 2 contingency table associated with dichot-
omous forecasts. The quality of the cloud and SCW
forecasts was evaluated based on signal detection theory
(SDT; Mason 1982) and analysis of the true skill sta-
tistics (Flueck 1987; Wilks 1995). These scores, cal-
culated from the 2 X 2 contingency table, are applied
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widely in weather forecast eval uations (Swets 1988; Do-
swell et al. 1990; Tremblay et a. 1996).

In SDT, the forecast skill is related to the HR and
FAR. Following Table 1, the HR [A/(A + B)] can be
interpreted as the proportion of observed cloud or SCW
events that were correctly forecast, while the FAR [C/
(C + D)] is the proportion of not-observed cloud or
SCW events that were forecast. These are equalivent to
the probability of detection and probability of false de-
tection parameters described by Tremblay et al. (1996).
The TSS is

(AD — BC)
(A + B)(C + D)’

where —1 = TSS = 1, with 1 representing a perfect
forecast. A value of 0 represents aforecast with no skill.

Initially, the model forecast fields interpolated to 1.5-
km resolution were directly compared with the averaged
aircraft data at equal positions and times. In this situ-
ation, the aircraft data averaged over a specific 1.5-km
track were compared with data from a single 1.5-km
model grid point. However, a forecast model can pro-
duce spatial error asdiscussed in Moninger et al. (1991)
and Tremblay et al. (1996). To estimate the sensitivity
of the verification results to spatial precision, the model
fields were assessed over grids of successively larger
squares centered on each individual aircraft-based mea-
surement. Since the model data were known for each
1.5 km X 1.5 km grid point, this required comparing
each aircraft data point with several model grid points
that surrounded and overlapped the aircraft point. For
example, comparison of a 1.5-km aircraft data point
with a 16 km X 16 km model field would require com-
parison with the 121 model grid points (each, 1.5 km
X 1.5 km) that make up the single 16 km X 16 km grid
field. Model fields of 1, 11 X 11, 17 X 17, 33 X 33,
and 67 X 67 grid points, representing boxes of length
1.5, 16, 25, 50, and 100 km, respectively, were com-
pared to the 1.5-km aircraft measurements. If aforecast
value at any of the model grid points was yes, then a
yesforecast was assigned to the model field. Conversely,
if all of the grid point forecasts were no, the model field
was assigned a no forecast. The sensitivity of theresults
to different yes/no thresholds is discussed in section 5.
The 50- and 100-km comparisons were performed be-
cause these scales are al so useful to the users of aviation
forecasts of cloud and SCW. The 16- and 25-km com-
parisons were performed because these scales are close
to the standard grid scales of the last two versions of
the GEM model. The effect of vertical errors from the
forecast system on the verification resultswas not tested.

TSS = HR — FAR = (1)

5. Verification results
a. Validation of meteorological fields

The aircraft-model comparisons for Ta, Td, and V
were done to test the comparison methodology. Figure
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3 shows comparisons of the aircraft and model data for
the CASP Il, CFDE I, and CFDE Il projects. The cor-
responding rms errors are also shown. The rms errors
for Tawere similar for all three projects with aminimum
error of 1.7°C for CFDE Ill. Larger scatter is indicated
by the rms errors for Td and V. The CFDE Il data
consistently showed the smallest rms errors for Ta, Td,
and V in comparison to the CASP |l and CFDE | data.
This may have been related to the higher density of
surface observations (i.e., model initialization data) for
the CFDE 11l cases. Unfortunately, the dataset is not
large enough to quantitatively support this conclusion.

The Ta, V, and dewpoint depression forecast accuracies
agreed closely with the results from radiosonde-model
validation experiments reported by Coté et al. (1998a).
It should be noted that the model data for the current
study were based on the GEM model at 15-km resolution,
which is different than the 35-km resolution version used
in Coté et al. (1998a). However, aradiosonde-model val-
idation using the 15-km resolution version gave very
similar results to those given in Coté et al. (1998a) (A.
Methot 1999, personal communication). Figure 4 shows
a comparison between the aircraft-model validation re-
sults and the Coté et al. (19984) radiosonde-model val-
idation results, the latter based on 120 North American
stations. Their rms error profiles were derived for 12-h
forecasts, comparable with the average validation time
for the results presented here. The results indicate that
the overall performances for both sets of validations are
very similar. The rms errors for V and dewpoint depres-
sion for CFDE IlI are dightly smaller than those in the
radiosonde-model validation. Conversely, the rms errors
for Taand V for CASP Il and CFDE | are dightly larger
than the radiosonde—-model results.

The consistency of the aircraft-model comparison
with the radiosonde-model comparison of Coté et al.
(1998a) demonstrates that the aircraft-model compari-
son methodology is an equally feasible approach to
model validation. Both techniques will have some error
associated with trying to compare data averaged at a
point or along a line with data averaged over a volume.
Theaircraft-model comparison technique allowsthe op-
portunity to evaluate the model accuracy for parameters
such as LWC and TWC, which are not measured with
the radiosondes. It aso alows a quantitative technique
for intercomparing different SCW agorithms. This is
particularly beneficial considering that the aircraft data
were obtained in meteorological conditions that gen-
eraly had a strong SCW signal.

b. Validation of cloud forecasts

The cloud verification statistics, based on the use of
single grid points (1.5 km X 1.5 km), for CASP II,
CFDE 1, and CFDE IIl are shown in Table 2. There
were similar HR values for all three projects; however,
the FAR and TSS values showed some differences.
CFDE |11 had the lowest FAR (0.24) and therefore the
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Fic. 3. Comparisons of the measured and forecast temperature (Ta), horizontal wind speed (V), and dewpoint (Td) for CASP |I, CFDE I,
and CFDE Il1. The solid curves represent a 1:1 correlation.

highest TSS value (0.27), while CFDE | had the highest
FAR (0.36) and the lowest TSS value (0.18).

The effect of spatial error on the model forecast was
estimated by evaluating the HR, FAR, and TSS over
successively larger model areas as discussed in section
4. Theresults of this sensitivity study are givenin Table
3. The category labeled Total represents the analysisfor
the collective dataset. There is an expected trade-off
between HR and FAR pairs, with the HR and FAR in-
creasing with increasing model grid size. Overal, the
HR (FAR) increased from 0.52 (0.30) at 1.5 km X 1.5
km resolution to 0.76 (0.50) at 100 km X 100 km res-
olution. The corresponding TSS increased from 0.22 to
0.26, indicating aslightly higher skill at the larger model
grid scale. To make a comparison with the CMC two-
dimensional verification result for the total cloud opac-
ity, the Heidke skill score (Panofsky and Brier 1965)
was aso calculated. The values ranged from 0.22 to
0.25, and are smaller than the 0.4 value (CMC 1998)

determined by CMC from atotal column cloud opacity
validation. The additional forecast error of cloud in the
vertical may partly account for this difference. The TSS
value iswell above the useless forecast value, indicating
that the forecast model has some ability to forecast
cloud, although there isroom for considerable improve-
ment. An improvement in the model humidity field
would undoubtedly lead to better cloud forecasts.
Using a single yes observation from a 1.5-km grid
point to define a yes observation for a model field that
has, for example, 121 grid points (i.e., 16 km X 16 km)
could lead to an unreasonable bias in the HR and FAR
statistics. For the 67 X 67 grid point field, ayesforecast
would be scored even if there were 4488 no and 1 yes
observations. To determine the sensitivity of the results
to this criterion, the HR, FAR, and TSS were recalcu-
lated using different thresholds for ayes forecast. A yes
forecast was inferred only when the number of yesfore-
casts from the 1.5-km grids exceeded some percentage
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FiG. 4. Vertical rms errors for Ta, V, Td, and dewpoint depression for CASP Il, CFDE |, and CFDE II1. Radiosonde
indicates the results from the model—radiosonde comparisons.

threshold between 10% and 50% of the total number of
1.5-km grid points. Table 4 shows the changes in HR,
FAR, and TSSfor all flights for thresholds of one pixel,
10%, 25%, and 50%. As expected, there is a small de-
creasein HR and FAR asthe threshold isincreased from
one pixel to 50% of the pixels. The magnitude of the
difference increases with increasing grid size. For the
worst case (the 67 X 67 grid comparison) the HR (FAR)
change from 0.76 (0.50) to 0.52 (0.30) as the threshold
changes from one pixel to 50%. However the TSS
changes very little, which is true for all cases consid-
ered. Therefore, the forecast skill is not significantly
affected by the yes/no methodology chosen. For the 11

TABLE 2. Cloud forecast verifications for 1 X 1 model grid points.
The data represent a resolution of 1.5 km.

Ob Forecast
Project served  Yes No Total Statistics
CASP 11 Yes 5873 5476 11 349 HR = 0.52
No 4762 10715 15477 FAR = 0.31
TSS = 0.21
CFDE | Yes 2956 2574 5530 HR = 0.53
No 1991 35841 5572 FAR = 0.36
TSS = 0.18
CFDE IlI Yes 2616 2523 5139 HR = 0.51
No 1419 4573 5992 FAR = 0.24

TSS = 0.27

X 11 and 17 X 17 grid comparisons the changesin HR,
FAR, and TSS are essentially independent of the thresh-
old used to infer a yes forecast. Considering that cloud
fields in winter storms tend to be quite large in hori-

TaBLE 3. Cloud forecast verifications using multiple grid points for
model data. The data represent resolutions of 1.5, 16, 25, 50, and
100 km.

Project Grid points HR FAR TSS
CASP 11 1x1 0.52 0.31 0.21
11 X 11 0.56 0.35 0.21
17 x 17 0.59 0.37 0.22
33 X 33 0.66 0.43 0.23
67 X 67 0.74 0.48 0.26
CFDE | 1x1 0.53 0.36 0.18
11 X 11 0.59 0.40 0.19
17 X 17 0.63 0.42 0.20
33 X 33 0.68 0.44 0.24
67 X 67 0.79 0.57 0.22
CFDE 111 1x1 0.51 0.24 0.27
11 x 11 0.56 0.28 0.28
17 x 17 0.59 0.30 0.29
33 X 33 0.63 0.35 0.28
67 X 67 0.74 0.46 0.28
Total 1x1 0.52 0.30 0.22
11 X 11 0.57 0.34 0.23
17 X 17 0.60 0.37 0.23
33 X 33 0.66 0.41 0.25
67 X 67 0.76 0.50 0.26
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TaBLE 4. Cloud forecast verifications for yes forecast thresholds of
one pixel, and 10%, 25%, and 50% of the total pixels.

Grid
points Threshold HR FAR TSS
11 x 11 One pixel 0.57 0.34 0.23
10% 0.55 0.33 0.22
25% 0.54 0.32 0.22
50% 0.52 0.30 0.22
17 x 17 One pixel 0.60 0.37 0.23
10% 0.57 0.35 0.23
25% 0.55 0.33 0.23
50% 0.52 0.30 0.22
33 X 33 One pixel 0.66 0.41 0.24
10% 0.61 0.38 0.23
25% 0.57 0.35 0.22
50% 0.51 0.30 0.21
67 X 67 One pixel 0.76 0.50 0.25
10% 0.67 0.43 0.24
25% 0.62 0.38 0.24
50% 0.52 0.30 0.22

zontal extent, and that the research flights in this study
were generally directed into regions where the clouds
had a large horizontal extent, most of the data collected
were in clear air regions not close to cloud (i.e., transit
to the region of interest) or cloud regions not close to
clear air (i.e, the region of interest) and relatively less
data was collected near the boundary of the two. Hence
the result described above is not surprising.

The vertical distributions of HR, FAR, and TSS for
cloud forecasts at 1.5-km resolution are shown in Fig.
5. The maximum HR is located at the middle level be-
tween 700 and 800 mb, whilethe values decreasetoward
the high and low levels. The FAR was relatively con-
stant (about 0.4) throughout the entire low and middle
levels with a sharp decrease at high levels. The TSSs
at the middle and high levels were much better than
those at the low level, indicating a poor forecast ac-
curacy for low-level cloud. This observation is consis-
tent with the results of Yu et al. (1997) and suggests a
model weakness in resolving boundary layer clouds.

A scatterplot of model and aircraft TWC, for CFDE
| and 1l data, isdisplayed in Fig. 6. CASP Il datawere
not included because there was no TWC measurement
in this project. Only data with a TWC > 0.01 g m—3
(both aircraft and model) are shown in Fig. 6. The air-
craft measurements were separated into liquid, mixed,
and glaciated categories following techniques described
in Cober et al. (1999). Liquid phase impliesinsignificant
ice while glaciated phase impliesinsignificant liquid. A
poor correlation is obvious for all three situations. The
TWC rms errors are between 0.1 and 0.2 g m—2 with
dlightly smaller values for CFDE I1l. There are no ob-
vious differences between the model—aircraft valida-
tions for the liquid, mixed, and glaciated clouds. It is
evident that the model generally underestimates the
mixed and glaciated cloud TWC. Theimplication isthat
the microphysics algorithms used in the Sundqvist cloud
scheme do not infer cloud TWC accurately. This will
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FiG. 5. Vertical distributions of HR, FAR, and TSS for the
Sundqvist cloud algorithm.
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have a direct effect on the SCW forecast, since the SCW
forecast relies on the cloud TWC.

One possible explanation of the poor correlation be-
tween the model and aircraft measurements is that the
course model resolution does not resolve the subgrid
variability. Comparing aircraft data averaged along a
line with model data averaged over a volume will add
scatter to the comparison. A comparison of aircraft data
averaged at 15-km resolution with model data at 15-km
resolution (not shown) showed very similar results to
Fig. 6. In addition, the cloud regions measured with the
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relation. The data represent a resolution of 1.5 km.

aircraft were generally stratiform in nature, covering a
wide horizontal region. Therefore, it is not believed that
the model resolution is the dominant reason for the dis-
agreement between the aircraft and model data. Another
possible explanation is that forecast errors inherent in
the model dynamics cause errors in the cloud fields,
which lead to the poor correlation between the model
and aircraft measurements. Considering that the average
validation timewas 9-15 h, thisis certainly areasonable
explanation for some of the scatter seen in Fig. 6.

c. Validation of SCW forecasts

The verification results for the Tremblay and Apple-
man SCW forecasting schemes are listed in Table 5. The

HR, FAR, and TSS values are very similar for the Trem-
blay scheme for CFDE | and CFDE 111, while the CASP
Il results reflect a significantly poorer performance. The
best HR and TSS values are for CFDE I, being 0.40 and
0.17, respectively. The TSS value is above the useless
forecast value for CFDE | and CFDE Il1I, although the
HR is low. The TSS for CASP |1 is significantly lower
than those for CFDE | and CFDE I, which may be
caused by the small SCW dataset for CASP 1. The clouds
sampled during CASP Il were frequently glaciated, often
being associated with deep warm frontal or low pressure
region cloudsthat had cloud-top temperatures col der than
—20°C. In these clouds, regions of SCW that might be
forecast by the model could be glaciated by ice particles
falling from higher layers. This would cause a higher
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TABLE 5. SCW forecast verifications for 1 X 1 model grid points.

Tremblay scheme

Appleman scheme

Forecast Forecast
Project Observed  Yes No Total Statistics Yes No Total Statistics
CASP 11 Yes 436 1104 1540 HR = 0.28 380 1160 1540 HR = 0.25
No 3618 8228 11 846 FAR = 0.31 3538 8305 11 846 FAR = 0.30
TSS = —0.02 TSS = —0.05
CFDE | Yes 900 1626 2246 HR = 0.40 586 1660 2246 HR = 0.26
No 1086 3563 4649 FAR = 0.23 929 3720 4649 FAR = 0.20
TSS = 0.17 TSS = 0.06
CFDE 111 Yes 1070 1978 3048 HR = 0.35 562 2486 3048 HR = 0.18
No 1023 3917 3940 FAR = 0.21 626 4314 4940 FAR = 0.13
TSS = 0.14 TSS = 0.06

FAR and lower TSS. During CFDE | and CFDE Il1 the
cloud regions sampled were generally stratiform clouds,
often associated with air masses ahead or behind frontal
regions. These clouds tended to have warmer cloud-top
temperatures and were thinner than those observed during
CASP II. As aresult, measurements of SCW were more
frequent in CFDE | and Il clouds. Not accounting for
depletion by glaciation is likely a weakness in the SCW
forecast schemes. Results from the same sensitivity tests
used in the cloud verification are listed in Table 6. The
HR and FAR values increased with increasing grid size,
aswas the casein the cloud forecast validation. The TSS
values were generally a maximum for the 25 km X 25
km comparisons.

An intercomparison between the results for the Trem-
blay and Appleman SCW forecasting schemes (Tables 5
and 6) shows that the A ppleman scheme produces smaller
TSS scores. This demonstrates quantitatively that the
Tremblay scheme is more skilled. Based on CASP Il
simulations of 18 cases, Tremblay et al. (1996) found
that the Appleman scheme tended to overforecast SCW
events, particularly when the temperatures were colder
than —10°C. Conversely, Table 5 shows a slightly higher
FAR for the Tremblay scheme, with the maximum dif-
ference observed in the CFDE Il analysis. This occurs

because most of the observed and forecast SCW events
for CFDE I11 (88% of the SCW forecasts from the Trem-
blay scheme and 70% of the SCW forecasts from the
Appleman scheme) occur in the temperature range be-
tween —10° and 0°C. Tremblay et al. (1996) show that
their scheme predicts more SCW events than the Apple-
man scheme at temperatures warmer than —10°C. To
confirm this observation, FAR values were calcul ated for
both schemes for the CFDE |11 dataset for two temper-
ature ranges. —155°C < T < —10°Cand —10°C < T
< 0°C. The FAR for the Tremblay and Appleman
schemes were 0.18 and 0.11, respectively, for data be-
tween —15.5° and —10°C, and 0.12 and 0.24, respec-
tively, for data between 0° and —10°C. These results are
consistent with the conclusions of Tremblay et al. (1996).

The ability of the model to forecast SCW depends
significantly on its ability to determine cloud. It is prob-
able that some of the SCW forecast error was directly
associated with errorsin forecasting cloud. Thiswill be
especiadly true for cases where the model dynamics
caused the cloud forecast to be in error. To provide a
fairer analysis of the SCW forecasting algorithm, the
1.5-km resolution CFDE | and CFDE Il1 data were an-
alyzed only for points where the model cloud forecast
agreed with the aircraft cloud observed (i.e., forecast

TaBLE 6. SCW forecast verifications using multiple grid points for model data.

Tremblay scheme

Appleman scheme

Project Grid points HR FAR TSS HR FAR TSS
CASP 11 1x1 0.28 0.31 —0.02 0.25 0.30 —0.05
11 x 11 0.33 0.36 —0.03 0.28 0.35 —0.07
17 x 17 0.35 0.40 —0.05 0.31 0.39 —0.08
33 X 33 0.39 0.47 —0.08 0.35 0.46 -0.11
67 X 67 0.52 0.58 —0.06 0.43 0.59 -0.15
CFDE | 1x1 0.40 0.23 0.17 0.26 0.20 0.06
11 x 11 0.46 0.27 0.19 0.34 0.27 0.07
17 x 17 0.49 0.30 0.20 0.38 0.29 0.09
33 X 33 0.55 0.38 0.17 0.47 0.36 0.10
67 X 67 0.66 0.54 0.12 0.59 0.49 0.10
CFDE 111 1x1 0.35 0.21 0.14 0.18 0.13 0.06
11 x 11 0.45 0.29 0.16 0.29 0.18 0.11
17 x 17 0.49 0.32 0.18 0.33 0.21 0.12
33 X 33 0.58 0.40 0.18 0.41 0.30 0.11
67 X 67 0.66 0.52 0.14 0.50 0.40 0.10
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TABLE 7. SCW forecast verifications for different cloud threshold
values (QC,), for observations made when the cloud forecast was
correct.

QC, (g m?) HR FAR TSS
0.01 0.63 0.22 0.41
0.02 0.67 0.19 0.49
0.03 0.71 0.16 0.55
0.04 0.77 0.14 0.64

and observed, or not forecast and not observed). With
these criteria, the accuracy of the SCW forecast in-
creased significantly. Table 7 lists the HR, FAR, and
TSS for severa cloud threshold values (QC,). An in-
creased HR resulted in substantially higher TSS values
compared to those in Table 5. For example, for a QC,
of 0.01 g m=3, at a resolution of 1.5 km, the TSS in-
creased from 0.15 to 0.41. Increasing the QC, induces
a higher HR and lower FAR, and therefore, a higher
TSSvalue. Thisis expected because higher QC, values
would screen weaker LWC signalsinto the not observed
and not forecast category. While these resultsillustrate
that the HR for SCW forecasts is related to the cloud
forecast accuracy, there remains room for improvement.
The HR will also be related to the model ability to
predict vertical velocity and other meteorological pa-
rameters. It is not possible to make a direct comparison
between the forecast and observed vertical velocity be-
cause vertical velocity is not measured from the aircraft.

Figure 7 shows vertical profilesof HR, FAR, and TSS
for the Tremblay scheme for cases when the cloud field
was predicted correctly. The HR does not change sig-
nificantly with height except at the highest level, and
in general, the HR values are between 0.6 and 0.7. The
FAR tends to increase with height, which is likely pro-
portional to decreasing temperature. Overall, the SCW
forecast appears highly skilled in regions where the
model and aircraft cloud measurements agree.

6. Conclusions

In this paper, in situ aircraft measurements of Ta, Td,
V, and TWC, and assessments of cloud and SCW fields,
made during 50 flights from three research field pro-
grams, have been compared to forecasts made with the
GEM HIMAP model. The model and aircraft compar-
isons were made on a 1.5-km scale, with the aircraft
data being averaged from a smaller scale and the model
data being numerically interpolated from alarger scale.
The comparisons have led to a number of conclusions:

1) Thermserrorsfor Ta, Td, and V agreed closely with
the results from radiosonde-model validation ex-
periments. This implies that the aircraft—-model val-
idation methodology is equally feasible and can be
applied to parameters such as TWC, which the ra-
diosondes cannot measure.

2) The HR, FAR, and TSS for the Sundgvist cloud
schemewere 0.52, 0.30, and 0.22, respectively, when
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blay SCW algorithm.
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the model data were inferred at a resolution of 1.5
km. The corresponding valuesincreaseto 0.76, 0.50,
and 0.26, respectively, when a model resolution of
100 km is used. Based on the TSS, the forecast ac-
curacy for low-level cloud is poorer than for middle-
and high-level cloud. Thisis consistent with the re-
sults of Yu et al. (1997) who showed that boundary
layer clouds were poorly handled in the model.

3) A quantitative comparison of the forecast and ob-
served TWC indicates a poor agreement with the
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model generally underestimating TWC. While fore-
cast errors from model dynamics and errors inherent
in the comparison methodology will account for some
of the observed scatter, the results suggest that the
microphysical parameterizations of cloud TWC inthe
Sundgvist scheme do not accurately resolve cloud
TWC.

4) The HR, FAR, and TSS for SCW forecasts based on
the Tremblay SCW forecasting scheme, at a reso-
lution of 1.5 km, are 0.37, 0.22, and 0.15, for CFDE
| and CFDE 11l combined. The HR, FAR, and TSS
change to 0.66, 0.53, and 0.13, respectively, when
amodel resolution of 100 kmisused. A comparison
between the Tremblay and Appleman SCW fore-
casting schemes demonstrates that the Appleman
scheme produces a lower HR, FAR, and TSS.

5) When only cloud forecasts that agree with the aircraft
measurements are considered, the accuracy of the
Tremblay SCW forecasting algorithm increases sig-
nificantly, with HR (TSS) increasing from 0.37 (0.15)
to 0.63 (0.41). This illustrates that a limiting factor
in the SCW forecasts is the model cloud field. A more
sophisticated cloud scheme with explicit liquid and
ice phases may improve the forecast accuracy.

6) The comparison methodology described here can
provide a quantitative intercomparison technique for
several SCW or cloud algorithms. Considering that
the results demonstrate that improved cloud and
SCW algorithms are required, such a comparison
would allow identification of strengths and weak-
nesses in these algorithms, which could lead to sug-
gestions for improving SCW forecast accuracy. In-
corporating additional field project data would help
address the statistical and geographical limitations
of the dataset. Finally the comparison methodol ogy
might be expanded to address a wider range of fore-
casts. For example, rather than segregating the fore-
casts into yes or no, the SCW forecasts might be
divided into bins of different TWC, or categories
such as light, moderate, and severe. Such investi-
gations are currently being undertaken.
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