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1. Introduction

With expanding computer capability and capacity there has been considerable interest in
increasing the resolution in GCMs. The primary driving force behind this are two fold: 1)
increased resolution may reduce the systematic errors inherent in parameterization of sub-grid
scale processes, and 2) higher resolution may improve confidence in regional scale studies of cli-
muatic features that are orographically influenced - such as the effect of the Tibetan Plateau on the
East Asian Monsoon (Sperber et al., 1993). This study focuses on the effect of horizontal resolu-
tion on the spatial and temporal systematic errors of cloud radiative forci ng and its components.
Previous resolution studies such as those by Mahlman and Umscheid (1987), Boer and Lazare
(1988), Rind (1988), Tibaldi et al. (1990), Boville (1991), Kiehl and Williamson {1991} and
Boyle (1993) have been concerned with the effects of varying horizontal and vertical resolution.
The ECMWF model performance as reported by Boyle (1993) was not enhanced with higher res-
olution and in fact, some of the general characteristics of that model were degraded in the higher
resolutions compared to the coarsest resolution (Phillips et al., 1993),

In this paper, the top-of-the-atmosphere radiation fields are taken from a series of simula-
tions using the European Centre for Medium Range Forecasts (ECMWF) general circulation
model (cycle 33), run at four different horizontal resolutions. Section 2 discusses the concept of
cloud radiative forcing and describes the simulations from the ECMWF model. The observed glo-
bal field of cloud forcing from ERBE is presented in scction 3 along with the model-produced
fields of the net solar and longwave cloud forcing. The seasonal effect of forcing is described in
section 4, and the results are summarized in section 5.

2, Methodology

2.1 The ECMWF model cycle 33

The ECMWF general circulation model used in these simulations is described in Simmons
ct al. (198%) and Tiedtke et al. (1988). The model includes the diumal cycle of insolation, The
physical tendencies are calculated on a Gaussian grid where the grid sizes (deg lat) for the resolu-
tions are 1.125 at T106, 1.875 at T63, 2.8125 at T42 and 5.625 at T21. The model was integrated
for one year at each resolution and an additional six months for the T42 and T106 resolutions.
While it is recognized that these simulations are too short to make definitive statements, the pur-
pose of the paper is to provide a general view of the model’s systematic errors in the cloud radia-
tive forcing.
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2.2 Cloud radiative forcing

The concept of cloud radiative forcing has been used 1o explore the effect clouds have on
the top-of-the-atmosphere energy balance. The net cloud radiative forcing is defined as the differ-
ence between the tomal long and short wave fluxes at the top of the atmosphere (1otal) and that of
the respective clear sky fluxes (clear), that is

E.RFMI T F.l:.l't'ﬂ.r 3 me: = gckﬂr * Em:a! .

where F and Q are respectively the net upward infrared and net dewnward solar fluxes. The con-
cept is useful because it allows comparison of the radiative impact of clouds without requiring
knowledge of cloud height or cloud cover.

One difficulty in comparison with observational data stems from the determination of
Fetear and Qe a5 was discussed in Potter el al. (1992). Of the several methods available we

determined that Method IT was appropriate for this study. Direct comparison with the Earth Radi-
ation Budget Experiment (ERBE: Barkstrom, 1984 and Harrison et al.,, 199() reveuls large sys-
tematic errors well beyond the relatively small differences among the different resolutions of the
madel. This method uses the radiation calculation for total fluxes at the top of the atmosphere but
with the clouds removed. By employing this method the flux is available at every space and time
point. The time-averaged clear sky flux at a grid point is given by where F¥ is the clear sky
flux computed by the model and N is the total number of samples (the total number of radiation
time steps).

| Cloud Radiative Forcing Results

3.1 Longwave cloud radiative forcing

One of the difficulties in validating cloud radiative forcing is that the available ERBE data
cover only 4 years. As a result of the interannual variability inherent in ERBE, large regional vari-
ations exist from year to year. This variability as shown below is well below the systematic differ-
ences between ERBE and the model-produced fields of cloud radiative forcing. Figure 1 shows
the global distribution of the average July longwave ¢loud radiative forcing from ERBE (CRF,,)
and the July CRF,,, for the years 1985, 1986, 1987 and 1988. The largest differences occur in
areas of tropical convergence in the western Pacific berween 1987 and the other years. Generally,
the pattern of interannual variability is similar for the other months and for CRFg,. In general, the
large scale regional observed CRF,,, is dominated in July by peak values over the northern tropi-
cal oceans (Harrison et al., 1990) where the deep convective clouds with their associated high
cold tops reduce the outgoing flux of LW radiation. This in turn results in a high positive cloud
forcing in comparison with the clear skies. The extrarropical storm acks are also typified by rel-
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atively high values CRF,,. Lower values of CRF,,, result from lower, warmer clouds or lack of
significant cloud cover. High values of CRF,,, also occur over warm water flowin g under rela-
tively cold air such as over the Guif Stream and to a lesser extent over the Kiroshiro current. The
January CRF,y, also highlights the South Pacific Convergence Zone as a region of extensive cloud
cover resulting in enhanced CRF,, (not shown). Another region of presumably high CRFy,, in
July is over central South America. The amount of missing data here results from ERBE's inahil-
ity to “see” any clear sky is significant, and is testimony to the cloudiness that persists over the
tropical land surfaces during the high sun period.

Figure 2 shows results from ERBE for the vear 1987 and the subsequent Figs. 3-6 show
the four resolutions (T21, T42, T63 and T106 respectively) of the ECMWF model for January and
July. A distinguishing feature of all model resolutions is the very high values of CRF,,, over the
tropical oceans. This results from the systematic dry bias in the ECMWF Cy33 (Phillips et al.,
1393). This strong positive CRF,, is often attributed to persistent deep clouds, but in this case it is
likely a consequence of excessive outgoing longwave radiation re gardless of clouds. As can be
seen from the zonal averaged clear sky flux (Fig. 3), all model resolutions exceed the average

ERBE clear sky flux by as much as 20 Wm™2, This, in conjunction with the very intense, concen-
trated ITCZ, contributes to the higher than observed values. The model does, however, produce
results similar 1o ERBE over the southern Indian Ocean and over the area of the Tndian Monsoon
(see also Sperber et al., 1994). There is also some indication of the southwestern North American
Monsoon which does not appear in the ERBE data, This is likely due to the short period of sam-
pling from both ERBE and the single vear of integration of the model.

Another systematic error occurs over the eastern margins of the subtropical oceans. The
ECMWF maodel tends to underpredict the stratus cloud decks common in these regions and conse-
quently the outgoing radiation freely passes to space. Although these low clouds have much the
same outgoing longwave radiation as the surface, the ECMWF cycle 33 model is also consider-
ably drier than observed (Phillips et al., 1993), Nearly all of the spatial patterns are maintained at
T42, T63 and T106 resolutions, and it is in fact difficult 10 distinguish between the T63 and T106
resolutions,

The T21 simulation is somewhat different than the higher resolution cases, panticularly in
the Western Pacific where the higher resolutions produce a double TTCZ. This feature is most
prominent in the Indian Ocean and South East Asia. In part, this is the result of low evaporative
fluxes in conditions of low wind speed. An engineering fix to this model feature was one of the
major modifications in a later version of the ECMWF model. It is interesting to note that the low-
est resolution (T21) produces more realistic CRF,,, than the higher resolutions, probably due w

the coarseness of the resolution and its inability to resolve the erroneous double ITCZ,
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In January (Figs. 4a, 5a, 6a, and 7u), one feature that is very obvious is the lack of the
southemn excursion of the ITCZ in the South Pacific Ocean. This version of the ECMWF model
also lacks a general organization of the South Pacific Convergence Zone and the low values of
CRFyy, over the eastern South Pacifie produce the same features as ERBE. Over Africa the T21

resolution appears to produce poor results while the higher resolution models are more realistic,

3.2 Shortwave cloud radiative forcing

Figure 2d shows the July CRF,,, for ERBE, and the corresponding four resolutions of the
ECMWTF model arc shown in Figs 4d, 5d, 6d, and 7d. The primary difference between all resoly-
tions of the model and ERBE is the model's tendency to produce too large (negative) CRF,,, over
active convective regions. This is particularly apparent over the oceans, and is largely due 1o the
scattering introduced by a parametrization in eloud liquid water making the clouds generally oo
bright. As a result, the ECMWF model clouds have high negative CRF,,. The errors produced by
this particular parameterization are apparent in the seasonal response as well as in individual
manths. It is noteworthy that although the CRFyy, exhibits such a large systematic error, it has
very little o do with the general performance of the model. The diabatic heating of the atmo-
sphere is relatively uninfluenced by the erroneous solar cooling by CRF,,, over the oceans
because the ocean temperatures are fixed. Generally, values of CRF,,, show most similarity to
observations over land, particularly in the subtropics.

The CRF,,, for the month of January is shown in Figs. 4b, 5b, 6b, and 7b. The summer
hemisphere is subject 1o many of the same errors as in J uly, although one interesting feature is the
winter monsoon over East Asia where the polar front appears in all resolutions. The mode! does
not, however, produce the band of minimum CRFy,, detected by ERBE across Europe and Central
Asia.

33  Net doud radiative forcing
The global distribution of July net cloud radiative forcing (CRF,,) for ERBE is shown in

Figure Ba and can be compared with the four model resolutions for July in Figs, 9b, 10b, 11b, and
I2Zb, These figures show large systematic errors between the model and ERBE and relatively
small differences among the different model resolutions. One of the dominant features from
ERBE is the area of large negative CRF,, in the midlatitude storm racks in the summer hemi-

sphere. It is here that the CRF,,, outweighs the CRF),, because the solar input is at a maximum in
the summer hemisphere. Conversely, the largest positive area of CRF,,., is over the midlatitude
storm tracks in the winter hemisphere where the sun angle is low and the heating from CRF,,
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dominates (positive values). In many regions CRF,, shows the balancing of CRF,, and CRF,,
and is near zero. Figure 13 shows the global values of CRFy,, CRF,, and CRF,, for ERBE and
the four resolutions of the ECMWF model. From these global values for January and July the
most obvious error in all resolutions is the excessively negative CRF,,, and is due to the highly

reflective clouds. This same feature was responsible for the negative cloud feedback in the + 2K
S5T perturbation study of Cess et al, ( 1989,

4. Seasonal Cloud Forcing

Cess et al, (1992) point out that it is impossible to determine cloud feedback from a sea-
sonal model run using the seasonal excursion of cloud forcing as a surrogate for a climate change.
They do, however, offer a method of calculatin £ a measure of the seasonal ACRF that gives an
indication of the contribution of cloud forcing for January and Jul ¥ in comparison with the annual
average. This measure of the seasonal cycle of CRFy,, and CRF,,, provides a method of isolating
the systematic errors of cloud height and cloud radiative properties. Following Cess et al. (1992)

ACRF = § [ﬂuﬂ -Aa) + {ﬁFﬂ - AF)

where A is the seasonal perturbation of a quantity about the annual mean and where AF
and At represent the monthly-mean departures from the annual mean, ¢ is the clear-sky compo-
nent, and 5 is the monthly-mean solar irradiance. If ACRF were a measure of the change in cloud
forcing for the entire globe, then it could be interpreted as cloud feedback (Cess el al., 1989,
1990). However, it is largely the seasonal variation of the ITCZ that dominates ACRF caused by
changes in cloud cover, cloud optical properties, cloud height, and solar zenith an gle.

4.1 Zonal average ACRF

The seasonal contribution of CRF,,, o the annual mean (ACRF,, ) is negatively correlated
with ACRF,, as seen in Figures 14a and 14b compared to the Figures 14¢ and 14d. The ERBE
data in these figures clearly demonstrate this feature. In January, areas with large positive ACRF,,
denote intense convective regions where the effect of the deep convective cloud compared to the
annual mean is at a maximum. Conversely, in July the maximum radiative WArming compare (o
the annual mean occurs in the Northern Hemisphere collocated with the maximum of the ITCZ.
The ECMWF model produces a much more believable ACRFy, than ACRF,,, and is more consis-
tent among the different resolutions. This correspondence between the model and ERBE for ACR-
Fiy is largely due to the seasonally varying prescribed sea surface temperatures and the associated
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enhanced outgoing longwave radiation. The systemancally dry model atmosphere enhances the
impact of clouds and the effact of Jan uary or July compared to the seasonal mean,

The January zonal averaged values of ACRF,,, for ERBE and the four resolutions are
shown in Figure 14b. The ERBE ACRF,,, data are dominated by the seasonal excursion of the
ITCZ, where the shortwave respanse of clouds (CRF,,) in January compared to the annual aver-
age is to cool the atmosphere where the clouds are very bright (intense convection), Heating from
ACRF,,, compared to the annual average occurs where the storm tracks move poleward. The July
ACRF,,, (Figure 12d) is negatively correlated with that in January, and shows thar the northern
hemisphere CRF, in July compared to the annual mean is larger than the southern hemisphere
CRF,,, in January, ACRF,,, cools where convection is the strongest and acts as g “negative feed-
back™ in those areas of intense convection. The relative warming of the summer hemisphere seen
in the mid-latitudes compared to the annual cycle 1s a result of the storm belts moving poleward in
the summer hemisphere, although this feature is less pronounced in the Southern Hemisphere,
The ECMWTF model maintains the general character of the ACRF,,, but the tropical cooling is dis-
placed approximately 10 degrees of latitude poleward. All of the ECMWF model resolutions
show in this error, which is connected to the position of the I'TCZ which, in this particular version
of the model, produces a double convective maximum in all but the T21 resolution. The principal
reason for this systematic error is the poleward displacement of the summer hemisphere ITCZ,
The data show a double simulated ITCZ, with one center at 5 N and another at 25 N in July, with
a similar error in January with the primary peak more diffuse among the resolutions, and the sec-
ondary peak less pronounced and closer 1o the equator in than in July. The T21 resolution does ned
appear to resolve the double ITCZ in ACRF,,, in either season and consequently looks somewhat
more realistic. The possibility that the lower resolutions may produce better ropical convection
has been pointed out by J. M. Slingo (personal communication, 1994),

In general, the zonal averaged features of ACRF,, and ACRF,,, suggest that the ECMWE
model contains structure in the seasonal forcing that does not appear in the observations, This
structure, caused by a split in the ITCZ, is less pronounced in the lower resolutions and disappears
entirely in the T21 resolution. The effect of seasonal cloud forcing in the tropics is shifted o
higher than observed latitudes at all resolutions. The general structure of ACRF,,, is closer 1o
observations than ACRF,,, (Figs. 14a and 14 vs, 14¢ and 144) in all resolutions, but there is very
litle improvement with increased resolution,



4.2 (lobal distribution of ACRF

The global distribution of ACRF is shown for both LW and SW for January and July 1988
in Figure 15, The dominant features of the observed flux are the large differences between the
January and July ACRF. As pointed out by Cess et al. (1992), one prominent feature of the ACRF
in July is the srong positve SW ACRF and the somewhat smaller negative LW ACEF in the
north Atlantic. The seasonal response in this case is dominated by the enhanced cloud cover in
winter. Strong positive ACRF,,, in July suggests relatively clear sky compared to the annual
mean, and negatve ACRF;, in July suggests drier conditions than the annual average atmosphere
that corresponds with clear skies. It is interestng to note that Cess et al, (1992), using a different
ERBE year data (1985), in the area of the East Asian Monsoon find that ACRF,,, and ACRF,,, are
both positive. This feature was explained from the differing cloud heights in July compared o the
annual average. In the case of other ERBE periods, there is significant interannual variability in
the ERBE data due to cloud height and depth changes in the monsoon area.

The T21 resolution (Fig. 16) shows the ACRF for both LW and 5W to have somewhat
exaggerated values. Although the pattern of ACRF has some of the same features as ERBE, the
intensity of the positive LW cloud forcing compared o the annual average over the Indian Mon-
soon is much oo intense and covers considerably larger areas than observed. The positive
ACRF,, in the northern Atlantic and the corresponding negative ACRF,, are not reproduced as
well in the T21 resolution as in the higher resolutions (Figs. 17-19). This contradicts the perfor-
mance of the T21 model for CRF (Fig. 3) where the lowest resolution appears to produce slightly
more realistic features as seen in the ITCZ in January and July. All resolutions of the model] pro-
duce a confused annual cycle in the Pacific Basin, This can be attributed partly to the double
ITCZ but also to the general dryness and the lack of well defined storm paths in the north Pacific.
The July values of ACRF,, and ACRF,, suggest that the cloud systems associated with extratrop-
ical cyclones are too far north. Again in the north Pacific the higher resolutions seem to depict
more of the seasonal cycle. In general, all resolutions appear to exaggerate the summer hemi-
sphere contribution to the seasonal cycle compared to ERBE.

E. Conclusions

In general, increasing horizontal resolution from T21 to T106 had littlle or no effect on the
systematic errors of cloud radiative forcing produced by the ECMWF Cy33 model. This is in gen-
erdl agreement with the results of Boyle (1994) and Phillips (1994).



Two compensating errors in the model cloud radiative forcing are dominant in the com-
parison with observations, The ECMWF model is consistently too dry which results in anoma-
lously high values of CRF,,. Zonally averaged, the CRF,,, is as much as 20 Wm'* too high in
mosl latitndes. The CRFE,, 18 also oo negative because of the highly reflective convective clouds.
One might expect the net cloud forcing to be closer to reality because of these compensating
errors, but the negative CRF_, bias dominates the model and the CRF, is generally 100 negative.

There is some indication that the seasonal cycle of CRF does improve somewhar at T42
and higher resolutions, leaving the T21 resolution as an outlier. The T21 resolution produces a
slightly more believable CRF in the tropics, related to the inability to resolve the double ITCZ
that is characteristic of cycle 33. Overall, the model produces some of the large scale fearures of
the seasonal cycle as defined by ACRF. This is encouraging because if ACRF,,, and ACRF,, are
realistic the cloud response to climarte change also has increased credibility.

Problems in validating model cloud forcing arise from how to use the available ERBE
data and how 0 best mimic the retrieval method used to process the ERBE data. It was decided
that the best use of ERBE waus 1o evaluate the different years of ERBE and to identify robust large
scale patterns. Averaging the monthly fluxes for four years gives some indication of the large
scale parterns, but difficulties arise as to interpretation of the locations and significance of arcas
with persistent missing clear sky data (i.e., the satellite inability to detect any clear sky pixels for
an entire month). It was also determined that for the purposes of this paper, using 1988 or 1987
data was acceptable since the average global difference between model and ERBE is on the order
of 20-50 Wm-2 while the interannual variability of ERBE is globally 2-3 wm2 (Vonder Haar and
Randel, 1994).
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2 for: a) January ACRF,, b} January ACRF_, ¢) July AC RF,,,

The ECMWF T106 resolution ACRE in Wim-

and di July ACRF,,,.

Figure 19,



