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ABSTRACT

This paper analyzes the First ISLSCP (International Satellite Land Surface Climatology Project) Field Ex-
periment site-average datasets for near-surface meteorology, soil moisture, and temperature; the surface fluxes
of radiation, sensible, and latent heat; and the ground heat flux, for the period May 1987-November 1989. The
diurnal and seasonal variation of surface albedo for this grassland site are discussed. The coupling of precipitation,
soil moisture, evaporation, pressure height to the lifting condensation level, and equivalent potential temperature
(6e) on seasonal and diurnal timescales is also discussed. The 1988 data confirm the authors' result, shown
earlier from the 1987 data that over moist soilsincreased evapotranspiration lowers afternoon lifting condensation
level and increases afternoon 6., suggesting a mechanism for a local positive feedback between soil moisture
and precipitation on horizontal scales greater than 200 km. The seasonal cycle of ground heat flux and soil
temperature is examined and the authors show that the coupling in the warm months between 6. and soil
temperature on seasonal scalesis similar over land to the coupling found over warm oceans despite very different
controls on the surface fluxes. The boundary layer equilibrium over the ocean is contrasted with the diurnal
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cycle over land, which is soil moisture dependent.

1. Introduction

The First ISLSCP (International Satellite Land Sur-
face Climatology Project) Field Experiment (FIFE) was
conducted on a15 km X 15 km site centered at 39.05°N,
96.53°W near Manhattan, Kansas. The site is predom-
inately grassland of moderate topography (Sellers et al.
1992). Surface data from ten Portable Automatic Me-
teorological (PAM) stations were collected from 1 May
1987 to 10 November 1989. During all three summers
(1987, 1988, and 1989), surface flux measurementswere
made at many sites (22 sites in 1987, 10 in 1988, and
14in 1989) (Kanemasu et al. 1992; Smith et al. 1992a,b;
Nie et al. 1992; Fritschen and Qian 1992; Fritschen et
al. 1992). The FIFE experiment has given insight into
many aspects of the coupling between the surface and
atmospheric boundary layer. Several papers have ad-
dressed the BL growth and BL-top entrainment issue
(Betts 1992; Betts et al. 1992; Kelly 1992; Grossman
1992; Betts and Ball 1994; Betts and Barr 1996). Others
have addressed the effect of surface heterogeneity (es-
pecially during the summer of 1989) on the surface
fluxes (Degjardins et al. 1992), and secondary circula-
tions produced by a soil moisture gradient (Smith et al.
1994).

This paper is a continuation of a study by Betts and
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Ball (1995), who analyzed the coupling of the diurnal
cycle of the meteorological variables at 2 m during the
1987 season to the underlying land surface variables of
soil moisture and soil temperature. They did this using
asite-averaged time series of the measured surface flux-
es, and meteorological variables from the PAM stations.
This site-averaged time series also has been of great
value in finding systematic errors in the formulation of
the land—surface—atmosphere interaction in large-scale
models (Betts et al. 1993; 1996a,b; 1997) and in the
testing of new model parameterizations (e.g., Viterbo
and Beljaars 1995; Chen et a. 1996; and others). Our
initial mean time series extended only from May to
October 1987, and there is considerable interest by pro-
jects such as the Pilot Intercomparison of Land-Surface
Parameterization Schemes (PILPS) for time series that
extend more than 12 months. Accordingly, we have gen-
erated for further model studies a site-average time se-
ries of the PAM data for the entire FIFE experiment as
well as site surface flux and soil moisture averages for
the three summer time periods. Since the three years
were different meteorologically (in particular, the spring
and early summer of 1988 was a period of drought over
the central United States), this paper intercompares the
three years to see whether the conclusions reached in
Betts and Ball (1995) are applicable to the following
years for the same site. We also extend our analysis of
the coupling of equivalent potential temperature (6;) to
soil temperature, and of soil moisture to the pressure
height to the lifting condensation level pressure (P ¢, ),
defined as
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Pia = ps — p*, (1)
where p, is the surface pressure, and p* isthe saturation
pressure of surface air (Betts and Ball 1995).

The model purist may argue that the land surface
interaction is too nonlinear to permit averaging over a
diverse set of sites. However, at the individual site level
the data quality and data sampling problems are so se-
vere that the seasonal hydrology on a site basis makes
little physical sense (see Duan et al. 1996). By averaging
upscale, we can get an almost continuous time series
for most variables in which plausible physical connec-
tions between, say, soil moisture and site-average evap-
oration arereadily visible. Thereisstill much to be done
to properly represent the land surface interaction in
large-scale models averaged over the scale 10-50 km,
and we believe this site-average dataset can give valu-
able guidance for this.

Asmodelsfor the land surface increase in complexity
in their representation of the vegetation and subsurface
hydrology, it is easy to lose sight of fundamental ther-
modynamic links in the detail. One aim of this paper is
to contrast the land and ocean surface boundary con-
ditions. Over the oceans, the daytime solar heating is
absorbed in a deep ocean mixed layer, and the diurnal
cycle of surface temperature is small (except at very
low wind speeds). The sun’'s energy warms the ocean
mixed layer on seasonal timescales. Since the surface
is saturated, evaporation is the dominant surface heat
transfer, and this is primarily controlled by the surface
wind and the large-scale subsidence of dry air from
above (see, e.g., Betts and Ridgway 1989). The solar
heating and surface evaporation are not coupled on short
timescales (as over land), but only on the seasonal time-
scale through the sea surface temperature. In contrast,
over land the solar heating drives a strong diurnal cycle
in both air and near-surface soil temperature, and only
a small fraction of the surface net radiation is stored in
the soil, driving the seasonal cycle of soil temperature.
On the daily timescale, the surface fluxes are coupled
to the net radiation. On weekly and seasonal timescales,
the mean air 2-m temperature and 10-cm soil temper-
ature are, however, closely coupled just as over the
ocean (for the FIFE grassland, but not over the boreal
forest, where there may be a thick moss layer; Betts et
al. 1996a). Consequently on weekly to seasonal time-
scales, the daily average 2-m 6. and the 10-cm soil
temperature are aso closely coupled, as they are over
the oceans. The large diurnal variation is imposed on
top of this seasonal trend. The other key difference be-
tween vegetated land and ocean surface boundary con-
ditions is that (except when the land surface is wet fol-
lowing recent precipitation), evapotranspiration is dom-
inated by transpiration, which is stomatally controlled.
The air over the surface of transpiring leaves is not
saturated so that the balance of saturation pressure (see
Betts 1992, 1994) over land is fundamentally different
than over the ocean. There we see saturation at the sur-
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face, whereas over vegetation the saturation pressure
deficit increases with decreasing soil moisture (and in-
creasing stomatal resistance). As a result, when the di-
urnal boundary layer (BL) evolution is considered, we
find a strong link between soil moisture and the diurnal
rise of P, (the surface saturation pressure deficit or
the pressure height of the lifting condensation level).
Over the ocean P, ., is usually also the height of cloud
base and varies rather little. This paper addresses these
links between soil temperature and soil hydrology, and
the seasonal and diurnal cycle using the FIFE datafrom
1987 to 1989.

2. Data processing

The appendix summarizes the site-average datasets
that are now available from the authors. Users of the
data are reminded that 1988 was a leap year.

a. PAM mesonet data

The biggest difficulty in generating an interannual
meteorological and radiation flux time series, averaged
over the FIFE site, was cleaning up the data. The Por-
table Automated Meteorological stations are interro-
gated by satellite and the archive time series of 30-min
averages (themselves generated from 5-min averages)
from each station contain spurious and missing data.
The instrument electronics were also affected by sum-
mer storms. Our approach was a simple one (Betts et
al. 1993, appendix). To each time series we applied
range filters to exclude physically unrealistic data; we
then intercompared the time series at all ten PAM sta-
tions with the mean and standard deviation to look for
erroneous data from single stations. We did extensive
manual editing of the individual time series, before gen-
erating a final mean, count, and standard deviation of
the remaining data. We made no attempt to fill in gaps
in individual time series before averaging, so that the
mean does fluctuate if a single site (e.g., with more
extreme properties, awet valley, or rocky hillside) drops
in and out of the time series. We made no attempt to
account for land cover in the average, although the PAM
sites had been selected to be in some sense represen-
tative of the terrain. The critical humidity measurement
was made by wet-bulb and dry-bulb thermistors (re-
spectively T,, and T); so we looked carefully for indi-
cations of dry wet-bulb wicks and deleted this data. We
calculated a mixing ratio for each good (T, T,,) pair and
used these to derive the site average. Humidity is un-
known in winter whenever it is cold enough to freeze
the wet-bulb instrument. The PAM dataset we have pre-
pared includes the standard meteorological variables,
rainfall, two soil temperatures (at 10 and 50 cm) and
net radiation, the incoming and reflected solar radiation,
longwave flux down, and a radiometric skin tempera-
ture.
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b. Surface flux data

The second dataset we have generated is a site-av-
erage ““FLUX"" time series from the measurements col-
lected by many individual principal investigators. The
number, distribution, and duration of these sites varies
from summer to summer. No surface flux measurements
(other than radiation from the PAM stations) were made
outside the April-October time period. In 1987, the
main focus was on four short Intensive Field Campaigns
(IFCs), when there were as many as 22 surface flux
stations (6 sites measuring fluxes by the eddy correlation
method and 16 by the Bowen ratio method). The time
periods of these four IFCsin 1987 were 26 May—6 June,
25 June-11 July, 6-21 August, and 5-16 October. In
1987 6 Bowen ratio siteswerefully operated all summer,
and 2 others made enough measurements to reconstruct
a continuous time series of sensible and latent heat. In
1988, 6 Bowen ratio sites operated for most of the sum-
mer (10 May—16 Sep), and at times as many as 10 were
operating. In 1989 flux measurements only exist for a
short IFC-5 from 24 July to 12 August from 14 sites.

c. Soil moisture data

Soil moisture was systematically measured at alarge
number of sites by two methods. one gravimetric for
the near-surface layer 0—10 cm and a second using neu-
tron probes to depths of up to 2 m (the neutron probe
measures volumetric soil moisture). In 1987 there were
20 gravimetric sites (each of which typically made mea-
surements at five locations) and 31 neutron probe sites.
M easurements were made at near-daily intervals during
IFCs and less frequently between them. In 1988 21 sites
took gravimetric measurements and 11 took neutron
probe measurements, typically every 5-7 days, and in
1989, during the short IFC, there were daily gravimetric
and less frequent neutron probe measurements at 13
sites. Each vertical profile of neutron probe measure-
ments was merged in the FIFE archive with a proximate
subset of the gravimetric measurements for the layer 0O—
10 cm, converted to volumetric soil moisture by mul-
tiplying by a bulk density.

To generate a FIFE site average, we first averaged
measurements at each site, then interpolated to get a
value for each site for every day, and then averaged
these values to get a daily FIFE site average. Interpo-
lation was necessary, before generating a FIFE site av-
erage, because not every site was measured on any given
day, especialy in 1988 when sampling was less fre-
guent. For users of this dataset we provide a count of
the total number of actual observations that were made
(regardless of location) on a given day, which gives
some indication of the days for which soil moisture is
smoothed (and permits some adjustment for days im-
mediately preceding major rain events). In this paper,
we shall frequently stratify data based on the site av-
erage of the full set of measurements of 0—10-cm soil
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moisture. These measurements were made gravimetri-
cally, and we have converted them to a volumetric soil
moisture by multiplying by a bulk soil density of 1.1.
In our previous papers (Betts et al. 1993; Betts and Ball
1995), weincorrectly interpreted the FIFE bulk soil den-
sity measurements in converting gravimetric to volu-
metric soil moisture so that the volumetric values in
those papers are low (see appendix 1c).

3. Seasonal comparison of the summers of 1987,
1988, and 1989

The information contained in 2'; years of data is
huge, so we will focus in this paper on a few key en-
ergetic aspects of the land surface—atmosphere inter-
action. Thefirst is the relationship between rainfall, soil
moisture, vegetation, surface evaporation, and the di-
urnal cycle of cloud base and 6. in midsummer, which
was one focus of our previous paper (Betts and Ball
1995). The second is the seasonal and diurnal cycle of
the surface radiation budget and albedo. The third isthe
seasonal cycle of soil temperature and its links to the
equivalent potential temperature, 6., a 2 m, which has
received rather little attention previously.

a. Rainfall, surface hydrology, vegetation, and
evaporation

Figures 1la—c compare the monthly precipitation (P
in mm) for the three years, and the hydrologic budget
terms, evaporation (E) and soil moisture (SM), change
in the first 2-m depth for the summer months in 1987
and 1988 for which we have complete data.

The PAM stations started operating 1 May 1987, and
we have added monthly precipitation for January—April
1987 (and December 1989) from the daily precipitation
records of the Long Term Ecological Research Center,
which is a subarea in the northwest of the FIFE site. In
1987 (Fig. 1a) July was the driest month: there was no
rainfall from 19 July to 2 August. From the FLUX data
and neutron probe soil moisture data, we have calculated
the corresponding site-average monthly evaporation (E
in mm) and integrated SM change (in mm) for anominal
2-m soil depth for the four months June-September for
which we have a complete time series. In June and July
1987, evaporation exceeded precipitation, and the cor-
responding drop of column soil moisture is visible. In
August, heavy rainfall exceeded evaporation, and the
soil moisture was partly replenished, only to fall again
in September.

This hydrological balance is not exact. Over the full
summer period 29 May—16 October 1987 for which we
have complete data, the site-averaged (P — E) is —146
mm, whereas the measured change of soil column mois-
tureis —107 mm; a difference of 40 mm. In one earlier
study, Viterbo and Beljaars (1995) found alarger water
imbalance of 100 mm, using our earlier datasets. We
have reduced this by carefully reexamining the precip-
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Fic. 1. Monthly precipitation (mm) for the FIFE site for 1987.
Monthly evaporation (mm) and change of soil moisture (mm) in first
2-m depth are shown for June-September. (b) Asin (a) but for 1988
with evaporation and soil moisture change for June-August. (c) As
in (a) but for 1989 precipitation only.
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itation time series from the PAM stations, which has
increased the total precipitation; in addition our new
FLUX time series, which includes more stations, has
less total evaporation. Another study (Duan et al. 1996)
found a smaller water imbalance of only 20 mm, but
their precipitation estimates are higher than ours. Runoff
was measured only in 1987 for a small catchment (Fa-
miglietti et al. 1992) representing only 10% of the FIFE
area. For the summer 1987 budget time interval, the
total runoff for this catchment was only 27 mm (Duan
et al. 1996), and it may not be representative of the
whole FIFE area, so we have neglected runoff. We in-
clude this discussion because the long-term hydrol ogical
balance at the surface is so difficult to model satisfac-
torily (Viterbo and Beljaars 1995). Yet accurate mea-
surement of basic variables such as precipitation, evap-
oration, and soil moisture is also very difficult. For ex-
ample, we used a nominal soil depth of 2 m since we
have neutron probe measurements at some sites to this
depth, although the median soil depth is only 1.5 m
(Duan et al. 1996). The 1987 neutron probe data at 20
cm is questionable (see appendix 1c), but excluding it
only alters the seasonal soil moisture budget by 1 mm.
While the FIFE datasets give considerable insight into
interactions at the surface, they have limitations for
long-term hydrological studies.

Figure 1b shows the monthly precipitation for 1988
and the monthly evaporation and column soil moisture
change for June, July, and August. The spring and early
summer was drier than 1987, and indeed there was a
drought across much of the central United States. June
was, in fact, much drier than the monthly total suggests,
as the drought was broken with 30 mm of rain on 30
June. For the whole period 10 May—19 September 1988
for which we have flux data, P — E = —213 mm, while
column soil moisture falls only 100 mm: a much larger
imbalance than in 1987. We have no explanation for
this and repeat our caution above.

Figure 1c shows just the precipitation in 1989, which
was very dry in spring, and only had sufficient rainfall
to match evaporation in August and September. There
is however no complete month of FLUX data or soil
moisture data. Rainfall was also rather heterogeneous
across the FIFE site in the summer of 1989 (Smith et
a. 1994).

Figure 2a summarizes the interaction between the
rainfall, soil hydrology, vegetation, and summer evap-
oration for 1987. The lowest curve (dotted, with scale
on right) shows the episodic daily precipitation in mil-
limeters. The light solid curve (scale on left) isthe site-
average 0-10-cm volumetric soil moisture (calculated
from gravimetric samples). During the four IFCs, sam-
ples were collected amost daily; otherwise less fre-
quently. The drop of soil moisture during the periods
of little rainfall (Julian day 150-163, 200-213, and
262-282) is clearly visible. The lowest soil moisture is
reached at the beginning of August, after 2 weeks of no
rain. The dashed curve (scale on left) shows mean ** af -
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ternoon’ evaporative fraction, EF (a site average from
1800 to 2100 UTC; local noon being 1820 UTC). We
define EF as

EF = CH/(SH + LH), )

where SH and LH are surface sensible and latent heat
respectively, averaged for the 1800—2100 UTC period.

The fall of EF during the late July dry-down is very
apparent. Some fall of EF can be seen in the second
half of September as the soil dries, but the large fall of
EF around 1 October (day 274) is with the first killing
frost. In contrast in June, although 0—10-cm soil mois-
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Fic. 2. Daily precipitation in mm, 0—10-cm volumetric soil mois-
ture (in %), mean 1800—-2100 UTC evaporative fraction, and site-
average NDV|1 (a) for 1987 (Julian day 120-310), (b) for 1988 (Julian
day 100-300), and (c) for 1989 (Julian day 120-280).

turefalls, no drop of EF isvisible. We are unsure wheth-
er the EF data is unreliable during this between-1FC
period early in the experiment or whether at deeper
levels the soil is still sufficiently wet this spring (the
20-cm neutron probe data is questionable in 1987). The
heavy solid curve shows asite average of the normalized
difference vegetation index (NDV1), derived from polar
orbiting satellite observations (Advanced Very High
Resolution Radiometer) by Hall et a. (1994). This
shows the seasonal cycle of vegetation. Note that NDVI
also follows soil moisture during the late July period.
Figure 2b shows the corresponding plots for 1988 for
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the time period of surface flux and soil moisture mea-
surements. The pattern of rainin 1988 isdifferent. There
wasadry spring (and adrought acrossthe central United
States). The sampling of soil moisture is less frequent
than in 1987. Three dry-downs in the 0—10-cm soil
moisture arevisiblein May (130-140), June (150-180),
and early August (210-224). The dashed curve shows
the drop of EF associated with these drops of soil mois-
ture, together with the day to day fluctuations of ER
that are largely associated with advection and each in-
dividual rainfall event.

Figure 2c¢ shows the summer of 1989, for which there
is only a brief 20-day period when soil moisture and
surface flux dataare available. Spring of 1989 wasagain
dry (Fig. 1c). Conditions acrossthe FIFE site weremuch
more inhomogeneous in 1989 than 1987, but even in
this site average, the link between soil moisture and
daytime EF is clearly visible.

The observational picture given by Figs. 2a— is en-
couraging as it shows clearly that the link between soil
hydrology and evaporation, which has been reported for
individual sites (Sellers et al. 1992; Stewart and Verma
1992; Verma et al. 1992; Smith et al. 1992b), still holds
for these FIFE averages. The figures also show that the
variation of NDV1 has links to soil moisture, as well as
the seasonal cycle. However, that EF does not fall in
June 1987 (150-163), during the period of peak spring
green-up when 0—10-cm soil moisture falls but moisture
isprobably available at deeper levels, suggeststhat mod-
eling the link between vegetative resistance and soil
moisture at different levelsis not simple. However, we
are unsure whether the EF data are reliable (or repre-
sentative) for this early period (when only a few sites
are running between the IFCs).

b. Radiation budget

Accuracy in the surface radiation budget plays a key
role in the land-surface boundary condition in forecast
models. Atmospheric absorption of the increasing solar
radiation isimportant, and al so reflection and absorption
by clouds. At the surface the albedo plays a key role
in the surface energy budget.

1) SOLAR RADIATION

Figure 3 shows the daily averaged incoming solar
radiation against Julian day for the three years. The
upper envelope represents clear sky values, ranging
from a daily mean of 350 W m~2 in midsummer to a
little over 100 W m~2 in midwinter. Note that on rainy
and cloudy days, Si falls by about 60% typically. The
large gap from 11 April to 11 May 1988 was the time
when all the radiometers were removed for calibration.
The solar radiation peaks are alittle higher in 1987 than
1988, but the sampling is poorer in 1988. The sampling
strategy for the PAM stations was to measure the re-
flected solar radiation at all sites (to account for the
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Fic. 3. Daily average incoming solar radiation for the three years
(1 May 1987-10 November 1989).

heterogeneity of the surface), but to measure incoming
solar at only a few sites. Unfortunately in 1988, which
was not a year of intensive field campaigns, this often
meant that only one or two incoming solar instruments
on the PAM stations were operating, and the sampling
is correspondingly poor. In 1989 there were usually four
instruments working. During the summer of 1988, how-
ever, there were in addition six flux sites measuring
incoming and reflected solar radiation (not shown).

The corresponding envelope of the daily average net
radiation, R,, (not shown) for the three years looks very
similar to Fig. 3. The range is from 25 W m~2 in mid-
winter to 200 W m~2 in midsummer.

2) SEASONAL VARIATION OF ALBEDO

In numerical models the surface albedo plays a key
role in the surface energy budget. We first calculated
daily average albedo (calculated by first averaging sep-
arately S| and St for each day from the PAM data) for
the three years for al days where there is significant
daytime data. The daily average in summer is near 0.18
(not shown). There are spikes of albedo in winter after
snowfall (not shown), when albedo typically rises to
0.6-0.8; but albedo rarely stays high over this location
in Kansas for more than a few days (because the tem-
perature usually rises above freezing). In winter when
the albedo is high because of snow, the diurnaly av-
eraged net radiation is near zero (not shown). Figure 4
shows the albedo calculated from all the data from the
three years, in 30-day hins (absorbing 2 or 3 extra days
at the beginning and end of the year into the first and
last bins. The mean seasonal cycle of ““climatic’” albedo
is now visible: there is relatively little variation from
April to September from an average daily value of 0.18
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FiG. 4. FIFE site 30-day averaged albedo for 1987-89.

for this grassland site, with an increase due to episodic
snowfall in the winter months to about 0.25.

3) DIURNAL VARIATION OF ALBEDO

Figure 5 shows the diurnal variation of abedo for
1989 for March—October. The lowest monthly mean al-
bedo at noon from May to September are similar
(~0.16), with sharp rises toward sunset, as the solar
zenith angle increases. October has a higher albedo after
the senescence of the vegetation. March is higher still
because it includes a few snow-covered days.

The diurnal variation with solar zenith angle is im-
portant to the surface energy balance, particularly in the
evening, when the rise of abedo causes the surface
temperatureto fall more rapidly from its afternoon peak,
than if the albedo were constant. As a result the surface
uncouples sooner from the BL; as soon as the surface
(virtual) sensible heat flux goes negative. Not repre-
senting the diurnal variation of albedo can produce er-
rorsin models. Figure 6 showsthe error in the shortwave
surface energy balance, if a fixed midday value of a-
bedo is used. The two curves are averages from May
to August for 1987 and 1989 of

ASW = a,0,SI — St. 3
The PAM sensors were moved between the two years
and the asymmetries between the years probably reflect
only small errors in instrument alignment. The rise of
albedo toward sunset reduces the net shortwave flux by
~12 W m~2, which in turn may reduce the radiative
equilibrium skin temperature by about 2 K. This ac-
celerates the uncoupling of the surface from the BL in
the early evening.
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Fic. 5. Daytime albedo for March—-October 1989.
(Local solar noon is 1820 UTC.)

c. Soil temperature

Figure 7 shows the annual cycle of daily averaged
air temperature T, and soil temperatures T;,,, and T, 50
at 10 cm and 50 cm depth for 1988, the only year with
a complete record. The lag of the soil temperatures be-
hind the rapidly fluctuating air temperature can be seen.
Note that the soil at 50 cm does not freeze in winter.
Figure 8 intercompares the 10-cm soil temperatures for
the three years. Although the seasonal cyclesaresimilar,
there are some significant differences between theyears.
At 10-cm, 1989 is generally cold all summer. In May
(day 121-151) 1988 is cooler than 1987, and 1989 is
even colder. In September (244—273) 1989 is cooler.
Although these differences may seem small, soil tem-
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Fic. 6. Surface flux error from assuming fixed
noon value of abedo (see text).
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Fic. 7. Annual cycle of daily averaged 2-m air temperature and
10-cm and 50-cm soil temperatures for 1988.

perature has a strong coupling to the 2-m equivalent
potential temperature (6:), so we will see later the im-
pact of these different soil temperatures on the monthly
mean diurnal cycle at 2 m.

d. Ground heat flux and net radiation

The fraction of net radiation conducted as a heat flux
into the soil determines the daily and seasonal cycles
of soil temperature. The seasonal cycle depends on the
daily average soil heat flux, while the diurnal amplitude
depends on the daytime soil heat flux. The difference
between net radiation and ground heat flux isthe surface
condition driving the diurnal cycle of 6. over land (Betts
1992; Betts and Ball 1995; Eltahir 1996).

1) SEASONAL DIURNAL PATTERN

Figure 9 shows for 1988 the diurnal pattern of the
measured ground heat flux, G, and net radiation, R,,
stratified by month. (The months May and September
are incomplete since this FLUX time series runs from
10 May to 19 September 1988.) The diurnal cycle of
R, shows a daytime peak in May and June, partly be-
cause of the solar cycle but also because these months
were drier and had probably less mean cloudiness than
say July. The ground heat flux G shows a clear seasonal
cycle. The diurnal amplitude is largest in May, as the
soil warms in the spring. By September, the amplitude
is small and the daily average G is slightly upward. In
spring, the diurnal amplitude of soil temperatureis also
greater (not shown), as expected from the larger am-
plitude of G. In 1987 (not shown) the pattern is similar,
although G is somewhat larger in all seasons; probably
because the sampling of FLUX sites is different.
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2) RAaTIO G/R, AND ITS DEPENDENCE ON SOIL
MOISTURE

Figure 10a shows the ratio G/R, from 1988, stratified
by month. The peak daytime ratio falls from 0.15 in
May to 0.08 in September, but the ratio shows no clear
seasonal pattern at night (July is above May and June).
In 1987 (not shown) the peak daytime ratio is higher:
0.18 in June.

Dry soils have alower thermal conductivity than wet
soils, so there is a possible link between soil moisture
and ground heat flux. Figure 10b showsthe diurnal vari-
ation of theratio G/R, for 1988, stratified by volumetric
soil moisture in the first 10 cm. (This stratification is

600
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< 200F 8 GAuw
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Fic. 9. Diurnal curves of monthly R,, G for 1988 FLUX data.
(May and September are incomplete months.)



1 ApPrIL 1998

(@

GR,

(b)
—173%
- - -206%

0.6

0.5

ot
/

G/R

0.3

0.2

0.1+

0.0 :

uTC

Fic. 10. Asin Fig. 9 but for the ratio G/R,, stratified by month and
(b) stratified by 0—-10-cm soil moisture ranges shown in Table 1.

discussed more fully later, together with Table 1.) The
apparent small decrease in the daytime ratio with soil
moisture may only reflect the seasonal trend since the
drier averages have a later average date than the wet
averages. However, unlike Fig. 10a, there is a clear pat-
tern at night: the upward ground heat flux is much less

BETTS AND BALL

1099

when the soil is dry. In 1987 (not shown) the pattern
at night is similar, when we stratified by soil moisture,
although no daytime pattern was evident.

e. Seasonal diurnal cycle

The impact of the surface fluxes on the atmosphere,
particularly moist convection, is controlled by the di-
urnal variation of the boundary layer temperature and
humidity. Asin Betts and Ball (1995), we shall assume
that the variations of the 2-m variablesare representative
of the variation of BL variables. Betts and Ball (1995)
showed the seasonal cycle of the diurnal cycle at 2 m
by plotting hourly values of potential temperature, 0,
against mixing ratio, g (their Fig. 10). Here we carry
this representation further by plotting the pressure
height of the lifting condensation level, P, (whichis
ameasure here of how far surface air isfrom saturation),
against equivalent potential temperature, 6 (which de-
fines the temperature path of air ascending in clouds).
Either coordinate system can be derived from the other,
but the advantage of (P, , 6¢) istheir more direct role
in linking near-surface parameter s to atmospheric moist
convection. On seasonal timescales, daily mean 6. is
linked to the mean soil temperature (see section 4a), and
the rise of 6 to its afternoon maximum is linked to the
available energy (R, — G, a 6 source: see Betts and
Ball 1995), and the downward entrainment of low 6.
air at the BL top. In midsummer, when soil temperatures
are warm and vary little, the dependence of 6 on soil
moisture is visible [Betts and Ball (1995) and section
5]. In turn, instability for moist convection depends on
BL 6. The variable P, ., islinked to the availability of
water for evaporation, either from the soil moisture
through evapotranspiration or direct evaporation from
the soil if wet, and the imbalance between these surface
sources, and the mixing down of highly unsaturated air
into the BL from the free atmosphere (Betts 1992, 1994;
Betts and Ball 1995). On rainy days, the evaporation of
falling precipitation can also reduce P, ., directly as it
brings air closer to saturation, although intense orga-
nized convection can bring down dry air of high P,
into the BL in unsaturated downdrafts. In turn, P, , is
an indicator of the height of cloud base (although over
Kansas in summer, the cloud base may be higher than

TaBLE 1. Stratification by volumetric soil moisture (SM).

Year SM range SM Number G Pa V AT
(%) (%) of days (W m=2) (W m=2) EF (mb) (ms™ (K)

<185 16.0 15 570 90 0.59 214 4.6 6.3

18.5-23 20.2 16 547 68 0.70 172 3.0 37

23-29 259 33 535 66 0.73 156 21 2.8

1987 >29 335 29 554 81 0.77 127 1.6 25
<185 17.3 24 530 a7 0.54 197 32 7.1

18.5-23 20.6 25 553 47 0.67 192 3.6 59

23-29 253 17 588 55 0.76 154 2.6 53

1988 >29 32.6 16 584 66 0.77 134 3.8 3.7
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the LCL of surface air); which together with 6; is an
important control on deep convection and precipitation.
Because soil moisture is not replenished over land un-
lessit rains (unlike the ocean), these feedbacks between
surface processes and atmospheric convection have a
particular role over land.

Figures 11a—c show the daytime monthly mean di-
urnal cycles from 1115 to 2315 UTC for the months
April (May in 1987) to October for thethreeyears 1987—
89. For each month, the lowest point represents the at-
mospheric state shortly after sunrise, when the air is
cool and close to saturation (which would be P, o, =
0). The points are hourly from 1115 UTC showing the
daily rise of 6. and P, ., to an afternoon maximum and
then its subsequent fall. For each year, the July curves
are on the right, as this is the month when 6. (and soil
temperature) are highest, but the sequence of monthsis
not the same in every year. For example, the month
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Fic. 11. Monthly averages of daytime diurnal cycle of 2-m 6y,
P .. (a) for May to October 1987, (b), for April-October 1988, and
(c) for April-October 1989.

pairs 5 and 9, 6 and 8 are reversed in 1987 and 1988.
On average the soil temperature was cooler in May and
warmer in September in 1988 than in the corresponding
months in 1987 (see Fig. 8). In addition the afternoon
mean maximum of P, ., is very different in the same
month in different years. Not surprisingly, the months
with high P . (April 1989 and June 1988: recall that
30 mm of the June 1988 rainfall in Fig. 1b fell on 30
June) were months of little rainfall. Months of low mean
P.c. (May 1987 and August 1989) had high rainfall.
Qualitatively the monthly mean diurnal cycle is linked
both to soil moisture (through rainfall) and to soil tem-
perature (although the seasonal cycle of soil moisture
can be large, and in some months advection may also
be important). We will explore these links further in the
next sections. Exceptions can be seen on the monthly
timescale. August 1987 and 1989 had similar rainfall,
but P, ., in 1987 would suggest a ‘““drier’” month. The
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reason may be that much of the rainfall in August 1987
(>80 mm) fell on 12-13 August after nearly a month
of drought. An August 1987 average combines extreme-
ly dry conditions at the beginning of the month with
moister soils for the later half, whereas in August 1989
the period without rain was much briefer (Fig. 2c).

4. Coupling of atmospheric and soil parameters

In this section we explore more closely the links be-
tween 6. and soil temperature; and P, ., , EF, and soil
moisture.

a. Relation between 6. and soil temperature

The daytime solar forcing imposes a strong diurnal
cycle of 0. over land, related to the net daytime energy
input and the deepening of the BL. Over the tropical
oceans, where the sea surface diurnal cycle is small
(except in very light winds), near-surface and BL 6, are
closely related to sea surface temperature. A similar
relationship exists in terms of daily means over land.
Figure 12a plots daily mean 6. against daily mean soil
temperature for the months Apri1—October for the three
years. The scatter in 6 is considerable (£8 K), but the
increase with mean soil temperature is clear, and it is
the same for al three years. Figure 12b shows curves
based on averaging the data in 2°C bins of daily mean
soil temperature. The heavy solid line is the binned
average for all the three years of the data in Fig. 12a
for the daily mean 6.. The heavy dashed curve is a
theoretical curve of boundary layer equilibrium 6. over
the oceans from Betts and Ridgway (1989). Despite the
added complexity of the diurnal cycle over land, the
observed coupling between daily mean 6. and soil tem-
perature (here at 10 cm) is very close to (but 2-3 K
above) this idealized oceanic model. The upper light
solid curve is calculated by binning (for all three years)
afternoon averages of 6 (1800—-2100 UTC, correspond-
ing roughly to the 3 h after local noon, which is 1820
UTC). This line is about 6 K above the daily mean 6.
line (heavy solid) because of the diurnal range, but has
a similar slope. Although we show only the three-year
average, al three years are very similar.

The slope 06./0T for the oceanic curve on Fig. 12b
is quite steep (~3 at 25°C). Over land, at the warmest
temperatures, there is some sign of a smaller slope in
d6c/0T, probably because these conditions are only
reached on days when the soils are dry and evaporation
is low, and this has a feedback on 6. (see section 5).
The standard deviation about the day-mean 6. (the
heavy solid line) for each soil temperature class is £8
K. Although this is considerable, it is less than the sea-
sonal variation of ¢, which depends primarily on the
variation of soil temperature. The standard deviation of
the afternoon mean 6. values about the thin solid line
is alittle greater, =10 K.

Although the coupling between surface temperature

BETTS AND BALL

1101

(@ 375
O 87
o O 88
X 89
350 -
<
~ 325
<
r b4
300 Fxs
Yo
- x g(m
N XY x0O
275 L ] i | 1 | L 1 1
5 10 15 20 25 30
(o]
TSO”10( ©
(b) 360F
N —GE pm /
350 (-
340 -
g 330
o L
@ 320 -
310
300 -
290 — 1 | | ] L 1 L | 1
5 10 15 20 25 30

0
TSoil10( C)

Fic. 12. (a) Scatterplot of daily mean 2-m 6. against daily mean
10-cm soil temperature for 1987-89. (b) Binned averages of daily
mean 2-m 6, and afternoon mean 6 (1800-2100 UTC) against 10-
cm soil temperature. Heavy dashed line is theoretical line from cou-
pled ocean—atmospheric BL model.

and BL equivalent potential temperature shown on sea-
sonal timescales in Fig. 12 (which is important to the
BL control on moist convection) is similar over land
and sea, the control on the surface fluxes is quite dif-
ferent, especially on shorter timescales. Over the ocean,
the surface temperature strongly influences the surface
fluxes, while over land, net radiation is the primary
control on the surface fluxes. On seasonal timescales,
there is a large storage of energy in the ocean mixed
layer so that net radiation and surface fluxes are not
coupled on shorter timescales. Over land, the ground
storage is a small fraction of the net radiation (Fig. 10),
but because the thermal capacity of the first meter of
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Fic. 13. Diurnal cycle of EF for composites stratified by 0—10-cm
soil moisture (a) for 1987 and (b) for 1988.

soil is so much less than that of the ocean mixed layer,
the seasonal cycle of near-surface temperature can be
larger over land than over the ocean (where surface
temperatures are also buffered by the lateral transports
in ocean currents). This seasonal cycle of soil temper-
ature is both large and important because the daily sur-
face fluxes over land add only increments of 6. (£5 K)
to this large seasonal trend shown in Fig. 12. We will
develop this further in section 5b.

b. Diurnal coupling of soil moisture, EF, and P,

We then constructed composites of *‘undisturbed”
days based on 0—10-cm soil moisture, selecting daysin
4-month periods 30 May—30 Sep 1987 and 20 May—20
Sep 1988, where the soil and weather warmed a little
earlier). Our definition of ““undisturbed” days was days
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FiG. 14. Asin Fig. 13a but for diurnal cycle of P
(a) for 1987 and (b) for 1988.

without significant daytime rain and high R, (above a
threshold of 425 W m~2 for May, 450 W m~2 for June,
July, and August, and 400 W m~2 for September). We
rejected a few days with strong daytime advection of
moisture.

Because the 1987 summer was much wetter than
1988, there are rather different numbers of daysin each
composite since we used the same volumetric soil mois-
ture ranges, summarized in Table 1. Figures 13a and
13b show the diurnal cycle of evaporative fraction, EFR
for composites stratified by 0—10-cm soil moisture for
1987 and 1988. The figures are very similar, showing
that daytime EF increases as expected with increasing
soil moisture. At high soil moistures, the change in EF
with soil moisture is small; the vegetation becomes
stressed only as soil moisture in this 0—10-cm layer
drops below about 20%. Figures 14a,b show the cor-
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moisture. There are some differences between the years, 5
but the trend toward a higher LCL with drier soils,and < | J
lower EF, is clear for both years. Not surprisingly, on s 4 10 8
average the subsaturation of the air near the surfaceis £ 440 7
linked to the availability of water for evaporation. In a
contrast over the warm oceans, P, ., , which istypically a L 5 6 7
also cloud base, is around 60 mb. Over land, over the 6 s
wettest soils, the daily mean P, approaches (but re- 120
mains higher than) this oceanic value. 8
Table 1 also summarizes some mean parameters for -
these composites for the 1800—2100 UTC time period, | | |
including R,, G, EF, and P, , as well as V, the mean 1000 ' =0 ' 100 ' 150 ' 200
wind speed and AT, the difference between the ra- )
diometric skin temperature (Ty,,) and the 2-m air tem- Rain (mm)

perature. Values of AT, are generally higher in 1988
than 1987: we do not know if this is a drift of the
radiometric skin temperature sensors, or a difference
between the years. Also, R, appears higher in 1988.
However, the difference is probably not significant as
the calibration of the FLUX R, sensorsin 1987 is still
open to question (Smith et al. 1992a). In 1987, they
were simply adjusted to a common standard, while for
1988, where only two investigators' data are involved,
no adjustment has been made to the data. Our FLUX
and PAM R, averages agree in 1987, while in 1988 the
FLUX R, average is about 15 W m~2 higher than the
PAM average for these soil moisture stratifications. Note
that our site-averaged estimates of G werelower in 1988
than 1987, but this may be because the site locations
are different in the two years.

c. Seasonal cycle of afternoon BL equilibrium

Figures 11a—c showed the monthly daytime diurnal
cycle of P, and 6. for the three years. If we focus on

Fic. 16. Monthly mean afternoon (1800—2100 UTC) (a) 6. versus
monthly mean 10-cm soil temperature for 1987-89 (Apr—Oct, ex-
cluding Apr 1987) and (b) P, versus monthly total rainfall.

just the afternoon state (again an 1800—-2100 UTC av-
erage) and plot the sequence of these for each month,
we can compare the seasonal cycle for different years.
In Fig. 15, the numbers represent this afternoon state
for each month. The first year, 1987 (solid), is perhaps
a more normal annual sequence: an anticlockwise pro-
gression on this figure. In spring (May = 5) the soils
are wet, P ., islow; and during the summer P, ., rises
as the soils dry out (see also Betts and Ball 1995). 6,
rises to a midsummer maximum as the soil warms and
then falls. In October 1987, evaporationislow, and P, .,
is high. The drought year 1988 has quite a different
pattern. It is dry in spring, and P, risesto a peak in
June, when the mean pressure height to the LCL is 45
mb higher than the previous year. July 1988 has sig-
nificant rainfall (starting, in fact, on 30 June) and P,



1104 JOURNAL OF THE ATMOSPHERIC SCIENCES VOLUME 55
TABLE 2. Midsummer soil moisture composites.

SM range M Number R, G P 0, vV, AT, Toio

Year (%) (%) of days (W m=2?) (Wm? EF (mb) (K) (ms? (K) (K)
1987 <16 14.7 8 582 100 0.54 239 351.6 5.3 7.0 27.9
16-23 18.3 10 584 84 0.66 169 354.9 6.0 4.7 26.7

>23 29.9 10 548 74 0.78 134 360.7 6.1 1.1 26.4

1988 <18.5 17.6 10 560 55 0.60 207 353.1 5.9 6.9 28.7
18.5-25 21.1 8 563 50 0.74 193 358.3 5.8 4.6 27.6

>25 28.2 7 581 56 0.82 143 360.8 4.4 4.4 275

falls sharply, but returns to a higher level in August.
The following year, 1989, again starts dry in spring
(April = 4) and hasthe reverse cycleto 1987, as August
and September are much wetter.

Figure 16a, which shows monthly mean afternoon 6.
against daily average soil temperature at 10 cm, depicts
a similar relationship to Fig. 12b. Note that the mid-
summer maximum of 6 is similar in al years because
the soils reach similar temperatures, but in May, June,
and September there are significant differencesin mean
afternoon 6., which appear primarily related to mean
soil temperature. Figure 16b is a similar plot of after-
noon mean P ., against monthly accumulated rainfall
(inmm). Mean afternoon L CL fallswith increasing rain-
fall, but the scatter islarger thanin Fig. 16a. Evaporation
depends not just on monthly rainfall but on the seasonal
cycle of both soil moisture and vegetation. A useful
reference number is the midsummer monthly evapora-
tion of about 125 mm mo-t. Only a few months have
more precipitation than this. One outlying point is Au-
gust 1987 when 80 mm of rain fell after along drought.
Another is May 1989, which was a cool month (see Fig.
16a), and perhaps advection is responsible for the rel-
atively low P, , as little rain fell locally.
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Fic. 17. Evaporative fraction for 1987 and 1988 midsummer soil
moisture composites.

5. Local soil moisture-boundary layer feedback

The previous section hasillustrated the links between
soil moisture and P, ., and soil temperature and 6., us-
ing data for the whole summer period. Betts and Ball
(1995) by stratifying days in midsummer by soil mois-
ture showed that the characteristic diurnal cycle of 6.
for undisturbed days (with the same R,) was quite dif-
ferent over wet soilsthan dry soils. Here we will extend
this work to include the following summer of 1988. For
1989, soil moisture datais only available for abrief few
weeks, giving insufficient daysfor acompositeanalysis.
We then compare the BL equilibrium state found over
warm oceans with this midsummer diurnal cycle over
land, which depends on soil moisture.

a. Midsummer coupling of diurnal cycle to soil
moisture

For both 1987 and 1988, there is a two-month period
in midsummer when 10-cm soil temperatures are around
25°C or greater. This period in 1988 is 10 days earlier
(19 June—-19 August: Julian days 170—230) thanin 1987,
when it is during July and August. By choosing periods
of similar soil temperature (which has a strong seasonal
impact on 6.: see Figs. 12 and 16a), we can see more
clearly the separate impact of soil moisture on the di-
urnal cycle of both 6. and P, . In the process though,
we reduce the number of daysin each composite to only
7-10 in each year. For both years we composited the
data on the undisturbed days without strong advection
during these two-month time periods using 0—10-cm soil
moisture. Table 2 summarizes the composites. For 1987
we kept the three soil moisture ranges used in Bettsand
Ball (1995) (the values are different only because of the
error in the gravimetric to volumetric correction in our
earlier work). 1987 was a year of greater midsummer
extremes. In 1988, we used 3 higher soil moisture rang-
es, because there were no days with SM < 17%. The
tabulated data are, as in Table 1, averages for the time
period 1800-2100 UTC. We comment again that the
differencesin R, and G between the two years are prob-
ably not significant.

Figure 17 shows the expected difference in daytime
EF for the six composites for 1987 and 1988, a mirror
of Fig. 13 for the soil moisture classes based on the
whole summer. Except for the two wettest soil cate-
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Fic. 18. Daytime diurnal cycle of 6g, P, for 1987 and 1988
midsummer soil moisture composites. The solid circles are daily
means, and the heavy dashed line is an oceanic equilibrium line,
described in the text.

gories, the progression of curves follows the increase
of soil moisture. For these compositesthediurnal curves
of the R, are within =15 W m~2 near local noon (Table
2) so that over dry soils, the surface SH flux is much
larger and LH flux significantly less than over wet soils.
Figure 18 shows the daytime diurnal cycle for these six
composites: the numbers are every two hoursfrom 1115
to 2315 UTC. (The nearly horizontal heavy dashed line
and solid circles are discussed in the next section.) We
see a general progression for the three composites for
both years, athough the progression with soil moisture
isnot completely uniform for all six cases. For the dotted
composites with high soil moisture and higher EF, 6
starts with a higher value at sunrise and rises faster to
a higher afternoon maximum near 361 K. In contrast,
for the composites with low soil moisture (shown heavy
solid), the maximum afternoon 6. is only about 353 K.
Correspondingly P, ., ameasure of the height of cloud
base, startshigher for the dry soil composites, liftsfaster,
and reaches a higher afternoon maximum. If we loosely
associated P, ., (ameasure of cloud base) with the depth
of the mixed layer, we can interpret the different daytime
O rises in terms of BL depth. The available energy (R,
— G) is similar for each composite. This is the surface
source of ¢ (Betts and Ball 1995). Over wet soils, 6
rises more rapidly, both because the BL isless deep and
because the slower deepening is associated with less
entrainment of low 6. air at BL top. Note, however, that
the difference in afternoon states is only partly asso-
ciated with the different rates of change during the day.
Roughly half the difference is associated with the shift
of the dry to wet soil composites toward higher 6. and
lower P ., . This is because after sequential days over
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wet soils, the BL becomes cooler and moister, closer to
saturation, but with a higher 6.

The 1988 data confirms the conclusion of Betts and
Ball (1995) about the important role of soil moisture on
the BL diurnal cycle climate over land. We will restate
it asthis. Given asimilar soil temperature and net avail-
able energy (and in the absence of significant horizontal
advection), higher soil moisture and the associated high-
er EF will lead to a higher afternoon equilibrium 6. and
lower cloud base. Since both higher 6. and lower cloud
base favor enhanced deep convention and hence pre-
cipitation, here thereis an important local positive feed-
back mechanism between enhanced soil moisture and
enhanced precipitation. Since the 12-h daytime diurnal
cycleisinvolved, there is also an implied spatial scale
for this thermodynamic surface-BL feedback mecha
nism, which at 5 m s~*is about 200 km. (There are also
the spatial scales of mesoscale convective system dy-
namics to be considered.) Perturbations of soil moisture
on larger spatia scales corresponding to, say, two-day
horizontal advection (~850 km at 5 m s71) are likely
to be even more effective in producing larger BL dif-
ferences of 6. and P, ., . As nhoted above, the separation
of the dry and wet curvesin Fig. 18 is probably caused
by the drift of the mean BL state after sequential days
over dry or wet soils.

b. Comparison of equilibria over warm oceans and
midsummer diurnal cycle over land

The nearly horizontal heavy dashed linein Fig. 18 is
the equilibrium solution from Betts and Ridgway (1989)
for a range of tropical oceanic temperatures from 300
to 303 K and a surface wind speed of 6.7 m s~. Over
the (saturated) ocean, P, ., varies little, whereas 6. in-
creases rapidly with temperature. The daily average 10-
cm soil temperature of our six midsummer composites
is 26.6°C, while the afternoon values are given in Table
2. The diurnally averaged total surface sensible and la-
tent heat fluxes are rather similar for the ocean and land
cases, athough wind speeds and surface roughnesses
differ. The solid circle on the dotted ocean curve cor-
responds to the same surface SH + LH = 167 W m~—2
as the daily average of the six land composites. The
other solid circles are the daily average (6., P .. ) for
the six land composites. Over the ocean, EF = 0.95,
while for the land composites the daily mean EF de-
creases from 0.9 to 0.7 with decreasing soil moisture.
The lower EF over land shifts the daily mean equilib-
rium toward lower 6. and higher P ., relative to the
ocean equilibrium case. The diurna forcing over land
is superimposed on thisdaily mean, so that the afternoon
state as shown has a still higher P, ¢, , but can over moist
soils have a 6. as high as over the warmest tropical
oceans (303 K), thus favoring deep convection. How-
ever, as we have noted earlier, over dry soils afternoon
P, . increases further and 6. increases less, which does
not favor deep convection. This range of peak 6. with
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different soil moisture (shown in Fig. 18) corresponds
to a2-K change in sea surface temperature. In the Trop-
ics, the large-scale circulations between continents and
oceans depend critically on this 6. balance at low levels
over land and ocean (Eltahir 1996).

6. Conclusions

We have prepared a site-averaged dataset from the
FIFE PAM stations from 1 May 1987 to 10 November
1989 (with a 30-min time step), both for the use of
single-column model testing and the comparison with
gridpoint time series from large-scale models near the
FIFE location.

We have also produced FIFE site-averaged surface
FLUX datasets (also with a 30-min time step) for the
summers of 1987 and 1988 and a three-week period in
1989, as well as corresponding site-averaged soil mois-
ture profiles interpolated to a daily time step. These
datasets should be of great value in assessing the per-
formance of land surface models, both interactively in
large-scale forecast and climate models and in off-line
testing. In this paper we discuss some of the character-
istics of the diurnal and seasona cycles for the three
summers, focusing on the physical links between the
subsurface variables of soil temperature and moisture,
the surface energy budget and surface fluxes, and the
2-m thermodynamic variables, which control the de-
velopment of the atmospheric BL and atmospheric con-
vection. On the seasonal timescale, the links between
precipitation, soil moisture, vegetation, and daytime
evaporative fraction are clearly visible. We show that,
on seasonal timescales, for undisturbed days soil tem-
perature is coupled to equivalent potential temperature,
0:; while the pressure of the lifting condensation level
(an estimate of the pressure height of cloud base) is
linked to soil moisture because this controls evapotrans-
piration. We draw parallels with the ocean surface
boundary condition, where the availability of water is
not limiting (and cloud base varies little), but low-level
0 is also tied closely to the sea surface temperature.
Unlike over the ocean, the solar heating over land su-
perimposes a strong diurnal cycle on the mean state, as
the surface fluxes are directly forced by the net radiation.
We have confirmed using the 1988 FIFE data our con-
clusion from the 1987 data (Betts and Ball 1995) that
in midsummer, when soil temperatures are warm, the
effect of soil moisture on the diurnal cycle can be sep-
arated by compositing the surface flux and thermody-
namic data for undisturbed days as a function of soil
moisture. When lack of soil moisture reduces evapo-
transpiration, the boundary layer becomes deeper and
the afternoon state is warmer and drier with alower 60,
and a higher P, ., as compared to days when soil mois-
ture is plentiful. This, in turn, confirms the possibility
of apositive feedback between soil moisture and rainfall
on spatial scales comparable to (or larger than) the ad-
vection distance over the daytime diurnal cycle (typi-
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cally 200 km). Precipitation increases soil moisture,
which gives a lower afternoon cloud base and higher
0, which in turn favors more precipitating convection
in aregion.

We also discuss the diurnal and seasonal variation of
albedo for this site. Seasonally the main difference is
transitory snowfall in winter, which for this Kansas site
increases the albedo to 0.6-0.8, typically for afew days
with each snow event. We comment that it may be im-
portant to include the diurnal rise of albedo near sunrise
and sunset into models, which predict asurfaceradiative
equilibrium temperature. We show, from the 1988 sea-
son, the reduction of the soil heat flux at night with drier
soils, suggesting further feedbacks between soil mois-
ture and the surface energy budget that may need to be
included in models for grasslands.

In conclusion, FIFE collected arich dataset for studies
of the land surface—atmosphere interaction for the mid-
continental grassland ecosystem, which will be invalu-
able for years to come.
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APPENDIX
FIFE Site-M ean Datasets

a. PAM data

Time period 1 May 1987-10 November 1989
Frequency: 30 min

Variable list

Date

Time (UTC)

p Pressure (mb)

T 2-m air temperature (°C)

T, 2-m wet-bulb temperature (°C)

q 2-m mixing ratio (g kg~%)

u 2-m west—east wind component (m s1)

v 2-m south—north wind component (m s—%)
Tout Radiometric surface temperature (°C)

10-cm soil temperature (°C)
50-cm soil temperature (°C)
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S, Incoming solar radiation (W m~—2)

S Reflected solar radiation (W m~2)

R, Net radiation (W m~2)

L, Incoming longwave radiation (W m~2)
Rainfall From tipping bucket (mm)

Comments. The wet bulb freezes, so q is unreliable for
T, < 0°C. The radiation instruments were all removed
for calibration, 11 April-10 May 1988. Calibration dif-
ferences between the PAM and FLUX radiation instru-
ments are not reconciled here. We did not process the
data for photosynthetically active radiation.

b. FLUX data

Time periods: 27 May 1987-16 October 1987
10 May 1988-19 September 1988
21 July 1989-14 August 1989

Time frequency: 30 min

Variable list

Date

Time (UTC)

R, Net radiation (W m~2)

G Ground heat flux (W m~2)
LH Latent heat flux (W m~2)

SH Sensible heat flux (W m~2)

Si Incoming solar flux (W m~2)

St Reflected solar flux (W m—2)

Ll Incoming LW flux (an average of two stations
in 1987 and one in 1989)

L1 Outgoing LW flux (an average of two stations

in 1987 and one in 1989)

Where available, these radiation data are probably
superior to the PAM data either because of better in-
strument calibration (e.g., LW ) or better sampling (St
in 1988 summer). However, issuesof R, calibrationwere
not resolved in the 1987 datasets (Smith et al. 1992a).

c. Soil moisture data
Gravimetric data

Levels 0-5cm
5-10 cm
Time periods. 20 May 1987-6 November 1987

11 April 1988-21 October 1988
19 July 1989-12 August 1989

Time frequency: variable, from daily to as long as
weeks.

Data has been interpolated on a site basis to daily
values before averaging. In this paper we have converted
the gravimetric values to volumetric values using a bulk
density of 1.1:

SM, = 1.1 SM,.

The subscript v is omitted in the text.
Neutron probe data 20—-200 cm.
Levels: 20, 30, 40, 50, 60, 80, 100, 120, 140, 160,
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TaBLE ALl. Nomina mean soil properties for FIFE site [data from
John Norman (1996, personal communication)].

Layer Bulk density Sand Silt Clay
(cm) (kg m=) (%) (%) (%)
0-15 11 0.10 0.55 0.35
15-40 1.3 0.05 0.40 0.55
40-100 14 0.15 0.45 0.40

180, 200 cm, merged with 0—10 cm gravimetric data at
each site converted to volumetric value. Tubes were
inserted at each site as deeply as possible. Median soil
depth was 1.5 m (Duan et al. 1995).

29 May 1987-6 November 1987
11 April 1988-29 September 1988
24 July 1989-8 August 1989

Time frequency: The sampling frequency of the neu-
tron probe data is generally less than that of the near-
surface gravimetric data: typically every few days in
1987 and 1989 (for only three weeks) and every week
in 1988. See Table A1 for soil property distribution.

Comments. There are some apparent inconsistencies
between the 1987 and 1988 neutron probe data that we
cannot reconcile from the published documentation. The
highest neutron probe level (at 20 cm) in 1987 isclearly
unreasonabl e (values are often drier than at levelsabove
and below). This is not unexpected since the effective
range of this neutron device, particularly in dry soils,
exceeds 20 cm. This instrumental limitation means that
we have no reliable data in the important depth range
10-30 cm. In contrast, in 1988, the published 20-cm
data fits a uniform progression with depth. We suspect
a change in reference depth procedures. While the soil
moisture data appears qualitatively correct, and ex-
tremely useful, the change of vertically integrated soil
moisture (calculated from the neutron probe dataset), in
Fig. 1, is less than the precipitation — evaporation dif-
ference by 40 mm in the summer of 1987 and 110 mm
in the summer of 1988. Although precipitation is likely
to be underestimated, and evaporation could be over-
estimated, we recommend caution in using the neutron
probe soil moisture data as quantitative truth for long-
term integrations.

Note that the volumetric soil moisture valuesin Figs.
17 and 18 are larger than those in Betts and Ball (1995)
for the corresponding 1987 composites because in our
earlier work (and Betts et al. 1993) we made an error
in interpreting the FIFE *‘bulk soil density” measure-
ments (which were described in places as wet soil den-
sities, when they are actually the ratio of the mass of
the dried soil sample to its original wet volume before
drying). In the earlier papers we converted gravimetric
soil moisture (SM,) to a volumetric value (SM,) using
the incorrect formula SM,, = 1.1 SMJ/(1 + SM)
when in fact (SM, = 1.1 SM) is correct for the FIFE
bulk soil density of 1.1. The volumetric soil moisture

Time periods:
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values (SM,4) in Betts and Ball (1995) should all be
scaled upward using the correction formula:

SM, = L1 SM,¢/(1.1 = SMyqq)-

For SM,,4 = 0.2, the correction factor is 1.22.
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