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Abstract Changes in growing seasons for 2041-2060
across Africa are projected using a regional climate model
at 90-km resolution, and confidence in the predictions is
evaluated. The response is highly regional over West
Africa, with decreases in growing season days up to 20% in
the western Guinean coast and some regions to the east
experiencing 5-10% increases. A longer growing season
up to 30% in the central and eastern Sahel is predicted,
with shorter seasons in parts of the western Sahel. In East
Africa, the short rains (boreal fall) growing season is
extended as the Indian Ocean warms, but anomalous mid-
tropospheric moisture divergence and a northward shift of
Sahel rainfall severely curtails the long rains (boreal
spring) season. Enhanced rainfall in January and February
increases the growing season in the Congo basin by 5-15%
in association with enhanced southwesterly moisture
transport from the tropical Atlantic. In Angola and the
southern Congo basin, 40-80% reductions in austral spring
growing season days are associated with reduced precipi-
tation and increased evapotranspiration. Large simulated
reductions in growing season over southeastern Africa are
judged to be inaccurate because they occur due to a
reduction in rainfall in winter which is over-produced in
the model. Only small decreases in the actual growing
season are simulated when evapotranspiration increases in
the warmer climate. The continent-wide changes in grow-
ing season are primarily the result of increased evapo-
transpiration over the warmed land, changes in the intensity
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and seasonal cycle of the thermal low, and warming of the
Indian Ocean.

Keywords Growing season - Climate change - Africa -
Precipitation - Potential evapotranspiration - Regional
climate model - Growing season days - Climate change
impacts

1 Introduction

A reliance on rain-fed agricultural across Africa increases
the population’s vulnerability to climate variability and
change. Improvements in understanding and predicting
future changes in the growing season will allow for better
planning and help mitigate impacts.

The timing of growing seasons varies greatly across this
large continent, which spans the tropics and subtropics of
both hemispheres and contains 20% or the earth’s land
surface area, so a regional approach is needed. The purpose
of this study is to predict changes in growing seasons,
expressed in terms of growing season days (GSDs), for
mid-century (2040-2060) due to changes in atmospheric
greenhouse gas levels. A regional climate model is used,
constrained by reanalysis and output from coupled GCM
simulations. Emphasis is placed on regionally-specific
analysis and the evaluation of confidence in the projections.

Background on previous work to study the relationship
between climate and African growing seasons is reviewed
in Sect. 2. The regional climate model description and
experimental design are presented in Sect. 3a. The method
used to calculate growing season is presented in Sect. 3b,
and the evaluation of confidence is address in Sect. 3c. The
simulations are validated against observations in Sect. 4,
and projections of growing season changes are presented
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and evaluated in Sect. 5. Conclusions are summarized in
Sect. 6.

2 Background

A variety of techniques to estimate African growing season
length from climate information have been developed,
including precipitation-only based models (e.g., Sivakumar
1988; Odekunle 2004; Segele and Lamb 2005) and pre-
cipitation-potential evapotranspiration (PET) models (e.g.,
Thornthwaite 1948; Cocheme and Franquin 1967; Benoit
1977; FAO 1978).

Precipitation-only models define the growing sea-
son(s) using precipitation threshold criteria that can vary
regionally, and are useful because rainfall observations are
generally available (Stern and Coe 1982). Sivakumar
(1988) defines onset over Burkina Faso and Niger as the
date after May Ist when the 3-day accumulated rainfall
exceeds 20 mm and no dry spells within the next month
exceed 7 days. Cessation is defined as the date after 1
September when no rain occurs for 20 days. Odekunle
(2004) defines onset (cessation) over Nigeria as the date
when an accumulated 7-8% (90%) of the annual rainfall
total is obtained for a given station. Segele and Lamb
(2005) find that regionally-specific onset and cessation
definitions are needed over Ethiopia due to complex
orography and high variability. For wetter regions, onset is
defined as the date when the 3 day accumulated rainfall is
greater than 20 mm provided there are no dry spells within
the next month longer than 8 days. In the northern Rift
Valley and the eastern lowlands, onset is defined when
daily rainfall first exceeds 10 mm. Likewise, the cessation
date over wet (dry) regions is taken as the first day of a dry
period that lasts for at least 20 (15) days.

An alternative approach uses a water balance model that
compares precipitation to PET, with growing season onset
defined when precipitation exceeds one half of the PET.
Half of PET is used as a threshold to take into account that
the actual evapotranspiration rate is smaller than the PET
rate (Benoit 1977). Cessation is defined when precipitation
remains below 2PET for a specified time. Benoit (1977)
used this method to estimate growing season onset over
Nigeria and found that an additional criterion was needed
to account for false onsets, namely, that a dry spell of
5 days or longer could not begin in the first week of the
growing season.

The Food and Agriculture Organization (FAO) of the
United Nations (FAO 1978) applied Benoit’s (1977)
method over Africa using monthly station data. Additional
growing days were added at the end of the season to
account for soil water storage after precipitation falls below
the 2PET threshold.
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Thornton et al. (2009, 2011) define growing season
length using the ratio of evapotranspiration (ET) to PET.
PET is calculated based on the method of Linacre (1977)
and depends on temperature, dew-point temperature, and
latitude. Growing season onset is defined when ET/PET
exceeds 0.8 for 5 consecutive days, and growing season
termination is defined when ET/PET is less than 0.5 for 8
consecutive days. This approach is applied to downscaled
coupled GCM output (Thornton et al. 2011) to project
greater than 20% loss in the length of the growing season
over much of the Sahel by the end of the twenty-first
century, with smaller losses south of the Sahel. They
caution about the uncertainty in the projections, especially
over the arid/semi-arid Sahel where the coupled GCM
simulations do not validate well in general.

3 Methodology
3.1 Regional climate model simulations

Regional climate model simulations are designed to pro-
vide regional-scale information and to provide an oppor-
tunity to evaluate the reliability of the projections of
climate and growing season. The NCAR/NOAA Weather
Research and Forecasting (WRF; Skamarock et al. 2005)
regional model V3.1.1 is used with 32 vertical levels,
horizontal resolution of 90-km on the Mercator projection,
and a time step of 3 min. The top of the atmosphere set at
20 hPa. This resolution is chosen based on previous results
(Patricola and Cook 2010, 2011) which demonstrate that
the regional model can realistically simulate African cli-
mate at this resolution.

Figure 1 shows the full model domain with topography
as resolved at 90-km. The large model domain minimizes
the effects of lateral boundary constraints in the analysis
over Africa and provides ample space for the development
of subtropical anticyclones over the oceans.

Physical parameterizations are chosen based on testing,
and include the Yonsei University planetary boundary
layer (Hong et al. 2006), Monin—Obukhov surface layer,
new Kain-Fritsch cumulus convection (Kain 2004), Purdue
Lin microphysics (Chen and Sun 2002), RRTM longwave
radiation (Mlawer et al. 1997), the Dudhia shortwave
radiation (Dudhia 1989), and the unified Noah land surface
model (LSM; Chen and Dudhia 2001).

An ensemble approach is used to provide one way of
evaluating confidence in the projections, i.e., by examining
agreement among ensemble members. Two ensembles,
each with 6 members, are generated. The first represents
the late twentieth century (1981-2000) as is referred to as
“20C”. Initial, lateral, and surface boundary conditions for
all six ensemble members are derived from the 1981-2000
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Fig. 1 Regional model domain with topography (meters) and the
annual-mean of the SSTAs (K) imposed in the 21C simulation

monthly climatology in the National Centers for Environ-
mental Prediction reanalysis 2 (NCEP2; Kanamitsu et al.
2002), interpolated onto the regional model grid. Lateral
boundary conditions for horizontal winds, temperature,
relative humidity, and geopotential height are updated
every 6 h using the NCEP2 climatological values. The
monthly means are assumed to represent the middle of the
month, and linear interpolation is used to generate
boundary conditions every 6 h. These boundary conditions
include seasonality, but shorter timescales are filtered out.
This “climate-mode” methodology has proved to be useful
for tropical and subtropical regional modeling studies over
Africa (Vizy and Cook 2002; Patricola and Cook 2007,
2010, 2011), the Indian Ocean (Vizy and Cook 2003;
Hagos and Cook 2007), and the tropical Atlantic and South
America (Vizy and Cook 2005, 2010; Cook and Vizy
2008), and simulations on this domain with synoptically-
varying boundary conditions confirm the usefulness of this
approach.

The 6 20C ensemble members are year-long simulations
with different initial conditions. They are taken from 2 to
3-year integrations that are initialized with climatological
reanalysis values for different dates, namely, 1 March
and 15 March. Each run is spun up until the following 1
January. The 9 (or 9.5) month spinup period is needed to
allow soil moisture to equilibrate with the climate. Initial
values for soil moisture at the 4 levels required by the LSM
are calculated from reanalysis values. For computational
efficiency, each of the 6 ensemble members is not spun up
individually. The 6 ensemble members are treated as
independent annual simulations, and simulations from one
3-year run do not tend to cluster. The 3-hourly output from
the six runs is averaged to produce the 20C ensemble
mean.

The second ensemble, 21C, represents mid-twenty-first
century (2041-2060) conditions under the IPCC AR4 A1B
emissions scenario. This is a mid-line scenario for bal-
ancing carbon dioxide output and economic growth. The
atmospheric CO, concentration is increased to 536 ppmv,
the 2041-2060 average in the AIB scenario. Effects of
other greenhouse gases and aerosols are not included.
Boundary conditions for the 21C simulations are derived
from coupled GCM simulations and applied as anomalies
to the reanalysis boundary conditions. These future GCM
anomalies are calculated as differences between monthly-
mean, AlB-forced simulations averaged over 2041-2060
and simulations averaged over 1981-2000. The monthly-
mean anomalies are interpolated to the NCEP reanalysis
grid, and added to the reanalysis climatological monthly
averages. Finally, 6-hourly values for the 21C simulations
are derived using linear interpolation. Soil moisture ini-
tialization values from 20C are used for the 21C simula-
tions, and 6 ensemble members are generated as for the
20C case.

Simulations from nine coupled GCMs prepared as part
of the World Climate Research Programme’s (WCRP’s)
Coupled Model Intercomparison Project 3 (CMIP3; Meehl
et al. 2007) are used to generate future anomalies. The
models used are the Canadian Centre for Climate Modeling
and Analysis CGCM3.1(T47), Météo-France/Centre de
Recherches Météorologiques CNRM-CM3, Max Plank
Institute for Meteorology ECHAMS/MPI-OM, NOAA
Geophysical Fluid Dynamics Laboratory GFDL-CM2.0,
Center for Climate Research MIROC3.2(medres), Meteo-
rological Research Institute MRI-CGCM2.3.2, National
Center for Atmospheric Research CCSM3, National Center
for Atmospheric Research PCM, and the Hadley Centre for
Climate Prediction and Research/Met Office UKMO-
HadCM3. Multi-model mean GCM anomalies are used to
reduce the dependence of the projections on any one GCM.
Regional model simulations by Patricola and Cook (2010,
2011) yield good agreement over northern Africa in future
projections at the end of the twenty-first century among
runs forced individually by these 9 GCMs.

Contours in Fig. 1 show the annual mean of the imposed
SSTAs derived from the coupled GCM simulations. While
SSTs vary seasonally in the simulation, seasonal variations
in the anomalies are small. Maximum open-ocean warming
within the domain is under 2 K. A low-amplitude Indian
Ocean dipole pattern is imposed, and the northern tropical
Atlantic Ocean is slightly warmer (by about 0.25 K) than
the southern tropical Atlantic.

This approach to simulating future climate with regional
models produces projections that are as independent as
possible from AOGCM simulations. This is not a tradi-
tional downscaling of GCM simulations, and the approach
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avoids propagating errors in the twentieth century simula-
tion from GCMs into the regional model domain.

3.2 Growing season calculation

Growing season onset, end, and length are calculated using
the FAO method (FAO 1978) described above, but adapted
for daily rather than monthly input. Precipitation is taken
directly from the regional model simulations. PET is cal-
culated from model output using the Penman—-Monteith
equation (Allen et al. 1998),

_ 0.408A(Ryer — G) + 7 71573 tom (€5 — €a)

T = 1
A+ (1 4 0.34u,) M

where PET is in mm day ™', A is the slope of the saturated
vapor pressure—temperature curve (kPa °C_1), R, is the
net radiation at the surface (106 Jm™2 dayfl), G is the soil
heat flux density (10°J m~2 day "), y is the psychrometric
constant (kPa °C71), T, is the mean daily 2-m air
temperature (°C), u,,, is the wind speed at 2 m height
(m s 1), e, is the saturation vapor pressure (kPa), and e, is
the actual vapor pressure (kPa). The following quantities
are given by
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where T, is the mean daily dew point temperature at 2 m
(°C), and

P
Y= 0.001631 (5)

where P is atmospheric surface pressure (kPa) and 4 is the
latent heat of vaporization (10° J kg™") taken as

A =12501— (2361 x 107°) T, (6)

Before calculating growing season days (GSDs), an 11-day
running mean smoothing is applied to the model output. This
filters synoptic timescale variations since changes in growing
season length due to individual weather events cannot be
addressed with this experimental design. The goal is to
identify and understand climate-scale growing season
changes.

A day when the precipitation is greater than »2PET is a
GSD provided that the daily near-surface air temperature is
greater than 6.5°C. Growing season onset is defined as the
date(s) when the precipitation first exceeds 2PET and the
temperature criterion is met. Growing season cessation is
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the date on which the daily precipitation falls below »2PET,
plus the number of days required to evapotranspire an
additional 100 mm of water assumed to be stored in the
soil, using Eq. 1. The choice of 100 mm is based on
empirical evidence over West Africa and East Africa (FAO
1978). If the daily precipitation becomes greater than 2
PET before 100 mm of water is evapotranspired, then the
dates are included in the growing season.

3.3 Evaluating confidence

Confidence in the simulations is evaluated by the following
methods:

e The quality of the 20C simulation in each region is
evaluated, with a reasonable (state-of-the-art) represen-
tation of the region’s climate seen as a necessary but
not sufficient condition for confident prediction.

e Changed hydrological features associated with changes
in GSD are identified and the degree of agreement
among ensemble members for simulating the change is
evaluated.

e The physical processes of a simulated change are
studied and compared with features of observed
regional variations.

e Results are compared with other modeling studies when
available.

4 Model validation

Figure 2a shows the distribution of GSDs over Africa for
the twentieth century climate as calculated by the FAO.
Over sub-Saharan Africa, e.g., south of 18°N, the number
of GSDs increases to south, with the sharpest gradients
over the southern Sahel where GSDs increase from less
than 30 days to over 180 days from 10°N to 15°N. Over
Ethiopia (centered near 10°N and 40°E) the pattern of
GSDs reflects topography, with highest values on the
western and southern slopes of the Ethiopian Highlands.
The maximum number of growing season days occurs in
the Congo basin (within about 5° of the equator near 25°E),
along the Guinean coast, and along the east coast of
Madagascar. Between 15°S and the equator the number of
GSDs is generally more than 180 days west of the Rift
Valley (~35°E) and ranges between 90 and 180 days over
Tanzania, northern Zambia, and northern Mozambique to
the west of the Rift Valley. South of 15°S there is a zonal
gradient, with less than 30 growing season days along the
Atlantic coast of Namibia and South Africa, and
180-210 days along the Indian Ocean coast.

Figure 2b shows the ensemble mean GSDs from the 20C
simulation. The overall pattern of GSD distribution is
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Fig. 2 Calculated growing season days from the a Food and
Agriculture Organization of the United Nations Natural Resources
Climate, Energy, and Tenure Division (FAO/NRC; http://www.fao.

reproduced by the model, with maximum values in the
Congo basin, along the Guinean coast, and the Ethiopian
highlands. The pronounced meridional gradients in the
Sahel and zonal gradients across southern Africa are also
captured in the model, as is the distribution over Kenya,
including the Turkana Valley (4°N; 36°E), and the Horn of
Africa (Somalia, Ethiopia, Sudan). The Sahel growing
zones are placed 2-4° too far south, and the number of
growing days is generally overestimated by about 10 days
in the tropics. The largest discrepancies between the
modeled and FAO-estimated GSDs are along the southeast
coast, from Tanzania to South Africa, where the values are
too high.

Figure 3a—d show annual rainfall for 4 observational
climatologies, and the regional model 20C ensemble mean
is shown in Fig. 3e. The model captures the sharp merid-
ional gradients over the Sahel, although the 2 mm/day
contour is 1-2° of latitude further south than in the
observations, similar to the southward misplacement of the
GSD gradient in Fig. 2b. The 20C simulation has a wet
bias in the tropics, ranging from 1 to 9 mm/day. The bias is
smaller when comparing with the higher-resolution obser-
vations (TRMM and CRU). As seen in the following sec-
tion, over-production of rainfall in the simulation is not
unrelated to the over-production of GSDs, but the deter-
mination of GSDs is more closely associated with the
timing of seasonal variations in rainfall than with the

org/nr/climpag/cropfor/Igp_en.asp), and the b 20C ensemble mean.
Note the color scales differ slightly between panels

intensity. The largest inaccuracy in the model simulation of
precipitation is in the southeastern quadrant of the conti-
nent, where a diagonal band of high rainfall rates extends
to the southeast from the Congo basin.

The simulation of precipitation is a significant challenge
in climate modeling. As a point of reference, Fig. 3f shows
the average 1981-2000 precipitation climatology from the
coupled GCMs used to generate future boundary condition
anomalies. This GCM multi-model mean climatology
overestimates rainfall rates in the tropical interior, as does
the regional model, but underestimates West African
rainfall rates, keeping the precipitation maximum over the
Gulf of Guinea instead of over the Guinean coast. Precip-
itation over southeastern Africa is more realistic than in the
regional model, but the southwest is too wet.

In Fig. 4, the TRMM and 20C precipitation climatolo-
gies are compared for the traditionally-defined seasons.
Even though these 3-month averages may not be the most
relevant for all regional growing seasons, the comparison
gives an overview of the accuracy of the regional model
simulation. In the December, January and February mean
(DJF; Fig. 4a, b), the simulated distribution of precipitation
is reasonable, but precipitation rates over the central
southeast coast and Madagascar are too large. These high
austral summer rainfall rates are primarily responsible for
the high annual rain (Fig. 3) simulated in this region.
Rainfall over the southwest is too low.

@ Springer


http://www.fao.org/nr/climpag/cropfor/lgp_en.asp
http://www.fao.org/nr/climpag/cropfor/lgp_en.asp

2942 K. H. Cook, E. K. Vizy: impact of climate change on mid-twenty-first century growing seasons

Fig. 3 Annual rainfall rates (mm day~') from the a 1979-2006 CRU
TS 3.0 climatology (Mitchell and Jones 2005), b 1998-2010 NASA
TRMM 3B42V6 climatology (Huffman et al. 2007), ¢ 1979-2010
NASA GPCP V2.2 climatology (Adler et al. 2003), d 1979-2010

In March through May (MAM,; Fig. 4c, d) the observed
distribution is again captured well in the model. Rainfall
moves toward the north, with maximum values close to the
equator during this transition season. Rainfall over the
Guinean coast and the Ethiopian highlands has begun, but
again rates are somewhat high.

The northward excursion of rainfall continues in both
the observations and model in the June, July and August
average (JJA; Fig. 4e, f). The overproduction of rain is
again quite pronounced, but the distribution is accurate. In
particular, the rainfall maximum over West Africa has
moved into the Sahel leaving a summer minimum along the
Guinean coast, and most of the east coast experiences the
observed summer dry period as well.
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Climate Prediction Center (CPC) Merged Analysis of Precipitation
(CMAP; Xie and Arkin 1997), e 20C ensemble mean, and f IPCC
AR4 AOGCM multi-model mean (9-models) averaged 1981-2000

In September, October and November (SON; Fig. 4g, h)
the Southern Hemisphere rainy season begins and the
rainfall maximum is again close to the equator. As in the
observations, the simulated rainfall over the Congo basin is
greater than in boreal spring.

Surface air temperature in the regional model is com-
pared with the ERA-Interim reanalysis (1989-2009; Dee
et al. 2011), along with the low-level (850 hPa) flow. In
DIJF (Fig. 5a, b), the model exhibits a warm bias of 2—4 K
over sub-Saharan Africa, but the structure of the temper-
ature field is reasonable. Northeasterly (Harmattan) flow
over sub-Saharan northern Africa is captured, as are the
northeasterly winds of the Asian winter monsoon that flow
across the Horn of Africa. The South Atlantic subtropical
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Fig. 4 December-February rainfall rates from the a 1998-2010
NASA TRMM 3B42V6 climatology (Huffman et al. 2007) and b 20C
ensemble mean. March-May rainfall from ¢ TRMM and d 20C. June—

high is fairly well placed in the simulation, but the
observed onshore easterly flow between 20°S and 30°S is
not produced in the model.

The simulation of surface air temperature in MAM is
accurate, with only a small (~1 K) warm bias in the
southern continental interior and parts of East Africa.
Similarly, the low-level flow field is represented well in the
model in MAM.

The southern continental interior and parts of East
Africa continue with a small warm bias, up to 1.5 K, into
JJA, but otherwise the surface air temperature simulation is
reasonable. The Somali jet forms off the east coast, as does
the onshore flow of the West African monsoon (below
850 hPa; not shown). The warm bias is also present in the
SON simulation (Fig. 5g, h), mostly in the Southern
Hemisphere. Winds speed over the equatorial Atlantic,
subtropical southern Africa, and the Sahel are somewhat
strong.

While the RCM simulation of the late twentieth century
climate is not perfect, the regional model is clearly capable
of producing a reasonable, state-of-the-art simulation of the
African climate, including its seasonality. In particular, the
simulation of the distribution of GSDs is quite similar to

12 14 16 18 20 30

August rainfall from e TRMM and f 20C. September—November
rainfall from g TRMM and h 20C

that of the FAO estimate, with the possible exception of the
southeastern coast of Africa (discussed below).

5 Results

Figure 6a shows the projected change in the number of
GSDs for 21C compared with 20C, and Fig. 6b displays the
change as a percentage of the 20C growing season. Some
regions lose the majority of the growing season and other
regions experience significant increases. Because of this
regionality the analysis focuses on individual regions.

5.1 West Africa and the Sahel

Changes in GSDs vary over West Africa (Fig. 6). West of
the Greenwich meridian, growing days decrease by up to
30 days (20%) over a large region including Guinea, Sierra
Leone, Guinea Bissau, Cote d’ Ivoire, Burkina Faso, and
southern Mali. In the northern part of this region, the
western Sahel, these decreases essentially eliminate the
growing season. GSDs increase to the west (Ghana, Togo,
Benin) by 1-2 weeks (5-10%). Increases in GSDs over
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Fig. 5 Seasonal surface air temperature (K) and 850-hPa winds (vectors; m/s) from the (fop row) 1989-2009 ERA Interim climatology and

(bottom row) 20C ensemble mean

Senegal and western Mali are generally under 5 days
(10%). A coherent signal emerges across the central and
eastern Sahel near 15°N, with increases in GSDs up to
20 days, or 30%, and some regions (indicated by purple in
Fig. 6b) attaining growing season days in the 21C simu-
lation where there were none in the 20C simulation.
Figure 7a shows the annual time series of precipitation
and Y2PET for the 20C and 21C ensemble means averaged
over 83 N-11.7 N and 149 W-4.6 W, the region of
strongest decreases in GSDs (Fig. 6). In the 20C simula-
tion, the rainy season begins in the beginning of May but in
the 21C simulation it is delayed until the end of May, with
good agreement in this response among the ensemble
members (not shown). PET is increased over this region
during the first half of the year in the mean as well as in
each ensemble member (not shown), especially during May
when soil moisture values are reduced in the 21C case.
Because of these positive PET and negative precipitation
anomalies during May, the growing season is shortened by
about 4 weeks. Note that in June, July, and August rainfall
rates in the 21C case are greater than those in the 20C case,
but these increases do not affect the number of GSDs.

@ Springer

To the east of this region of decreased GSDs there is an
increase in GSDs that is also associated with changes in
spring rainfall. Figure 7b shows precipitation and 2PET
for the 20C and 21C simulations averaged over §°N—
11.5°N and 0-9E. In this region, an enhancement in spring
rainfall, with very little change in PET, increases the
annual count of GSDs.

Moisture transport anomalies (vectors) and geopotential
height anomalies (contours) at 900 hPa are shown in
Fig. 7c along with precipitation anomalies (shaded) for
May. Southwesterly flow anomalies carry moisture from
the region with negative precipitation anomaly into and
beyond the region with a positive anomaly. The anomalous
flow is directed down the anomalous geopotential height
gradient, toward the Sahara. Negative geopotential height
anomalies to the northeast of the precipitation anomalies
indicate that the Saharan heat low is strengthened in the
21C simulation compared with 20C.

Figure 8a shows the annual cycle of precipitation and
VAPET for the central and eastern Sahel (12.5°N-16.7°N;
4.9°E-42.0°E) in the 20C and 21C simulations. The 2PET
time series is bimodal, with minima during the cool period
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Fig. 6 Difference in growing season days (21C-20C) expressed as the number of days and b as a percent change from the number of days in the

20C ensemble-mean value at each grid point

(Jan) and the wet season (Aug). It increases in the 21C
simulation compared with the 20C simulation by about
1 mm/day except when the soil is moist from the 1st week
in August until the middle of September. Growing days
accumulate in the summer in the Sahel, when precipitation
rates increase and PET rates decrease. The cause of the
increase in GSDs in the 21C simulation is a summer pre-
cipitation enhancement of 1-2 mm/day.

Figure 8b shows precipitation anomalies for 21C-20C
averaged over July and August along with 900-hPa
moisture transport and geopotential height anomalies.
Despite an overall increase in geopotential heights in the
greenhouse gas-warmed world, the thermal low is about
2 gpm deeper in the 21C simulation compared with the
20C simulation and negative geopotential gradients
across the Sahel are enhanced. An anomalous south-
westerly flow with a strong ageostrophic component
directed down the geopotential height gradient is gen-
erated, converging over the Sahel to support the precip-
itation increases. As seen in Fig. 8c, the strengthening of
the thermal low is associated with a surface temperature
anomaly of 2-3 K north of 15°N. To the south, the
temperature anomaly is much smaller due to the
increased precipitation and soil wetness. It is likely that
this feedback from the land surface, through the influ-
ence of soil moisture on surface temperature, enhances
the meridional temperature and geopotential height gra-
dients in the southern Sahel.

To summarize changes in GSDs simulated for West
Africa and the Sahel, exact start and end dates for the
growing season are noted for the averaging regions in the
20C and 21C simulations in Table 1. The extension to
the growing season due to water storage in the soil past the
date on which precipitation falls below 2PET is included.
Reductions in the extension times occur because surface
temperatures are generally warmer but the changes are not
large, amounting to only 1-2 days. These dates only pro-
vide a general characterization of the changes since the
number of GSDs will vary significantly within the region,
the dates will vary somewhat depending on the averaging
region used, and because the model simulation cannot be
expected to capture the exact dates, which are not even
known precisely from observational records.

Confidence in the projected changes in GSDs in West
Africa and the Sahel is heightened by the good validation
of the regional climate (Figs. 3, 4, 5, 6) and by agreement
in the precipitation responses across the ensemble mem-
bers. All 6 21C ensemble members produce the delayed
monsoon onset (i.e., May precipitation reductions) in the
western West Africa region in the sense that May precip-
itation in all 6 21C simulations is below the 20C May
mean. Even more stringently, all of the 6 21C simulations
for May produce less precipitation than 5 out of 6 of the
21C simulations. The early onset in the eastern West Africa
region and the central/eastern Sahel is similarly robust
across the ensemble members.
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Fig. 7 Annual time series of precipitation (solid) and “2PET (dashed)
over a western West Africa averaged 14.9°W—4.6°W and 8.3°N-
11.7°N and b eastern West Africa averaged 0.2°W-9.2°E and 8.3°N-
11.7°N from the 20C (black) and 21C (gray) ensemble means. ¢ May
precipitation (mm/day), 900-hPa qv (kg m/kg s), and geopotential
height anomalies for 21C-20C. Anomalous vectors with magnitudes
less than 0.005 kg m/kg s are not plotted

The regional changes in GSDs over West Africa and the
Sahel are related to a simulated strengthening of the Sah-
aran heat low in boreal spring and summer. Several phys-
ical mechanisms could be responsible. Direct CO, forcing
in the dry atmospheric column, where increases in atmo-
spheric greenhouse gases provide a high-percentage
increase in the longwave back radiation, warm the surface.
There may also be enhanced subsidence over the Sahara
associated with an early onset of the Indian monsoon
(Rodwell and Hoskins 2001) and/or warming in the Indian
Ocean (Hagos and Cook 2008). The present simulations do
not allow a definitive attribution, since this would require
repeated simulations applying each forcing function indi-
vidually, and the net result would not likely be a linear
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anomalies. ¢ July/August 21C-20C surface temperature differences
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superposition of the individual responses. However, the
present analysis suggests that each of these mechanisms is
playing a role in the deepening of the thermal low.

GCM projections from the AR4 did not produce a strong
annual precipitation response over West Africa and the
Sahel (Cook 2008), and they do not resolve the regional
response on the space scales evaluated here. However,
Biasutti and Sobel (2009) find a delayed monsoon onset in
many of the GCM simulations, consistent with the May
reduction in rainfall simulated here for the western West
African region. In regional-scale simulations for
2081-2100 under the stronger forcing of the SRESA2
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Table 1 Simulated changes in growing seasons over West Africa and the Sahel

Region/season Start date (P > 1/2PET) End date (P < 1/2PET) Extension® Difference (21C-20C)
Western West Africa 20C May 13 October 13 November 6 —18 days
21C June 4 October 21 November 10
Eastern West Africa 20C April 22 October 3 October 22 +14 days
21C April 14 October 13 October28
Central and eastern Sahel 20C August 2 August 10 August 20 +10 days
21C July 30 August 18 August 27

 Estimated date following the date when precipitation falls below 1/2PET on which 100 mm of water stored in the soil has evapotranspired

scenario, Patricola and Cook (2010) find a zonally-uniform
response over West Africa, with wet conditions along the
entire Guinean coast in May and drying across West Africa
and the Sahel in June and July. This may represent dis-
agreement with the present simulations or it may indicate
that the response of the West African monsoon is nonlin-
ear. Neupane and Cook (2012) find that Atlantic SSTAs of
2 K or less produce increased precipitation in the Sahel,
while warming above 2 K produces drying. This is con-
sistent with Vigaud et al. (2011), who downscale GCM
projections for 2032-2041 over northern Africa. With the
relatively small SSTAs of this time period, they also find
that Sahel rainfall is increased in the summer, primarily
due to a delayed end to the season.

5.2 Greater Horn of Africa (GHA)

According to Fig. 2, the growing season across most of the
GHA (roughly 12°S—12°N and 30°W-50°W, including
Sudan, Eritrea, Djibouti, Ethiopia, Somalia, Uganda,
Kenya, and Tanzania) is relatively short except along the
western and southern slopes of the Ethiopian highlands.
Large decreases in GSDs are simulated across the region in
21C (Fig. 6). Growing days are essentially eliminated in
eastern Ethiopia and Somalia, and the number of GSDs is
reduced by 10-40% over much of Tanzania, with greater
reductions over southern Kenya.

Two separate East African regions are examined. One
covers eastern Ethiopia and Somalia (43.7°E-53.2°E and
4.0°N-11.7°N), and the other much of Tanzania and
southern Kenya (29.9°E—44.6°E and 11.4°S-3.1°N). These
GHA regions are investigated separately because they have
different growing seasons and climate dynamics, and
because they are separated by a region with no change in
GSDs over northern Kenya (Fig. 6).

Area-averaged, ensemble-mean precipitation and 2PET
for these two regions in the 20C and 21C simulations are
shown in Fig. 9a and b, respectively. Both regions expe-
rience two rainy seasons in the 20C simulation, as seen in
Fig. 4 as well. The boreal spring season is known as the
“long rains”, and the “short rains” occur in boreal fall. The

long-rains occur earlier in Tanzania/southern Kenya than in
eastern Ethiopia/Somalia in the simulation, and the short-
rains are later, as is observed. In both regions, GSDs are
generated in the spring when precipitation rates exceed
YPET. In the fall, precipitation exceeds “2PET for about
3 weeks for the area average over Tanzania and southern
Kenya (Fig. 9b), indicating the presence of a second
growing season. In reality, the viability of a second
growing season depends on some of the finer-scale topo-
graphic and hydrological features in the regions, and areas
of both GHA domains have bimodal growing seasons
(Corbett et al. 1995; Thornton et al. 2009).

In both GHA regions “2PET increases by about 1 mm/
day throughout the year in the 21C simulation (gray lines in
Fig. 9a, b), reducing GSDs in both regions during both
growing seasons. The spring growing season in eastern
Ethiopia/Somalia is further reduced (to zero in the area
average) because precipitation rates are halved in the 21C
simulation. In the Tanzania/southern Kenya region pre-
cipitation is reduced by about 25%, bringing rainfall below
YPET and eliminating the long-rains growing season (in
the area average).

In boreal fall, PET increases over eastern Ethiopia/
Somalia are accompanied by small precipitation increases
and there is a reduction in surface water availability. Over
Tanzania/southern Kenya, the magnitude and duration of
the short rains is extended and the growing season is
extended by 49 days. Simulated start and end dates for the
growing season in the two East African regions are listed in
Table 2.

Figures 3, 4, 5 indicate that the 20C simulation captures
the region’s precipitation and surface temperature fields
reasonably well, and this supports confidence in the pro-
jections. Figure 9¢ and d display time series of precipita-
tion for the eastern Ethiopia/Somalia and Tanzania/
southern Kenya regions, respectively, from each of the 6
20C (black lines) and the 6 21C ensemble members (gray
lines). For the precipitation reduction in May over eastern
Ethiopia/Somalia, 5 of the 6 21C ensemble members pro-
duce rainfall rates that are less than the 20C mean. Note
that one of the 21C ensemble members produces very
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Fig. 9 Annual time series of precipitation (solid) and “2PET (dashed)
over a eastern Ethiopia/Somalia averaged 43.7°E-53.2°E and 4.0°N-
11.7°N and b southern Kenya/Tanzania averaged 29.9°E—44.6°E and
11.4°S-3.1°N from the 20C (black) and 21C (gray) ensemble means.
Time series of precipitation over the ¢ eastern Ethiopia/Somalia and
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d southern Kenya/Tanzania regions from each 20C (black) and 21C
(gray) ensemble member. Time series of "2PET over the e eastern
Ethiopia/Somalia and f southern Kenya/Tanzania regions from each
20C (black) and 21C (gray) ensemble member. All values have been
smoothed using an 11-day running mean

Table 2 Simulated changes in growing seasons over the Greater Horn of Africa

Start date (P > 1/2PET) End date (P < 1/2PET) Extension®

Difference (21C-20C)

Region/season
Somalia/eastern Ethiopia 20C May 15
21C None
Tanzania/southern Kenya: Spring long rains 20C March 11
21C None
Tanzania/southern Kenya: Fall short rains ~ 20C November 14
21C November 14

May 27 June 6 —22 days
None None

April 30 May 17 —68 days
None None

November 28 December 10 +49 days
December 22 January 2

 Estimated date following the date when precipitation falls below 1/2PET on which 100 mm of water stored in the soil has evapotranspired

strong rainfall, consistent with the idea that climate change
will bring increases in climate variability and extreme events.
Over Tanzania/southern Kenya, 5 of the 6 21C ensemble
members produce rainfall rates averaged over March and
April that are less than the 20C ensemble mean, which also
supports confidence in the simulation. The extension of the
short rains season over Tanzania/southern Kenya is also
robust among the ensemble members (Fig. 9d).

@ Springer

Figure 9e and f display 2PET values for each ensemble
member in the two GHA averaging regions. PET is much
less variable than precipitation and, over both regions,
Y2PET values in the 21C simulations are clearly distin-
guished from 20C values except in December over Tan-
zania/southern Kenya (Fig. 9f), when the wetting of the
surface associated with increased rainfall rates (Fig. 9d)
counteracts the greenhouse gas-induced surface warming.
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In May, the primary source of moisture over Ethiopia
and Somalia is the meridional branch of the Somali jet
(Riddle and Cook 2008) but, in the 21C simulation, this
moisture transport is not enhanced. Instead, the drying is
due to a zonally-uniform northward shift in rainfall that
occurs in association with the springtime enhancement of
the thermal low. Precipitation is enhanced across the Sahel
in May (Figs. 7c, 8a), but not enough to generate GSDs
because of high PET rates (Fig. 8a). This northward shift of
the rainfall in the eastern Sahel is associated with drying in
Ethiopia and Somalia (Fig. 7c). Even if there were no
increase in PET, this reduction in rainfall would eliminate
GSDs in May (Fig. 9a).

In the Tanzania/southern Kenya region, the boreal
spring precipitation anomaly occurs earlier in the season, as
does the climatological rainfall maximum, centered in
March and April (Fig. 9b). The Somali jet has not begun to
form, and the primary source of moisture is zonal onshore
flow from the Indian Ocean below about 800 hPa
(Fig. 10a). Westerly low-level moisture transport from the
equatorial Atlantic supports a Congo basin precipitation
maximum to the west. Above 800 hPa, represented by the
700 hPa level in Fig. 10b, the moisture transport is easterly
across the continent, as some of the moisture that is con-
verged at lower levels is advected to the west.

Figure 10c shows anomalies for March and April for
21C-20C. Drying over equatorial East Africa is accom-
panied by increased rainfall to the west. Moisture transport
anomalies are small in the lower levels, but at 700 hPa
moisture is being transported from the anomalously dry
region in the east to the anomalously wet region in the
west.

The simulated enhancement of the short rains season in
Tanzania and southern Kenya is consistent with results
from other models (e.g., Behera et al. 2005, Shongwe et al.
2011) and observational analyses (e.g., Mutai et al. 1998,
Black et al. 2003). The presence of the Indian Ocean dipole
(Fig. 2) and especially the extensive warming near the east
African coast enhances the moisture content of the onshore
flow and enhances the short rains.

5.3 Central Africa

Over large parts of tropical central Africa, within 5° of the
equator and west of the rift valley, GSDs increase by
20-60 days (5-15%) in the 21C simulation (Fig. 6,
Table 3). Figure 11 shows the time series of precipitation
and 1/2PET averaged over the strong response at 1.2°S—
3.1°N and 11.0°E-20.4°E. This is a region with two
growing seasons separated by dry periods in July—August,
and December—February in the 20C simulation and in
observations. In the 21C simulation, rainfall rates decrease
by up to 2 mm/day in the austral spring (October), but this

does not influence the GSD calculation. However, the
austral summer dry season is shortened to 1 month
(December) by rainfall increases of 1-3 mm/day in January
and February. There is good agreement among the 6 21C
ensemble members on the increase in rainfall in January
and February (Fig. 11b), with several peaks in the 21C
simulations that are unprecedented in the 20C simulation.
As for all of the regions, the response in PET (not shown) is
also consistent across the ensemble members.

Figure 11c displays anomalies of precipitation (shad-
ing), 900-hPa geopotential height (contours), and 900-hPa
moisture transport (vectors) for the January and February
mean. The positive precipitation anomaly centered on the
equator between 10°E and 30°E that is responsible for the
increase in GSDs in tropical central Africa is associated
with the convergence of moist southwesterly low-level
flow. Geopotential heights over the Sahel are lower in 21C
than in 20C, introducing large-scale negative meridional
geopotential height anomalies south of 15°N. Very close to
the equator, in the absence of strong Coriolis accelerations,
these gradients produce the southwesterly flow over the
region of enhanced precipitation. North of 10°N, the flow
becomes more geostrophic, but close to the equator the
ageostrophic flow supports the positive precipitation
anomaly.

5.4 Southern Africa

GSDs decrease over almost all of southern Africa in the
21C simulation (Fig. 6). In the southwest, covering Angola
and extending into western Zambia, the southern Demo-
cratic Republic of Congo (DRC) and Congo, decreases in
GSDs range between 30-90 days (40-80%). The entire
southeast coast exhibits decreases in GSDs, but the per-
centages are somewhat smaller.

Figure 12a shows the time series of precipitation and
Y2PET averaged from 15.6°S—4.6°S and 13.5°E-24.7°E,
representing the tropical southwest region of decreased
GSDs (Fig. 6). This is a region with bimodal growing
seasons and, in the 21C simulation, there is a shortening of
the austral fall growing season. The onset is delayed about
16 days due to increases in PET, and there is an early end
to the fall growing season of 11 days due to higher evap-
oration, a decrease in precipitation, and a 2-day reduction
in the extension time (Table 3).

There is a complete loss in the austral spring growing
season in association with reduced precipitation and
increased PET (Fig. 12a, Table 3). In 21C, the spring rains
begin in September and early October as in the 20C sim-
ulation, but level off in mid October with rainfall rates
1-2 mm/day less than in the 20C simulation. Combined
with increases in “2PET of 1-2 mm/day, the criterion that
P > Y5PET is never met.
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Fig. 10 Precipitation (shading),
moisture transport (vectors;

kg m/kg s), and geopotential
heights (contours; gpm) for
March/April from the 20C
ensemble mean at a 900 hPa
and b 700 hPa. ¢ Anomalous
precipitation (shading),
moisture transport (vectors), and
geopotential heights (contours)
at 700 hPa for March/April for
21C-20C
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Table 3 Simulated changes in growing seasons over tropical and southern Africa

Region/season Start date (P > 1/2PET) End date (P < 1/2PET) Extension® Difference (21C-20C)
Southwest/Spring 20C October 18 December 19 January 2 —76 days
21C None None None
Southwest/Fall 20C February 22 May 8 May 26 —27 days
21C March 10 April 29 May 15
Southeast” 20C November 2 March 30 April 14 —8 days
21C November 5 March 25 April 9

 Estimated date following the date when precipitation falls below 1/2PET on which 100 mm of water stored in the soil has evapotranspired

® Decreases in GSDs simulated for the winter season due to unrealistically high winter precipitation in the 20C simulation are not included

There is good agreement among the ensemble members
on the early demise to the austral fall rainy season as 5 out
of 6 of the 21C integrations produce an earlier end to the
season than all of the 20C simulations (not shown). There
is less agreement on the delayed fall onset (the March
anomaly), which is highly variable in all of the 20C and
21C ensemble members. The precipitation reduction in the
spring is captured by all of the 21C ensemble members.
Similarly, the increase in PET that contributes to a short-
ening of the fall growing season is simulated uniformly by
the 21C ensemble members, with all of the 21C simula-
tions above the 20C mean and a clear separation between
the 2 ensembles (not shown).

Figure 12b displays precipitation, 900-hPa geopotential
height anomalies, and 900-hPa moisture transport anoma-
lies averaged over November and December. The loss of
the spring growing season in the southwest is associated
with a northeast shift of the South Indian convergence zone
(SICZ; Cook 2000), which is the time-mean manifestation
of the tropical-temperature troughs (TTTs) whose varia-
tions characterize the region’s rainfall variability on many
time scales (e.g., Todd et al. 2004; Fauchereau et al. 2009).
The circulation anomaly associated with such a shift
transports and converges moisture to the east. This typical
mode of variability is often observed, and it has been
associated with warming in the Indian Ocean, sometimes
with ENSO warm events (e.g., Manhique et al. 2011)

Decreases in GSDs over southeastern Africa have a different
seasonality and a different cause from the decreases in GSDs
over southwestern Africa. Figure 13a shows the time series of
precipitation and »2PET averaged from 26.5°E-31.6°E and
24.5°S-19.7°S, and Fig. 13b and c are time series for the
individual ensemble members. (This is a relatively small
averaging region chosen to clarify the signal. The response is
similar throughout the region, but with slightly different tim-
ing). Over southeastern Africa there is one growing season,
from November through March, and this growing season is
captured in the 20C simulation. But the 20C simulation pro-
duces a second short growing season in June when an

unobserved secondary precipitation maximum develops. This
unobserved precipitation maximum generates about 30 addi-
tional growing days and is in large part responsible for the over-
estimation of GSDs in the southeastern region (Fig. 6). In the
21C simulation, PET increases and precipitation decreases
during June and eliminates this false growing season, unreal-
istically adding to the severity of the simulated loss in GSDs.

It is interesting to note in the context of this analysis that
reductions in austral winter precipitation over southern
Africa were simulated in the IPCC AR4 coupled GCM
with high agreement (IPCC 2007). It was not clear if a
similar spurious secondary precipitation maximum was
generated in those models in the twentieth century simu-
lations and then eliminated in twenty-first century simula-
tions as in the present study.

Neglecting the spurious simulation of the mid-austral winter
growing season, there remains a loss of GSDs over southeastern
Africa, but it is not extreme (Table 3). For the southeast aver-
aging region, the onset of the growing season is delayed 3 days,
primarily due to increased PET in the greenhouse gas-warmed
world, and the end of the rainy season is advanced by 5 days
due to precipitation decreases in March. The extension period is
unchanged. The increase in PET in spring is captured in all but 1
of the 6 21C ensemble members, but the early end to the rainy
season is not robust across the ensemble members (Fig. 13b)
since very high variability obscures the signal, in part due to the
relatively small averaging region.

6 Summary and conclusions

Regional climate model simulations at 90-km resolution
are used to evaluate changes in growing seasons as climate
warms under greenhouse gas forcing. A mid-line emissions
forcing scenario (SRES A1B) and a target date of the mid—
twenty-first century. (2041-2060) are chosen to produce
results relevant for impacts analysis and mitigation efforts.

An evaluation of confidence accompanies each regional
projection. Confidence, or lack thereof, is based on the
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Fig. 11 a Annual time series of precipitation (solid) and 2PET
(dashed) in the Congo basin region (11.0°E-20.4°E and 1.2°S-3.1°N)
from the 20C (black) and 21C (gray) ensemble means. b Annual time
series of precipitation in the Congo region for the 6 20C (black) and 6
21C (gray) ensemble members. ¢ Jan/Feb 21C-20C precipitation
(mm/day) and 900 hPa qv (kg m/kg s) differences, and geopotential
height anomalies

model’s ability to simulate the twentieth century climate,
agreement among ensemble members, understanding of
physical processes, and comparison with other model
simulations in the literature.

Results for individual regions where significant changes
were simulated are summarized as follows:

e West Africa. The response is highly regional, with
decreases in GSDs up to 20% in the western Guinean
coast and some regions to the east experiencing 5—-10%
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Fig. 12 a Annual time series of precipitation (solid) and '2PET
(dashed) in the southwestern region (13.5°E-24.7°E and 15.6°S—
4.6°S) from the 20C (black) and 21C (gray) ensemble means.
b November/December 21C-20C precipitation (mm/day) and
900 hPa qv (kg m/kg s) differences, and geopotential height anom-
alies (gpm)

increases. A westward shift of rainfall in spring is
related to an enhanced thermal low over the Sahara.

e Sahel. Increased summer rain and a longer growing
season up to 30% in the central and eastern Sahel, with
shorter seasons in parts of the western Sahel, also
related to a strengthening of the thermal low.

e East Africa (Greater Horn of Africa). The short rains
are enhanced as the Indian Ocean warms, with a weak
east/west dipole pattern. Enhanced mid-tropospheric
moisture divergence in the boreal spring severely
curtails the long rains season in Tanzania and southern
Kenya, while a northward shift of rainfall in the eastern
Sahel eliminates boreal spring GSDs in Somalia and
southern Ethiopia.

e Central Africa (Congo basin). Enhanced rainfall in
January and February increases the growing season by
5-15% due to enhanced southwesterly moisture trans-
port from the tropical Atlantic.

e Subtropical southwest Africa. In Angola and the
southern DRC, severe (40-80%) reductions in the
austral spring growing season days are associated with
reduced precipitation and increased evapotranspiration.
The SICZ shifts to the northeast, leaving the region
anomalously dry.
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Fig. 13 a Southeastern Africa region (26.5°E-31.6°E and 24.5°S—
19.7°S) annual time series of precipitation (solid) and 2PET (dashed)
from the 20C (black) and 21C (gray) ensemble means. Time series of
b precipitation and ¢ 2PET over the southeastern region from each
20C (black) and 21C (gray) ensemble member. All values have been
smoothed using an 11-day run mean. Units are mm/day

e Southeastern Africa. Large-scale reductions in growing
season are simulated due to a reduction in winter
rainfall that is inaccurate in the 20C simulation. Only
small decreases in the actual growing season are
simulated when PET increases in the warmer climate.

The region-by-region examination of changes in grow-
ing seasons reveal more general insights about how
growing seasons may change across Africa as greenhouse
gas concentrations increase.

Changes in the thermal low: Under greenhouse gas
forcing, the thermal (heat) low is stronger. This has con-
sequences across northern and tropical Africa. May rainfall
over West Africa shifts to the east, increasing (decreasing)
the length of the boreal spring growing season in eastern
(western) West Africa. In the boreal summer, the stronger
heat low generates stronger meridional geopotential height
gradients and moisture convergence in the eastern and

central Sahel, shifting the rainfall northward. This extends
the summer growing season in the Sahel, and even intro-
duces some growing days into regions with none in the 20C
simulation. But it also induces drying over eastern Ethio-
pia, Somalia, and the Congo basin which lose growing
days.

False drying due to an inaccurate simulation: The case
of southeastern Africa in these simulations emphasizes the
need for regional analysis. The simulated loss in growing
season days is apparently large, but closer investigation
reveals that the loss occurs in the austral winter in the
simulation—a time when there are few if any growing days
in reality. The spurious loss occurs because the model
simulation overestimates austral winter precipitation in the
20C simulation, and this winter precipitation is reduced in
the 21C simulation.

Role of evapotranspiration changes: There are two
factors most important in changing (potential) evapo-
transpiration in these simulations. One is surface temper-
ature, and the surface temperature increases projected for
mid-century under the A1B emissions scenario used here
lead to increases in evapotranspiration of about 1-2 mm/
day. In isolation, such increases would shorten growing
seasons significantly, depending on the region. The other
factor that controls evapotranspiration is precipitation,
through its influence on soil moisture. Feedbacks from
evapotranspiration amplify the effect of negative precipi-
tation anomalies on growing season, but positive precipi-
tation anomalies generally result in reductions in
temperature-driven evapotranspiration anomalies. When a
primary factor in the simulation of growing seasons is
changes in evapotranspiration, confidence is enhanced
because its variability is low.
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