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ABSTRACT

During the period from 2007 through 2010, paststslin the semiarid region of Northern Kenya andatlseestern
Somalia reported progressively severe drought ¢iongdi Locals complained of diminishing water reses and
some groups came into conflict while competing ustain economically vital livestock herds. To ursiend the
relationship among precipitation, environmentaéss; and cultural responses in the region, we agdlglimate
records over ten-, twenty-, and sixty-year sparem&kably, years of below-average rainfall (RF)rat highly
correlate as catalysts to recorded drought evelt&n more surprisingly, in some cases vegetatigorwecorded
by NDVI (the Normalized Difference Vegetation Indlaxas negatively related to precipitation increasesch is
an indication that resource management is a ketprfdo maintaining environmental integrity. The ebse of a
consistent one-to-one relationship between RF aodgit, in addition to the importance of livestapazing and
herd sizes on vegetation health and water resounct#®e region, suggests that the number and mamageof
livestock in Northern Kenya are determinants inficiag environmental vulnerability. We argue thatditional
resource management practices, as cultural respaosaulti-year climate cycles, can contributette frequency
and severity of drought events. The most impontasponses that set the conditions for drought oenuaes likely
take place during average RF periods and abovexgedRF years when environmental conditions aratsleitfor
increasing herd sizes.
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INTRODUCTION

During the period 2007-2010, pastoralists in #rggan of Northern Kenya and southwestern Somalgu(e 1)
reported progressively severe drought conditioreghboring tribes, e.g., Pokot, Borana, and Turkanaplained
of diminishing water resources and some groups datoeconflict while competing to sustain econontlicaital
livestock herds. Locals named unpredictable sedgaimes and decreased rainfall (RF) as reasongibating to
these stressful environmental conditions.

Among many pastoralists of this region, the numbgdivestock owned by an individual, household, or
community is a sign of wealth, as well as an investt that yields returns. The necessity to sustamds and any
opportunity to increase herds maintains considergbiority for a family’s unity and survival (Heksen, 1974).
Thus, traditional cultural responses promote prafiag livestock herds whenever environmental comatt are
suitable (McCabe, 2004). However, these anthropogesponses to short-term climatic oscillations cantribute
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to environmental stress and subsequent losseseasftdick and exacerbate social tensions and regiostability.
This phenomenon can be described as a cyclicak@isagf the Commons (Hardin, 1968).
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Figure 1. Research Area.

We examined two RF-measuring products and two teéige-monitoring products to analyze intra- antkin
annual trends of RF correlations to recorded drbaghnts and vegetation responses over a sixtypeérd in the
study region. For examining the sixty-year (1948720RF record, we used rain station-based estinfetes a
product prepared by the GPCC (Global PrecipitaGtimatology Centre). For the ten-year (2001-201B)r&cord,
we used RF estimates from a satellite productMkéeosat Rainfall Estimates (RFE). In addition, ex@mined
NDVI (Normalized Difference Vegetation Index) estitas for the region. We used AVHRR (Advanaésty High
Resolution Radiometer) NDVI data to analyze vegmtatesponses to GPCC estimates for a twenty-fiear y
period, 1982-2006, and MODIS (Moderate Resolutiomding Spectroradiometer) NDVI data to analyze
vegetation responses to RFE for the ten-year pe2io@1-2010. An expected correlation response 0¥ ND RF is
conformity; i.e., in an equilibrium system, one egfs NDVI to increase with increased RF. By comignRF and
NDVI analyses with cultural responses and histérieords, researchers can study human interactidtis
environmental change thus qualify and quantify @baoting factors to events such as drought. Wehturt
categorized drought events based on these dataletedmined that the most recent drought event 220Q%0)
cannot be attributed to climate alone. We sugdedtrnormative cultural responses contributed todilvation and
severity of this prolonged drought event.

METHODS AND MATERIALS

Research Area

We studied an area that covered the five majdriclis of Northern Kenya, viz., Turkana, Marsalitoyale,
Wajir, and Mandera (Figure 1). This is a particiyldragile environment inhabited primarily by agrlturalist and
pastoralist groups. It is a region that experieregutolonged drought from 2007 to 2010. The re$earea covers
an area of ~255,000 KmThe climate is classified as semiarid and thel@ménant biome is semiarid desert. The
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dominant land cover types are Northern Acacia-Cgphiotia bushlands and thickets in the western distidasai-
Xeric grasslands and shrublands in the centraticlist Somali Acacia-Commiphora bushlands and #tskn the
eastern districts; and East African Montane Forsgtgadic throughout but mostly in the west. Lakek@ina and
the Lake Turkana Reserve are dominant featurdweimarthwest.

Rainfall (RF) Data

For Africa, several products are available thdtediin spatial resolution, temporal resolutiondatemporal
coverage. We examined two available products, DWI[Deutscher Wetterdienst) GPCC estimates and
EUMETSAT's (European Organisation for the Expladatof Meteorological Satellites) Meteosat RFE. hivd
product, NASA’s (National Aeronautics and Space Austration) TRMM (Tropical Rainfall Measuring Mis),
also provides RF data for the region but we doimctide those findings in this report, primarilycaeise TRMM
pixel sizes are over six times larger than RFE tentborally cover about the same period (TRMM 1998-2and
RFE 2001-2010).

Temporal coverage of the GPCC data set startarinaly 1901, making it particularly suitable for monitoring
long-term precipitation variations and trends. Dodts coarse temporal (monthly) and spatial resmiu(0.5 —
2.5, the data are less suited for local studies atiter for regional, including large watershed osibanalyses.
For this study, we used GPCC'’s version 004 proguotiuced at the (°Fesolution, or pixel area of ~ 3080 km
and covering the period from 1901 to 2007. The dmhis a reanalyses product based on interpolaifon
measurements from station data. Temporal coverageheé RFE daily product we used in this studytstam
January 2001, RFE data are available in different temporal weds, e.g., daily and decadal, and spatial
resolutions. The daily product we used for thigegsh has a spatial resolution of ~120 lixel area.

Although many satellite climate monitoring produictise station data for calibrating satellite acgplir
precipitation amounts, a main disadvantage to tipeseipitation products is that, unlike reliablatiin records,
these products provide information about “precli#awater” in the atmosphere. These estimates nwdybae
synonymous with the actual precipitation reachimg ground. Thus, the mean RF values reported Imexéds not
be considered as actual ground level accumulabiahsepresentative of these accumulations. Weulzdbd an
“annual RF mean” on daily or monthly records cormsipig a calendar year and a multi-year period weutated
from the average of annual means for that period.use the term “RF period” to describe a tempondtl @ither
longer than a year or traversing parts of two sgbest years thus distinguishing a period from arddr year.

NDVI

In addition to RF, we examined two NDVI estimaties the region captured by multispectral satellite
instruments, NASA’'s MODIS-Vegetation and Nationate@nic and Atmospheric Administration’s (NOAA)
AdvancedVery High Resolution Radiometer (AVHRR). Since 198AA’'s AVHRR (GIMMS data set—semi-
monthly compositing) has captured daily spectrabdsuitable for NDVI in the visible (0.58-0.68 and near
infrared (0.725-1.1Q) ranges of the electromagnetic spectrum with dlobaerage in an 8 km spatial resolution
(64 knf pixel size)*.** NASA'’s Terra missions include the MODIS instrumenhich collects NDVI data globally
on a one-to-two day basis at a 250 m spatial résal(0.0625 krh pixel size)f*** Intra- and inter-annual changes in
NDVI prove a reliable monitor for plant growth (@g, vegetation cover, and biomass production from
multispectral satellite data produced in nearlyudidree weekly and bi-weekly composites. The ppleibehind
NDVI is that chlorophyll causes considerable abgorpof incoming sunlight visual light in the reidt region of
the electromagnetic spectrum, whereas a plantisggpmesophyll leaf structure creates consideradfleatance in
the near-infrared region of the spectrum (Tuck&79% Jackson et al., 1983; Tucker et al., 1991).aA®sult,
vigorously growing healthy vegetation has low riggH reflectance and high near-infrared reflectaheace high
NDVI values. The algorithm produces output valueshe range of -1.0 to 1.0. Increasing positive ND®lues
indicate increasing amounts of green vegetationVNiZalues near zero and decreasing negative vahdisate
non-vegetated features such as barren surfacdsgnaolcsoil), water, snow, ice, and clouds.

* http://kunden.dwd.de/GPCC/Visualizer
™ http://earlywarning.usgs.gov/fews/africa/web/dwgtée. php
™ http://[phenology.cr.usgs.gov/ndvi_avhrr.php
" http://modis.gsfc.nasa.gov/about/
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FINDINGS

The GPCC Sixty-Year Rainfall Record (1948-2007)

Although the GPCC, 0% RF data set covers the period 1901-2007, we cheddy-year period (1948-2007)
for the purpose of this study as a statisticallyasle sample both honoring the Central Limit Theand within the
life-span of an individual. The GPCC 107-year m&&nis 560 mm and the sixty-year mean is 559 mnerdggly
equal. Thus, mean RF during thé"2fentury and first decade of the’adentury is nearly unchanged.
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Figure 2. GPCC Annual Mean Rainfall (1948-2007).

A time series trend analysis of the GPCC estimfitethe period 1948—-2007 results in a negativeditrend
equation, Yt = 569.492 - 0.357768*t, with mean disopercentage error (MAPE) 18.3%. Although tkigimild
negative trend, the most recent twenty years (1288#) have a mean RF decrease of 10% (544 mm) tihem
sixty-year mean (559 mm). In addition, the data rmoé normally distributed, p-value < 0.005 at 95%.,Gand
contain three mild outliers for the above-averageyRars 1951, 1961, and 1997.

In the districts of Northern Kenya from 1948 to0Z0
United Nations agencies and their sources haveradedo

twenty-five years as experiencing drought even{&yDP,
2004) and the period from 2007 to 2010 as essbntal Recorded Drought Events in Northern Kenya

Table 1. Recorded Historical Drought Eve

period of continuous drought (see generally UNICEE 1952 1953 1954 1955 1960
Humanitarian Action Reports, Kenya). Thus, we farth 1961 1972 1973 1974 1975
divided the RF data among three twenty-year perigdsl977 1980 1981 1983 1984
because time series patterns of droughts revedlstedng 1991 1992 1994 1995 1996
in three twenty-year periods, 1948-1967, 1968—128id 1999 2000 2004 2005 2007
1988-2007 (Table 2). Furthermore, each of theseder Sources: UNDP and UNICEF

contains at least one year with RF0% of the sixty-year
mean (1951, 1961, 1977, 1982, and 1997), of wHicket are mild outliers (1961, 1981, and 1997). éitgh not
statistical outliers, mean RF for the years 1978 2000 were< -40% of the sixty-year mean. According to the
Oceanic Nifio Index,1951 and 1997 were weak El Nifio years, 1997 agtil Nifio year, 2000 a weak La Nifia
year and 2007 a moderate La Nifia year.

" http://www.cpc.ncep.noaa.gov/products/analysis_itodng/ensostuff/ens
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Deriving Annual RF Percentages from the Sixty-yeaMean and the 5% and 10% Thresholds

In order to better analyze the rainfall data, &kewlated annual means as percentages of theysatymean. In
addition, we processed the data into two setsreftiolds, 5% and 10%, based on these mean RF tagesnFor
the 5% threshold, we consider the range -4.99%969% typifies an average RF year and, for the 188shold,
the range -9.99% to 9.99% typifies an average Rif.ydsing these thresholds, we analyzed correlgiatterns
between annual RF estimates and recorded droughts{Table 3).

Table 2. GPCC Sixty-year and Twenty-year Annual Mean Ralratimates

Rainfall estimates in mm 1948-2007 1948-1967 1968-1987 1988-2007
Mean 559 569 (+2%) 563 (+1%) 544 (-10%)
Max. 911 911 804 892
Min. 337 391 337 338
StDv. 130 136 135 125
Frequency> 5% (+) 19 6 8 5
Frequency> 5% (-) 30 10 11 9
Reported Droughts 25 6 9 10
Frequency of Droughts 1 drought per 2.41 drought per 3.3 |1 drought per 2.2 |1 drought per 2

years years years years

We found that historical drought events correlatétth 64% of the< -10% threshold years but only with 8% of
the< -5% threshold years. Moreover, drought eventsetated with 16% of the +10% threshold years. From these
findings, we determined that an average rainfadiryee., an annual mean rainfall that alone cowtiexplain the
onset of a drought, is in the range of -9.99% ®0%. Other notable observations include: (1) tlegdency of
below-average RF years is 32% higher than aboveageeRF years, but the magnitude of above-aver&ggeBrs
is 41% greater than below-average RF years; anth@jrequency and upper range, or magnitude, sitige RF
years in the + 25%< ranges are higher than for negative RF years.

Table 3.Drought Categories and GPCC Estimates, 5%, 10%28#dThresholds of Annual % of 60-Yddean

. Drought Drought Drought Drought
Threshold Frequency in years Categgry—l Categgry—z Categgry—s Categgry—4

>-+25%< +63% 9 1 1 1

>-+10% 15 1

> +5% 19

-4.99% — +4.99% 11 2 1
<-5% 30 1 1
<-10% 22 5 5
<-25%> -40% 7 1 5

Determining the Drought Categories

As we discussed in the previous section, we déteuinthat the range -9.99% to 9.99% describes arage
rainfall year in Northern Kenya. Using this baselamd examining the groupings and frequency ofroszbdrought
events, we created four categories by which to giroughts (Table 3). The twenty-five droughts rded during
the sixty-year period result in an average of ormught per 2.4 years, but the frequency of droughthe last
twenty years of the record has increased to onegihtqper two years.

A Category-1 drought is a correlated same-yegraese of a recorded drought event to a below-aecRig
year but not directly preceded either by a recordiedight event, or by a below-average RF year. fe@ay-2
drought is a recorded drought event respondingt@®aear period of consecutive below-average RFsybat not
directly preceded by a recorded drought event. fe@ay-3 drought is a recorded drought event oaogirduring
an average or above-average RF year but not dirpoticeded by either a Category-1, -2, or -4 restrdrought
event, or below-average RF year. A Category-4 dmbug not otherwise categorized hence we definasita
confluence of the other three categories withinudtilgear period.
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Note that the frequency of below-average RF yédlisg in the adjusteek -5% category is ~37% greater than
for the adjusted +5% category and contributes to 64% of the twdiviyrecorded droughts during the sixty years
but, of these twenty-five droughts, only two artilatited to the> -5% < -10% range. In addition, all Category-1
(direct response) droughts we attribute to beloerage RF years in the -10% range. Finally, Category-4 (the
confluence category) corresponds to the greatestbau of recorded droughts (thirteen events) digteid
throughout the threshold ranges but with a higlydesncy in the< -10% range. Thus, we attribute 24% of the
recorded drought to sudden decreases in RF wittagnitude< -10% and the remaining 76% of droughts to a
confluence of factors and multi-year responses.

AVHRR NDVI Correlations with GPCC Recorded Long Rains (LR) and Short Rains (SR)

Northern Kenya traditionally receives two RFs pear, the long rains (LR) and the short rains (£/R).occur
during the first half of the year and SR during sexond half. We conducted a twenty-five year (:2806)
correlation analysis of AVHRR NDVI responses to GPRF during these LR and SR periods and foundttieat
dominant NDVI triggering LR come between Januarg @pril and the triggering SR between September and
December but are most dominant in October. Esdlgntihis comprises one period from September thhoApril.
However, November and December rains are spor@udier the sixty-year study period, LR have a mea2#
mm with a standard deviation of 83 mm; SR have amwd 227 mm and standard deviation of 106 mm @4dbl.

We tested the two populations, LR and SR, for radrdistribution of the means and equal variances.tke
two populations, LR are very well distributed (pue= 0.707, 95% C.1.) with one mild outlier for&R However,
the short rains are not evenly distributed (p-vatu@.005, 95% C.l.) and the data are skewed towsrchegative
values but with mild positive outliers in 1997, 19@&nd 2006. In addition, the two populations hataistically
equal variances (Levene'’s test statistic = 0.10@mdlue = 0.747, 95% C.1.).

Table 4.GPCC LR and SR Estimates

Category LR (January—June) in mm SR (July—December) in mm
60-year Mean (1948-2007) 297 227
60-year StDv. (1948-2007) 83 106
60-year Max. (1948-2007) 547 683
60-year Min. (1948-2007) 103 102
20-year Mean (1948-1967) 298 237
20-year StDv (1948-1967) 62 109
20-year Mean (1968-1987) 314 207
20-year StDv (1968-1987) 102 77
20-year Mean (1988-2007) 278 236
20-year StDv (1988-2007) 81 130

We conducted similar tests for the twenty-year@arperiods, three periods per population. We cotatlione
sample T-tests for each twenty-year period, LR @R¢ based on each population’s mean. At a 95% el found
no statistically significant observations. In adiit we tested equal variances among the thre@geseffor each
population using an F-test for the LR samples aedebe’s test for the SR samples. At a 95% C.I. stkeests,
three combinations per population, resulted intatistically significant observations.

During the three twenty-year periods, both LR &R fluctuate one distinction might have relevance f
understanding the increase of recorded droughttevieming the 1988-2007 period, namely, the coutirily factor
to the 10% decrease in mean annual RF from thg-gedr mean is entirely attributed to LR—a 7% dasesfrom
the 1948-1967 period and an 11% decrease from68-1987 period with relatively no change in SR msefor
all three periods (Table 4). Although SR decreakédh from the 1948-1967 period to the 1968—1987odeISR
increased 13% during the 1988—-2007 period. Thessthallest difference in mean RF between LR and&Rrred
during the 1988-2007 period.

No discernable pattern emerges that links SR astisnimmediately preceding a recorded drought ewnethte
following year other than the occurrences of Catgdoand -3 droughts, which have the highest tecidsnof
describing these events and, in the period 1978;18%eries of five Category-1 events succeedel ether. In
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certain cases, especially for Category-3 drough¢s|ooked to the preceding year's SR (October—Déegjmas a
contributor to the following year’s recorded drotighient but found no correlation.

Finally, RF variations affect agricultural cycleslthough the standard deviations for both LR arRl \&ary
considerably during the three twenty-year peritlisse variations remain statistically insignificesiill, the highest
result (130 mm) occurs during the SR 1988-20070pe23% higher than the sixty-year standard devnafdr the
short rains. In a fragile environment, this vadatipotentially has contributed to the increased emof recorded
droughts during this period.

Insofar as AVHRR NDVI responses to GPCC RF, wewdated the correlation coefficients for both LRI&BR
for the period 1982-2006 using Pearson’s correlatioefficient. We expect NDVI responses to conform to RF;
i.e., more rain should cause a positive vegetatsponse as measured in NDVI. During consecutiagsyef non-
drought events, correlations between NDVI and LR @wnsistently high (> 0.7) and punctuated by sirgadly
correlated years (< 0.5), e.g., the period 198561B@rthermore, all first years following a drougivent result in a
high correlation ranging from > 0.6 to > 0.9.

One reason for these patterns might be an inditdtiat reduced livestock herds are placing lessston
recovering vegetation, which is rebounding to iasieg water availability (Schimmer, 2009). But ibsequent
years, as livestock herds replenish, more stregdaised on vegetation and its response to raibktiomes less
correlated. Thus, after the first or second yedratensified breeding to replenish herd populatidallowing a
drought, vegetation begins to respond less wdlRaintil an equilibrium is reached.

Table 5.GPCC-AVHRR Correlations NDVI Responses to LR and SR

Year GPCC-AVHR GPCC-AVHR Furthermore, in all but one set of two consecutive
(drought yea|Correlation ' Half| Correlation 2° Half| drought events, NDVI responses to consecutive dnnua
shaded) (1982—-2006) (1982—-2006) decreases in LR means correlate well (> 0.7) ferfittst

1982 0.89 0.67 Yyear and not well (< 0.4) for the second year (@&).
1983 0.95 -0.13 The one outlier in this pattern occurs in the mé®Qas
1984 03 0.45 during a period of multiple consecutive drought rése
1985 0.6 -0.43 However, 1991 and 1992 fit the pattern; 1993 wasano
1986 0.4 0.1 reported drought year, 1994 and 1995 reverse the
1987 09 0.82 pattern; and 1995 and 1996 fit the pattern.

19088 0.7 0.02 One fundamental question is whether this
1989 09 20.13 equilibrium is sustainable during periods of deseea

RF. The data appears to suggest that sustainabili&égs

v

5

B

3

v

D
133(1) 82) 0'53 disruptive to vegetation responses to RF in trs fiear

.8b 0.5 . . . .2
1992 038 0 3d of ITR during a multi-year drought but hlghly dlstu_vp
1993 095 027 during the second and, sometimes, third. In additm
: : human and livestock resource extraction, this patie

1994 0.04 0.34 likely influenced by a decreasing amount of water
1995 0.94 0.60 esources banked in the environment for which
1996 -0.19 0.38 vegetation, livestock, and humans compete.
1997 0.74 0.71 Whereas NDVI responses to LR reveal a number of
1998 0.92 0.19 patterns, we did not observe any similar patterfis o
1999 0.76 0.32 NDVI responses to SR. None of the correlation
2000 0.38 0.29 coefficients for the same drought events is > O the
2001 0.91 -0.17 majority (82%) is < 0.5. Thus, NDVI responses dd no
2002 -0.29 0.14 correlate well with SR during drought events. Mate
2003 0.01 0.02 we did not observe consistency between LR and SR
2004 0.71 0.01 responses for the same or consecutive years. Certhpar
2005 -0.98 0.19 to non-drought years during the period 1982-2008, L
2006 0.91 -0.25 remain consistently highly correlated with NDVIttesr

negatively or positively. In sixteen of the twerfiye

" Pearson's correlation coefficient calculates \albetween -1 and +1 where 0 equals no correlatiamegative
value indicates an inverse correlation and a pasitialue indicates conformity; a resulting p-valaes thana
means that the null hypothesis is rejected thusohelation is not zero.
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years analyzed (67%), LR correlated with NDVI af0>7|. Conversely, in only five years (21%) oves 8ame
period, SR correlated at > |0.6|. This finding Hert suggests that LR in confluence with human nesg® to these
rain periods have a greater influence on triggedireught events than do SR.

To understand if biomass changes in the study areapurely climate driven or if humans contribte
vegetation growth — positive or negative - requiaesintegrated analysis of vegetation and climaemeters
(Evans and Geerken, 2004). We only consider rdiafathe forcing climatic variable; temperaturejsagypical for
these climates, shows only minor inter-annual Yi@ma without a significant influence on green bass. In a first
analysis, we calculated the NDVImax trends betwd@82 and 2006 resulting in a mixed picture of pesiand
negative trends showing different spatial distiidsutpatterns for the summer NDVImax and the wil&VImax

(Figure 3.

Figure 3. NDVImax trends for summer peak (left) and wintealpéright). Red areas show improvements of up to
0.018 (NDVI) per year, purple areas NDVI lossesipfto 0.0085 per year. Areas shown in cyan do nawsany
significant changes.

To learn about the driving forces — climate or lamm triggering the trends in figure 3, we analyzhd
development of rainfall over the same period. Titegrated NDVI-rainfall analysis shows areas thatwveery well
correlated to a distinct rainfall period but alsom® poorly correlated pixels. The latter includeofiplains that are
more dependent on river discharge; other poorlyetated pixels may have vegetation and land cokat is
severely degraded, i.e., not responding to raimfakxpected. In addition, some deeper-rootingtagiga covers do
not depend as much on seasonal rainfall.

Figure 4. Trend of residuals (change of responsiveness of NDBYainfall) for the summer NDVImax (left) andeh
winter NDVImax (right). Green, yellow to red coldrglicate an increasingly better responsiveneg¥; laish to
purple colors stand for increasingly worse resp@ress.

To find evidence of potential human influencesbommass development, we analyzed temporal chamgéei
NDVI response to rainfall. Changes in the respamsdss of biomass show in the trends of the residhat are
calculated between the statistically predicted thedmeasured NDVI. Statistical NDVI predictions Aesed on the
best correlating rainfall period as explained abdmefigure 4, we see vast areas in the study régieastern part
where the NDVI shows an increasing (green, yellowed) responsiveness to rainfall (up to 0.018 NPa4ponse
per year, red colors), meaning a total increaddV| over a twenty-five year period of 0.45. Aredisplayed in
dark blue and purple respond increasingly worsaittfall with maximum losses of 0.009 per year anulating to
a total twenty-five-year loss in NDVI of 0.225.

For the trends of the residuals, indicating huniaffuences on biomass development, we applied tstric
thresholds showing only trends that are significanta 0.9 level and with a correlation coefficidrgtween
NDVImax and rainfall that is better than 0.5. A®aim in figure 3, much larger areas are actuallyaurtegradation
(blue and purple); human activities may be a dgviarce contributing to this trend. However, potginhuman
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influence does not show in this analysis becaus&ibVImax-rainfall correlation in these areas isp(black) with
a correlation coefficient less than 0.5 (Figureld)future studies, additional information includimegetation type
might provide further evidence to prove a humartriountion to vegetation degradation.

The RFE Ten-Year Record

For processing and analyzing the RFE data, we sty of the same methods as for the GPCC datdg(Bab
Figure 5). Because the period is much shorter,unthér checked RFE correlation with GPCC datalierten-year
period. The RFE data are normally distributed vatimild outlier of above-average rainfall in 2006daa mild
positive trend for the decade. We tested the twa dets for equal variance and found them to bmalievene’s
Test p-value = 0.379. In addition, the Pearson’sréation statistic for RFE and GPCC is 0.943 (jpu#gaD.001)
hence the two data sets are highly correlated. Baseyearly percentages of the ten-year mean aadl®8o
threshold, the RFE record contains three belowsg@eiRF years, 2001 (-30%), 2005 (-349%6I, 2009 (-
21%), and two above-average RF years, 2002 (20%2886 (60%). The remaining five years fall withiire -9.99
—+9.99 threshold range of average RF.

Table 6. Meteosat RFE mean RF estimates

Meteosat RFE Mean Rainfall (2001-2010)
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szogl'o ?3’32’; 3 0 O 2001-2010 SDV=89mm ~ =eeeeeee Trendline
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MODIS NDVI Responses to Meteosat RF, 2001-2010
A time series trend analysis of the Meteos MODIS NDVI Reflectance Mean (2001-2010)
annual mean RF data for the period 2001-20 6000

8 5450
results in a mild positive fitted trend equatiort, & g 5500
) : 8 4839
319.267 + 1.60606*t, with MAPE 19.85%. A time E 5000 4560_~—47m / 4“8 e
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over the same period results in a much stron (24000 N \V4
a 3879 3765
negative fitted trend equation, Yt = 4662.73 g 3500

20.5333*, with MAPE 8.0%. A Pearson’ 3000

Correlation of the two data sets results in a 0.8
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correlation statistic (p-value = 0.003). Thus tlatad

conform well but for two inverse relations for th Figure 6. MODIS NDVI reflectance (2001-2010).
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Figure 6). However, time series trendlines for the two dsgés reveal opposite trends—mean RF increased
while mean NDVI decreased. Thus, some factor atheen RF is causing NDVI to decrease although anNI:/|
responses to RF conform well.

PASTORALIST CULTURAL VALUES IN NORTHERN KENYA

Pastoral societies across Africa hold livestockhes major source of wealth within their commurstid his
wealth is both material and symbolic and has bederned to as the East African “cattle complex” (sk@vits,
1926). Both forms of wealth increase with the %f@ne’s herd. Livestock are used within marketregnies in
addition to religious and ceremonial activitiesrder livestock numbers allows for greater sociaimeeks, which
are built on the reciprocal giving and receivingliwéstock between men. A larger herd provides neweurity
against the effects of livestock raiding. Becauserd is little access to other forms of investmianthe region,
livestock also form a currency from which interastumulates in the form of calves and a source fubich things
can be bought and sold (Henriksen, 1974; McCahb@4;2lones, 1984).

Theoretical debate has considered how to concigdusuch an ecological and social system thaticoausly
tax the limits of environmental resources. The tnstréking fact for social and environmental scist#tto explain is
that the regulation method for herd sizes mostofi@mes in the form of population collapse. Thilagse is the
result of degraded environmental conditions frorergvazing, a decrease in precipitation, or diseaseell as the
combination of the three (Henriksen, 1974). Asdsrsin the history of drought and famine, prectjptaof 10%
below average can result in decimated herds (seeettorded droughts of 1972, 1980 and 1983). Tfreders
create an ecological system that exists at disgbquim rather than a stable population size thagdrly adjusts to
external inputs such as RF and vegetation ovextméed period of time (McCabe, 2004).

DISCUSSION

A Narrative of Climate, NDVI, and Cultural Responses, 2001-2010

In the last ten years, the average RF in Nortiemya was approximately 10% less than the GPC@-gixar
mean. Such a decrease in precipitation has likehtributed to the increasing number of droughtseeigmced in
this region. However, this trend does not satisfidigtexplain whether climate alone caused allibeorded drought
events during this period, especially considerirgpudation increases in the region over the samty-gears.
Conversely, the categorical paradigms we use te Hasse observed patterns in the sixty-year repoodide a
better starting point to our analysis for qualifyithe causal elements of the most recent prolodgeuaght period,
2007-2010.

We suggest that following 2005, a below-averageyR&t, a cultural response to the abundance ohR¥06
contributed more to the drought period of 2007-201h the below-average year in 2009; i.e., beloerage RF
in 2009 exacerbated an existing drought but it oaerplain the instigation nor wholly contributettee severity of
the drought period 2007-2010. In this analysis,use the last ten years of the GPCC record (19985200
combination with the RFE record (2001-2010) to ywr&aRF and the MODIS record (2001-2010) to anaNR2&/1.

Following three years of below-average RF yeaf0222004) and two recorded droughts (1999-2000), a
nearly three year recovery period (2002-2004) ehsfAeerage and above-average RF allowed livest@rkshto
replenish while vegetation and water resourcesvereal. The NDVI data recorded this process, wrsobspecially
evident in the inverse correlation between RF (g@se) and NDVI (increase) in 2003. In 2004, a Gated
drought disrupts this trend, which annual mean Rdttlfer LR nor SR) cannot explain. The drought itn&ts as a
Category-4 in 2005 (GPCC -27%, Meteosat -34%).tBatabnormally copious RF (GPCC +35%, Meteosat 460%
the following year likely stimulated an increasdiiestock numbers as NDVI rebounded to well abtineeten-year
average (+20%). But a Category-3 drought is aga@onded in 2007 although GPCC reports an averageayel
Meteosat reports a below-average year (-9%), buéxceeding the adjusted10% threshold.

According to the records, this drought persistdiéi¢rent levels of severity for the following te years (2008—
2010) as a Category-4 drought; 2009 is the onlpwelverage RF year (Meteosat -21%) and the other 2808
and 2010, are average RF years. Similar to 2003/INBsponds inversely to RF in 2008; i.e., NDVI degsed in
spite of an increase in RF. Moreover, although ND&8ults show good positive correlations to anmmein RF
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fluctuations except in two key years, 2003 and 2008 ten-year NDVI trend is strongly negative thust
conforming to the slightly positive trend of incsiiag RF for the decade.

In summary, three important observations sugdpestfactors other than climate contributed to the tirought
periods of the last decade: (1) a poor correlatiith the onset of recorded drought events or pariad below-
average RF years; (2) an inverse correlation betid¥eand NDVI for two years, of which one precededrought
year not explained by below-average RF for that;yaad (3) an inverse correlation between a slgisitive trend
in RF and a strong negative trend in NDVI for tleeade.

We provide two analyses, either (1) local comniasitire over responding to positive RF periods aysmnot
sustainable during negative RF periods, or (2)llooenmunties’ necessary demands on environmentaices and
resource availability can only be sustained dutimg normal and positive RF years. Historically djotuevents
occur in sets of two to four consecutive years. sThhe recent increasing frequency of drought evéntbest
described as fewer years between drought evethisrrditan more consecutive years of drought. Papulatcrease
perhaps contributes to the recent increase in dtoiugquency over the last twenty years. Howevex,are more
interested in the highs not lows because cult@sponses to high RF periods appear to contributieet@nset and
severity of droughts.

Garrett Hardin (Hardin, 1968) describes the trggefithe commons as resulting from imbalances betwe
resource extraction and resource availability. Anpa@an come in pastoralist communities sharing room
resources when the desire for social stability inespherdsmen, as rational beings, to maximizer tingiividual
gains by increasing utility through expanding herdes. Hardin argues that eventually the cumulatizehis
competition will lead to a destruction of the emviment on which they rely to maintain their gaing that this
occurs less often in societies organized by pripatgerty.

However, converting traditional community propeirijo private or regulated property is neither @ylar nor
functional approach among these pastoralist gr@¢upsigi, 1984; de Haan, 1994). Educational or managnt
approaches must embrace the structure of livelihegstems among the cultural groups of these fragile
environments (Young, 2009). John McPeak (McPealk)5p0argues that the record of failure in pastoral
development in Northern Kenya may be partially thua faulty conceptual foundation; he suggests fémilitating
herd accumulation may offer more promise than diszging it.

CONCLUSION

In addition to human management of water qualitg guantity, a number of natural variables affeetex
resources. As a water resource, the amount of RRpisrtant. When and where rain falls, and howeheironment
consumes, reacts, and distributes the water res@urecfundamental to ensuring the sustainableabiliy of the
resource and sustaining vegetation health. For pbanaarying utilities of water use and conservatity different
plant species can attribute to both negative arsitipe latent responses in NDVI (Celis, De Pauwd &@eerken,
2007). In addition, the level and consistency ofevaesources contributed by watersheds in adjaegnbns, the
capacity and recharging of groundwater, and the édsvater due to surface runoff and inadequatehoaénts can
further contribute to the depletion of water duregeriod of decreased RF. Finally, intense agricall activities,
especially wet farming, will increase NDVI in spitéperiodical diminished precipitation so longveater resources
are available to maintain production (Celis, DeWaand Geerken, 2007). Conversely, overgrazingoenoranges
during periods of increased precipitation can ifttpbsitive NDVI responses.

Thus, as important to understanding what climatgadis trigger droughts is knowing what occurs myithe
periods between droughts that are not recordeterclimate record. Primarily, how are resourcesdeixtracted
and managed and how do positive climate events,abgve-average RF years, contribute to cult@sponses that
potentially lead to negative feedback loops of mvinental stress during average RF periods, angesulently
contribute to the severity of below-average RF qusi We suggest that cultural responses to climeterring
during the average to above-average RF periodsibotg to environments that are more fragile dupegiods of
decreased RF.
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