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General comments: 

This is a very interesting study; however, I feel that it suffers from two main deficiencies 
that would need to be addressed in a revised version of the manuscript.  

We thank the reviewer for the constructive comments. We have considered all comments 
and suggestions in our revised manuscript.  

1. The first is that there does not appear to be an overarching research question that is 
being addressed. Given what the authors know about the general climate of eastern 
Africa, it should be possible to suggest where the various water towers should plot on 
the baseline Budyko curve, and then test to see if in fact that was the case.  

Answer: We agree with the reviewer and we have now included a focused research 
question: 

“What are the effects of climate and land-use changes on water yield for the selected 
forested water towers?” 

We tested the following hypothesis:  

In areas considered as pristine or protected zones (i.e. high elevated forested areas), with 
AI≥0.65, changes in water yield would majorly be attributed to climate changes and 
negligibly due to land use/cover changes. The high elevated forested areas would then be 
expected to fall on the reference Budyko curve over the study period. 

2. The second issue is the absence of any specific consideration of the uncertainties 
associated with the estimates of the variables (P, PET, NDVI) used in the analysis. My 
concern here is that the authors spend considerable time discussing temporal 
changes in water balance components that may or may not fall outside the range of 
uncertainty associated with these components.  

Answer: We thank the reviewer for this comment. A discussion on uncertainties has now 
been included in the discussion section. The following is the relevant extract from the 
revised manuscript:  

...Besides the strengths in using the Budyko approach, uncertainties may exist which could 
have affected our results. The study used data from different datasets (CHIRPs, CRU, 
GIMMS/AVHRR) at various scales which could potentially affect results due to various 
assumptions and approaches in the processing of each dataset. For instance, the CRU 
dataset is fairly coarse and contains rather few observations in Africa. One substantial 
weakness of the current CHIRPS algorithm is the lack of uncertainty information provided 
by the inverse distance weighting algorithm used to blend the CHIRP data and station data 
(Funk et al., 2015). The overall NDVI3g uncertainty comes from spatial and temporal 
coherence variability which gives approximately an error of ±0.002 NDVI units. However, 
this NDVI error is considered low uncertainty hence applicable to study seasonal and inter-
annual non-stationary phenomena (Pinzon and Tucker, 2014). Uncertainties may also arise 
in the general assumption that estimation of land surface characteristics (𝜔) based on NDVI 
formulation provides values that represent integrated conditions for soil, topography, and 
climate seasonality. Some studies using various hydrological approaches have reported the 
significance of these factors in influencing catchment hydrology (Kirkby et al., 2002; Troch 
et al., 2013; Western et al., 2004; Woods, 2002). There is a need for more research to 
come up with methodological consistency in estimating 𝜔 parameters when using the 
Budyko framework. Although the focus of the study was in the elevated forested areas, 
empirical adjustment of the Budyko model may be needed to capture special features such 
as desert wadis in the application of the Budyko equation in the lowland areas. 



We also recognize other factors that may influence the results in this study. For instance, 
increasing atmospheric CO2 concentrations may affect terrestrial water cycling through 
changes in climate and changes in transpiration (i.e. stomatal conductance) (Frank et al., 
2015; Huntington, 2008; Mamuye, 2018). We however assume that if CO2 leads to higher 
NDVI, then this effect is accounted for in our modeling approach. Some studies have 
reported that NDVI linear trends can be linked to increasing CO2 levels (Krakauer et al., 
2017; Yuan et al., 2017). However, detailed investigations are recommended within the 
East African region. Other factors that may affect our results include the human alteration 
to water usage. Kiteme et al. (2008) reported unregulated abstraction of water in the 
upstream of Mt Kenya water tower leading to hydrological droughts downstream. 
Intensification of irrigated agriculture and a growing human population was reported at the 
foot slopes of the water towers (Liniger et al., 2005; Ulrich et al., 2012). The effects of 
anthropogenic presence at the foot slope of the water towers have not been accounted for 
and further studies are needed to understand how humans living at the footslope of 
protected water towers affect the pristine conditions of the water towers at high 
elevations... 

 

Specific comments: 

Page/line 

3/3                   How was potential evaporation estimated? 

Answer: Thank you for this comment. We have now included more details on the 
processing of the datasets used (P, PET, NDVI) in the revised manuscript. The CRU-PET is 
calculated using the Penman-Monteith formula (Ekström et al., 2007; Harris et al., 2020). 
The following is the relevant extract from the revised manuscript: 

...Precipitation (P) data were gathered from the Climate Hazards Group Infrared 
Precipitation with Stations (CHIRPS-v2) with a temporal coverage beginning 1981 and a 
spatial resolution of 0.05°. CHIRPS uses the Tropical Rainfall Measuring Mission Multi-
satellite Precipitation Analysis version 7 (TMPA 3B42 v7)  to calibrate global Cold Cloud 
Duration (CCD) rainfall estimates (Funk et al., 2015). Potential Evapotranspiration (PET) 
data were sourced from the Climate Research Unit (CRU) database with temporal coverage 
beginning 1981 and a spatial resolution of 0.5°. The CRU-PET is calculated using the 
Penman-Monteith formula (Ekström et al., 2007; Harris et al., 2020). Normalized 
Difference Vegetation Index (NDVI) data to estimate land surface characteristics were 
sourced from the Global Inventory Monitoring and Modeling System (GIMMS) Third 
Generation (3 g) Advanced Very High-Resolution Radiometer (AVHRR) sensor onboard the 
National Oceanic and Atmospheric Administration (NOAA) satellites at a spatial resolution 
of 0.07° (Kalisa et al., 2019; Pinzon and Tucker, 2014; Tucker et al., 2005) The NDVI is 
derived using the Bayesian methods with high-quality well-calibrated SeaWiFS NDVI data. 
The resulting NDVI values give an error of ± 0.005 NDVI (Pinzon and Tucker, 2014)... 

3/2-8                What are the uncertainties associated with the estimates of P, PET and 
NDVI? 

Answer: We have now included a discussion of the uncertainties and limitations of the 
study in the revised manuscript.  

3/27-30            Can catchments deviate from the Budyko curve under stationary 
conditions? 

Answer: Thank you for the comment. Our assumption as mentioned on page 3, line 26 
(in the preprint version), is that, under stationary conditions (i.e. naturally occurring 
fluctuations due to P and PET), catchments will fall on the Budyko Curve, and in non-



stationary conditions (i.e. presence of anthropogenic influence), catchments will deviate 
from Budyko curve. We have revised this part as follows: 

...One important feature of the Budyko curve is the assumption that, under stationary 
conditions ((i.e. naturally occurring fluctuations due to P and PET), study areas will fall on 
the Budyko Curve. However, under non-stationary conditions (i.e. anthropogenic influence 
manifested in ET changes), each catchment will deviate from the Budyko curve depending 
on land cover and physical catchment characteristics (Creed and Spargo, 2012; Mwangi et 
al., 2016). This feature can be used to separate land cover change effects from climate 
change... 

This assumption was critical in testing our hypothesis that in areas considered as pristine 
or protected zones, changes in water yield would majorly be attributed to climate changes 
and negligibly due to land use/cover changes. The high elevated forested areas would then 
be expected to fall on the reference Budyko curve over the study period. 

7/Figure 3c      How significant are these changes given the uncertainty associated with w? 

Answer: We thank the reviewer for this comment. Figure 3C displays the % changes of 
land surface characteristics using 1981-1990 as the reference period. These changes are 
significant when connected to the study results especially on the trends of rainfall and 
water yield over the study period. A discussion on uncertainties associated with 𝜔 has also 
been included. The following are the relevant extracts from the revised manuscript: 

...The extreme opposite temporal trends observed in water yields from the different water 
towers confirm a strong variation in the regional climatic patterns. For instance, while there 
was a consistent increase in annual mean water yield at Mt Elgon, the opposite was true 
at Mt Kilimanjaro where a steady decline in water yield was observed. Our results further 
revealed that precipitation (P) is the dominant driver in the East African region. For 
instance, a consistent increase in Q at Mt Elgon coincided with a steady increase in land 
surface characteristics (𝜔) as shown in Figure 3 C. Ideally, a reduction in Q would have 
occurred due to the increase in ET (associated with increases in land surface 
characteristics), but this was diffused by the increases in rainfall as shown in Figure 2 C. 
At Kilimanjaro water tower, a continuous reduction in Q coincided with a steady reduction 
in 𝜔. Again, an increase in Q would have been expected due to a decrease in ET. Therefore, 
precipitation is the dominant driver in the generation and supply of blue water from the 
forested water towers in the East African region... 

...Uncertainties may also arise in the general assumption that estimation of land surface 
characteristics (𝜔) based on NDVI formulation provides values that represent integrated 
conditions for soil, topography, and climate seasonality. Some studies using various 
hydrological approaches have reported the significance of these factors in influencing 
catchment hydrology (Kirkby et al., 2002; Troch et al., 2013; Western et al., 2004; Woods, 
2002). There is a need for more research to come up with methodological consistency in 
estimating 𝜔 parameters when using the Budyko framework. Although the focus of the 
study was in the elevated forested areas, empirical adjustment of the Budyko model may 
be needed to capture special features such as desert wadis in the application of the Budyko 
equation in the lowland areas... 

12/Figure 8      Why is there a general overprediction of Q? 

Answer: We thank the reviewer for the comment. We have now included a discussion on 
possible reasons why there is an overestimation of water yield when a comparison with 
GRDC runoff was done. The following is the relevant extract from the revised manuscript: 

...In this study, the spatial pattern of the simulated streamflow in the Budyko framework 
closely resembles the pattern observed in the GRDC composite runoff. We however noted 
overestimation of water yield in the comparison. This type of observation was also reported 
by (Teng et al., 2012), where the Budyko equation was found to overestimate water yield 
in drier regions. Moreover, other factors such as soil type, topography, seasonality, water 



storage, interception, etc were not accounted for in the quantitative framework which can 
affect the simulations in the selected forested water towers.  

Canopy interception, for instance, plays an important role in the water balance of forested 
ecosystems as noted in several studies (Astuti and Suryatmojo, 2019; Gash et al., 1980; 
Teuling et al., 2019; Zimmermann et al., 1999). In their study, (Teuling et al., 2019) found 
many forested points to have average yearly evapotranspiration (ET) that exceeds the 
average potential evapotranspiration (PET). Van Dijk et al. (2015) opined that this is 
possible due to underestimation of evapotranspiration which was attributed to evaporation 
of interception water by energy not captured in the formulation of PET. The forest 
evapotranspiration paradox is further discussed in (Teuling, 2018). The correction of 
underestimation in (Teuling et al., 2019) indicates the need for long-term lysimeter 
observations for studies focussing on forested ecosystems. Availability of meteorological 
data in the upper slopes of the East African mountains is a big gap as the majority of 
meteorological observations are conducted below 1500 m a.s.l and most of the upper 
slopes data rely on extrapolation of hydrological analysis in the lowlands (Røhr and 
Killingtveit, 2003).  

Local-based runoff measurements would have helped to interpret if there is indeed an 
overestimation in our study. That said, we observed positive KGE which indicates a “good" 
model performance (Knoben et al., 2019). Therefore, we considered the Budyko 
simulations as acceptable. However, it should be noted that this comparison is added for 
reference only and should not be seen as validation. This is because, the Global composite 
runoff (Fekete et al., 2002) is not a strictly observational dataset, and it is used here as 
the “best estimate” available for long-term estimates of streamflow in the East African 
region...  

12/3-4             How much of the greater sensitivity of water yield to climate changes 
rather than land use changes is due to the form of equation 1? Is the differential sensitivity 
simply a function of the formulation of the Budyko curve, or is it real? 

Answer: We thank the reviewer for this comment. We have extended our discussion by 
linking our study results to the latest publications. The sensitivity of water yield to climate 
changes could actually be true and the Buydko equation can therefore be said to simulate 
the reality. We have also acknowledged the fact that these water towers are under 
institutional governance hence controlled anthropogenic influence. The following is the 
relevant extract from the revised manuscript: 

...Our results indicate that changes in precipitation and potential evapotranspiration are 
the major determinants of blue water availability from high elevated forested water towers 
in the East African region. Related observations have been made - that climate changes in 
Africa have a relatively higher impact on water yield compared to other drivers such as 
land-use changes (Alcamo et al., 2007; Niang et al., 2014). However, it would also be 
paramount to point out that lack of evidence of sensitivity to land-use changes within the 
water towers, may also be due to existing institutional arrangements, hence a limited 
degree of actual change. We presume that the results would be different if such rules would 
be relaxed... 

15/2-4              “… which further proves the presence of anthropogenic influence …” – does 
it really “prove” it? 

Answer: Thank you for the remark. We have replaced the term ‘proves’ with ‘indicates’ in 
the revised manuscript: 

19/Figure A4   How can you get different shapes for the baseline Budyko curves for the 
same w value (e.g. Aberdare Ranges vs. Mt Meru)? 

Answer: We thank the reviewer for this comment. In our study, each water tower was 
treated independently in the development of Budyko curves. As explained on page 4 lines 
12-20, 100 random points were selected from each of the water towers and assigned 



relevant parameters for the calculation of EI and DI indices. Therefore, each water tower 
has a distinct point-relationship of precipitation (P), potential evaporation (PET), and actual 
evapotranspiration (ET). 

I have attached other specific comments and suggested edits on the manuscript. 

Answer: Thank you for the supplement with suggested edits. We have revised all areas 
highlighted. 

........................................................................................................................... 
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